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Thus we obtain for the different approxima-
tion values N, /N, :

A1 ‘
A1

2 = i = 075

B' a

C=4 _-0s0

C s

D= 15 = 07894736
D 19

E =34 = 07906976
E 43

E_3 - 07903225
F 62

G =83 = 07904762
&' 105

H = 132 = 0790419i
H 167

4 =347 = 0.7904328
T 439

16-3.6.2 Brocot's Approximation Method

347
Example as above: i = 39 0.7904328.

From the table we obtain the two
approximation values

3
—,i =0.7906976 and L 0.7903225
43 62

of which the one is greater and the other
smaller than the exact value 0.7904328. It
may be seen that these approximation values
also can be obtained without the table. They
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are contained in the procedure using contin-
ued fractions (row E/E' and F/F’). Actually,
Brocot’s method repressnts an expansion of
teeth number determination by continued
fractions.

We let

These two approximation values show a
difference ¢; in comparison to the exact value
of:

a C
— —i=¢; andi —— =€,
b d

From values b, d, €,, and €, one forms the
quotient
_ d €2

be '’

k

which at first vyields a double fraction
(numerator and denominator decimal frac-
tion). This double fraction is expauded by 10,
100, etc. so that numerator and denominator
become a low decimal number > 1, which
after division by each other would yield the
value %,. By rounding off (or possibly by
additional increase by one cof both numerator
or denominator) one finally obtains an
ordinary fraction x, which is used to calculate
the corrected vaiue

. axte
l -
bx+d

which, upon suitable selection of x, apprexi-
mates considerably closer the original i-value
than the two original approximation valucs
afb or c/d.

As applied to our example

€= %- i= 07906976 - 0.7904328
= 0.0002648

16-25
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€= i—%= 0.7904328 — 0.7903225
' = 0.0061103

_ 62(0.0001103) ~ 6.8
43(0.0002648 11.4

For x = 7/12 we obtain

= 34(7) +49(12) - 14(59)
43(7)+ 62(12) 19(55)

= 0.7904308.

Since Brocot’s table. is calculated only for
true fractions whose numerators and denomi-
nators go no higher than 99 (two-place
numbers), one can carry the approximation
even farther by selection of even higher-place
fractions as provided by the continued
fraction method (e.g., F/F' and G/G' or G/G'
and'HfH' as limits).

The difference in comparisor. to the true
value i = 0.7904328 when using continued
fractions is for

FIF =%g (0.0001103)

33
! e n /
G/G 105 {0.0006434)

132
HH' =

—(0.0 3
1670 000237)

and according to Brocot’s method is
0.0000022. In the last case two gear elements
also are required.

16-3.7 GEAR TRAIN DESIGN

The design of gear train for a timer depends
on the time interval to be measured. The
following equatior can be used to determine
the gear train ratio

f t360

=.'.’i__. 16-10
X o ( )
16-26

where

fn = natural frequency of pallet opera-
tion, Hz

t = functioning delay, sec

0 = required angle for last pinion, deg

N,, = number of teeth on the escapement
wheel

% = gear train ratio, reciprocal of gear

velocity ratio

N, should be designed tc place a
maximum number of teeth on thc escape
wheel within the predetermined limits of the
moment of inertia of the escape wheel. The
natural frequency of the escapement system
J,, should be as high as possible for increased
resolution; and ¢ is determined by the

specifications placed on the timer.

After the gear train ratio is determined, the
train can be designed so as to fit into the
available space using a minimum of gears to
reduce friction losses and inertia of the
system.

16+ ESCAPEMENTS

The escapement is the part of a mechanical
clockwork which regulates the transmission of
energy. The rate of energy release can be
controlled by either a two-center untuned
escapement or by a tuned escapement of two
or three centers.

164.1 UNTUNED TWO-CENTER ESCAPE-
MENT

Known variously as a runaway escapement,
verge escapement, or inertial governor, the
untuned two-center escapement (Fig.
16-22%3) is an inertial system that lacks the
resonance charactetistics of the spring-mass
type of timing escapement. In order to rotate,
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Figure 16-22. Runaway Escapement, Flat
Pallet Faces

the escape wheel (sometimes referred to as
the starwheel) must drive an inertial mass
alternatively clockwise and counterclockwise.
The direction of rotation of the inertial mass
changes each time a tooth of the escape wheel
passes by one of the two contact surfaces on
the oscillating mass. These contact surfaces,
called the “pallets” or “pallet faces”, are
contacted alternately by the escave wheel
teeth, thereby producing the oscillatory
motion of the mass. The mass itself often is
referred to as the pallet. This continuous
reversal of the rotati~nal direction of the mass
results in a drag that resists the input torque
(energy is lost primazily by collision), and the
average rotational velocity of the escape
wheel becomes a function of the torque. The
escapement, therefore, provides a useful
timing function it the driving torque has
acceptably small varjations in its magnitude.
The period T for one rotation of the escape
wheel is approximately

T == ,sec (16-11)

vG
where
G = input torque, ib-in.

k = system constant, (in.-lb)%-sec

This escapement commonly is used in two
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forms. One has an escape wheel and
oscillating mass combination of the type
shown in Fig. 16-22 where the teeth of the
escape wheel engage the flat pallet faces
formed by a special configuration of the mass.
The other form, shown in Fig. 16-23'3, hasa
pin pallet. The escape wheel engages pallet
faces formed by two pins that project fromi
the oscillating mass perpendicular to its plane
of oscillation. This second type is preferred
by some designers who believe that the pin
location is controlled more easily in produc-
tion, providing better control of the geometri-
cal position of the pallets. However, it is less
reliable because a pin may be missing or bent.

16-4.1.1 Factors Affecting Escapement Oper-
ation

The following variables affect the running
rate of a runaway escaperaent:

(1) Net driving torque (input torque less
output load)

(2) Change in the geometrical relationship
of the pallet and escape wheel (due to wear or
manufacturing variations)

(3) Gear train and escapement tolerances
(4) Friction

All effects consicered, typical lot-to-lot
error for movements regulated with this type
of escapemoznt is usually within £ 15% when
operating over the military temperature range,
--70° to 125°F.

The timing error can be reduced to + 5%
with tight tolerances, good quality con.rol,
individual adjustment of the output angle of
fotation to match a particular escapement
rate, individual adjustment of balance inertia,
and constant output load.

The frequency f, of pallet oscillation may
be calculated from the net driving torque (Eq.

16-27
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Pallet

Balance

Escapement’
Y pye o '
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-Escapement
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Figure 16-23. Runaway Escapement, Pin Pallet Type ;

16-12) on the escape wheel if the following 1 ﬁ’,,?"w B
assumptions are made! : n = 5 T Hz (16-12) |

(1) Half cycles of the pallet are equal in
time. where

(2) Driving torque is constant. G = net driving torque, Ib-ft

(3) Impact is inelastic. r, = radius of pallet pin, in.

(4) Friction is negligible. r,. = radius of escape wheel, in. ;
16-28
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Figure 16-24. Typical Rocket Accelerations

0 = angle between extrem, positions of
pallet, rad

Im = moment of inertia of oscillating msss
of pailet, slug-ft2

Thus the frequency varies as the square
root of the escape wheel torque, or damping
force is proportional to the square of the
escape wheel angular velocity. When designing
a gear train, the designer must remember that
G is the actual torque delivered rather than
the theoretical torque. (Use 30% of the
theoreticai torque as a first approximation.)

16-4.1.2 Runaway Escapement Applied to
Rocket Fuze

As an example, let us investigate the
problem of arming a rocket “uz~at700% j00
ft from the launcher. For safety, the fuze
must not become armed until the rocket has
traveled a certain minimum distance.

Inasmuch as measuring this distance direci-
1y is a difficult if not impossible task, a timing
interval is measured in a manner that is
related directly to distance. If the speed of
the rocket were constant, a timing device
would suffice. The timing devices for arming
artillery projectiles can be applied with
reasonable confidence, but the behavior of
rockets is too variable to measure arming
distances with timing devices even if all
rockets performed normally.

AMCP 706-205
(%3
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Figure 16-25. Variation in Rocket Arming
Time

This varizbility in behavior of rockets can
be illustrated by the influerice of rocket
motor temperature (at time of firing) upon
the acceleration (see Fig. 16-24'). Other
factors such as ar density can have
pronounced effects on the acceleration-time
diagram.

Fig. 16-25! shows that the arming time
must vary with the acceleration of the rocket
if the arming distance is to be held within the
specified tolerance.

A solution to this problem can te to usea
runaway escapement. Using the acceleration
of the rocket as a source of power to drive the
escapement, the escapement can be designed
to effect arming in the same distance even
though the acceleration varies. Fig. 16-26%
shows a device in which the torque applied to
the escapement will be proportional to the
setback acceleraticn.

The time to arm ¢ can be expressed as

1
t= — ,sec (16-13)
K,
because it depends upon the number of
oscillations of the pallet and thence upon its
frequency f, . Thedistances that the rocket
will travel dusing the arming time is
i
s=—at’
2

(16-14)

16-29

SAMSUNG EXHIBIT 1028, Page 274



Downloaded from https://www.everyspec.com

AMCP 708-205

TIMER

ACCELERATION r GEAR TRAIN

MASS

Figure 16-26. Runaway Escapement

The torque G is given by

G =mar K, (16-15)

where

m = mass of the driving rack (Fig. 16-26),
slug

a = acceleration of thz rocket, ft/sec?
r. = radius of the escape wheel, ft

ki = ratio of number of tec.” of driving
gear and escape wheel

Combining Eqs. 16-12 to 16-15 results in
4n*f,0 ‘
s =k, , (16-16)

k’ mklrp

in which all terms of definition are indepen-
dent of the rocket ballistics.

The runaway can be employed to establish
a constant armming distance in this circum-
stance. However, the analyses assumed that
for any one rocket the acceleration during

16-30

flight would bte constant which is not
necessarily true. Some rocket motors exhibit
characteristics that make the rocket accelera-
tions vary with time. Fortunately, the arming
distance is only moderately affected as shown
in Eq. 16-17.

1
s= k' +__._.., ft
2 kya®

(16-17)

Since both k3 and a are large compared witk
k3, the second term becomes insignificant.

Eq. 16-12 describes an idealized device and
cannot account for effects of friction or
materials. For a particular one-second timer,
the empirical equation for the average angular
velocity w of the escape wheel is given by!

w=0.231 [“l"l.llZGU.S

. radfsec  (16-18)

0.012
Im
where

Iw = moment of inertiu of escape wheel,
slug-ft?

I, = moment of inertia of oscillating
pallet, siug-ft?

G = torque, Ib-ft

‘this is the same form as Eq. 16-12 because

f, =N,, w/(2m), Hz (16-19)
where N, is the number of teeth on the
escape wheel. The constant coefficient
(0.231) was found to depend upon various
factors: center-to-center {listance between
escape wheel, friction in the gear train, and
number of times that the mechanism had
been “run down”.

16-4.1.3 Dynamics of Runaway Escapemsnt

There has been considerable analyiical
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work done in the dynamics of this type of
escapement!®, Three conditions of pallet
wheel motion were studied. These include
(1) cycle of no free motion, (2) cycle of no
contact motion (all free motion), and
(3) cycle of half free motion half contact
motion.

The effect of geometrical factors upon the
behavior and nonuniformity of running rates
of this system was investigated!S. Some of
the results of this study were:

(1) Variations in apparently identical pal-
lets may cause variations in period of as much
as 0.13 sec.

(2) Variation in period introduced by
different starwheels and drive springs is
negligible.

(3) The factors in the pallet that caused
radical changes of period are the shape and
location of the leading pallet face.

(4) A change of 0.002 in. in the center-to-cen-
ter distance of pallet and wheel results in a
change of period of 8%.

(5) Friction is most important in the drive
springs, and oiling the pallet st.rfaces strongly
decreases the period.

(6) Physical smocthness of shafts, pallet
faces, shoulders, or bearing holes is of
negligible importance in affecting the period.

(7) Torque delivered at the escape wheel
may vary greatly because of frictional effects
from mechanism to mechanism.

(8) If a mechanism has been dormant for
some hours or days, its period is large when
first rerun and then decreases to the constant
period.

(9) The nominal delay time may vary as
much as 5% depending upon the2 operating
positions.

e ———— e e o o
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16-4.2 TUNED TWO-CENTER ESCAPE-
MENTS

The tuned escapemeant is the pari of 2
timing device that (1) counts the number of
osciilations executed by the oscillating mass
(pallet) and (2) fecds energy tc its pallet. The
pallet controls the rotation of the escape
wheel while it receives energy that maintains
its oscillations. Since the pallet teeth trap and
release escape wheel teeth, the rotation of the
escape wheel depends upon the frequency of
oscillation of the pallet.

These escapements consist of a combina-
tion of a pivoted balance and a mass-restoring
spring milsed twice per cycle by an escape
whez]l. The axis of the escape wheel and
Falance mass pivot are usually parallel. The
basic idea behind these, and all tuned
escapements, is that the balance mass-restor-
ing spring system has a natural frequency to
which energy must be delivered so as to
maintain the oscillation and alter the natural
frequency as little as possible. These escape-
ments might be classed in two groups,
dead-beat and recoil. In dead-beat escape-
ments, the escape wheel rests motionless
against the locking face of the pallet. During
the “free ~wing” phases of the cycle there is
firm contact between escape whedl tooth and
pallet except during tlie impulse, and catch-up
phases. In recoil escapements almost all tooth
action consists of impulse except for short
angular displacemenis immediately after im-
pacts where there may be a slight recoil of the
escape wheel. Further discussion on the
escapements follows:

(1) Dead Beat Escapement.

The original escapement of the dead beat
type is the Graham dead-beat escapement
used in pendulum clocks. To make this
escapement suitable for military use, the
number of teeth enclosed by the pallet was
reduced to thiee aud the impulse face was
relocated to the escape wheel tooth. The
resulting Junghans escapement is discussed in
par. 164.2.1. .

16-3}
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Another form of d¢ad beat escapement is
the cylinder ¢scapement where the pallet is
formed by remcving a small section of a full
cylinder and only one tooth is enclosed.
Cylinder escapements are discussed in pas.
16-4.2.4.

(2) Recoil Escapement. Reccil escape-
ments in their classical form are not used in
military nicchanisms. There are some almost
dead beat :scapements that exhibit smail
amounts of recoil. The escape whegls—in
another class of escapements that might be
classed in this category—always drive,
supplying teco much torque to permit any
recoil: They really are tuned runaways and are
not very accurate, but are highly reliable and
are suvitable for some safing and arming
mechanisms. A good example of this is the
normal Jungians escapement operated back-
wards.

16-4.2,1 Junghans Escapement

The principal tuned two-center escape-
ments used in mechanical time fuzes in this
country are forms of an escapement originally
designed by Dr. Ing. Junghans of Germany
during World War 1. The advantages of this
escapement are its relatively simpie construc-
tion, ability to withstand extreme environ-
ments (ruggedness), and its inherent high
frequency of oscillation.

Basically, the Junghans system consists of
an escapement lever (the oscillating mass)
with a beam escapement spring and an escape
wheel (see Fig. 16-27"9). The lever is made of
spring steel anc. formed as shown. The paliet
is an integral part of the i=ver and is ground
accurately to shape. Small weights sometimes
are fastened to the lever arms in order to
obtain the desired inertia for the spring-muss
system. The arbor, tc which the lever is
staked, provides its pivots and also secures the
escapement spring. While the escapement
spring is fixed to the arbor near or at its
midpoint, both of its ends are supporied
simply by guides. The position of tl:e guides is

16-32

made adjustable so that the timing mechanism
can be regulated to the design {requency
thercby compensating for small material and
manufacturing variations from unit to unit.
The escape wheel is made of thin brass or
beryllium copper and usually has 20 teeth on
its periphery, three of which are enclosed by
the lever pallets during operation. The wheel
teeth are so shaped that, as the escapement
whezl is rotated, the lever is caused to
oscillate which in turn imparts intermittent
rotation to the wheel. The nomial mode of
operation of ithe Junghans original escape-
ment was deud beat, ie., the escapement
wheel stops and does not revene its motion.

Fig. 16-28(A)- shows tooth A falling on
pallet tooth A'. In Fig. 16-28(B) the lever is
passing through the equilibriu.n point in its
oscillation where tooth A is about to be
released by the pallet. In Fig )6-28(C) the
escape wheel tooth C is the opposite part of
the cycle. If the line of action of the impulse
passes through the pivot of the lever, its
motion will not be altered. As pallet tocth B’
slides beneath tooth C, the escape wheel
stops. In Fig. 16-28(D) the lev:r has returned
to its equilibrium position and is beinz driven
by the escape wheel as siiown in Fig.
16-28(B). If the energy is added as the pallet
passes through its equilibrium nosition, the
frequency of the oscillating mas; (regulator) is
least affected.

Negleciing for the moment the in‘eraction
of theescapement wheel and pallets, the
effects of varaole driving torque, etc., the
natural frequency f, ~—from elementary
theory for a spring-mass vibratiug sys-
tem—neglecting friction, is

1 12k 1 Bk

t, =0 '[—m"=-1'r' z, Hz (16-20)
wnere

k = torsionai spring/cnstant, 1b-in,/rad

I, = moment of inertia of the oscillating

system, slug-in.?

-
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Figure 16-27. Standard Junghans Type Escapement

For the beam hairspring of a Junghans
system with equal setting of guides {for small
spring deflections)

For large deflections, the value of k is a
function of escapement lever amplitude. A
numerical solution for the nonlinearities is
available!”.

If the beam spring is replaced with a
torsior bar

£ =§ IZG = .(12 I.f_g. (16‘23)
g fomor, 8 mol,

12ET1
k= _?!-A’ 1b-ir../rad (i6-21)
where
E = Young’s modulus of the spring,
1b/in.?
I, = moment of inertia of the cross-sec-
tional area of the spring, in.*
9 = total length of spring (twice length
between arbor and guide), in.
thus
p 1 X1
no 2a o
(16-22)
= % / -4  Hz
’Um

where
G = shear modulus of elasticity, Ibfin.2
d = diameter of the torsion bar, in.
2 = frec length of the torsion bar, in.
I, = moment of inertia of the cross-sec-

tional area of the torsion bar,
slug-in.?

¥6-33
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Figure 16-28. Action of Junghans Escapement

A typical experimentally determined fre- where
quency vs torque curve for a fuze movement
containing a Junghans escapement is shown in a = constant dependent on escapement
Fig. 16-29'8. Although this curve varies from geometry
movement to moveinent within a given lot of
fuzes, the general shape of the curve is the b = constant dependent on the friction
seme for all Junghans escapements. coefficient between the tooth and

pallet and on escapement geometry
Some preliminary analytical work indicates

that the torque dependence on frequency can ¢ = constant dependent on pivot friction
be expressed in the following form!8 of the escapement Jever

3] By examining Eq. 16-24 one ran readily see

j‘f =aqlc? = ,(b Gte) (16-24) the reasons for variations of frequency shiit

f (1+5)G J from movement to movement. Small changes
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Figure 16-29. Junghans Escspement, Frequen-
cy-torque Curve

in ¢ and b alter the vaiue of Afff appreciably.
The relationship is especially semsitive to
changes of ¢ at low torque and to changes of
b at high torques—i.e., at low torques,
changes in pivot friction are critical; at high
torques, changes in tooth friction are
important. Since a larger random variation is
expected of ¢ rather than of &, the
escapement is less stable at low torques.

The fundamenta! equation for the motion
of the balance wheel neglecting the effect of
friction is

AR
i () k=0

(16-25)

where

I = moment of inertia of balance wheel, .

slug-in.?

k = torsional spring constant, b-in./rad

¢ =angular displacement of balance
wheel, rad, or

¢ =Acos(wT+6)

AMCP 706-206

A = amplitude, rad
w  =circular frequency, rad/sec
4  =phase angle, rad

T =gperiod, sec

(4 and @ are constants determined by the
initial conditions)

w=/ I _ /= (16-26)
Im Im

2 T, 275

= - =q 37;’ sec (16-27)

The Junghans escapement has undergone
many changes of an evolutionary nature since
its introduction approximately forty years
ago into the United States for use in artillery
fuzes. Materials have been improved and more
efficient processes have been nsed. Further a
mainspring has replaced centrifugal weights,
gear train values have been incressed, and
safety features nave been added. Two such
improvements are the Popovitch modification
and the Dock modification which are
described in the paragraphs that follow. Two
additional modifications, pronosed specifical-
ly to reduce spin sensitivity (E-K and PA
systems), are discussed in par. 164.4.

16-4.2.2 Popovitch Escapement Modification

The Popovitch modification of the Jung-
hans escapement is shown in Fig. 16-301. It
uses two outboard springs instead of a spring
fa.tened to the arbor. The modification
reduces the spin sensitivity of the mechanism.

A mathematical analysis has been made
concerning the feasibility of the Popovitch
modification in the design of escapements for
artillery fuzes!®. This report shows the
behavior of the spring, in its horizontai and
vertical positions, under the iniluence of

16-35
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Figure 16-30. Popovitch Modification of
Junghans Escapement

centrifugal and axial accelerations. Thermal
expansion and gyroscopic effects also were
considered in the analysis.

16-4.2.3 Dock Escapement Modification

The Dock modification is not directly
conicerned with the kinematical geometry of
the escapement. It attacks the following
problem: the natural frequency of the
Junghans escapement changes in a spin
environment because the spring must flex ik a
radial force field. The frequency charge is
proportional to the square of the spin speed.
This is an appreciable effect. In addition to
causing shifts in mean functioning time when
the fuze expeiiences otner than its regulation
design spir, it also causes dispersion in
functioning times. A large part of the timing
variation of the Junghans escapement arises
from this spin sensitivity (see par. 154.4).

In the Dock modification of the Junghans
escapement the rectangular cross secticn
spring is replaced by one of circular cross
section (Fig. 16-31'¢). A rec.uction in spin
sensitivity stems from this change alone. A

16-36
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secondary benefit arises from the unique
manner in which the round-wire escapement
spring is fastened into the arbur. Fig. 16-32!6
shows in detail how the springs in the
Junghans (standard) and Deck (new) vessions
are held in the arbor, and also indicates the
attendant changes to the adjusting nuts. In
the standard design, the escapement spring is
distorted badly in the neighborhood of the
arbor, necessitating a manual straightening
operation after the spring is pressed into
place.

16-4.2.4 Cylinder Escapements

Cylinder escapements are relatively simple
and inexpensive. They are not used in
applications requiring extreme timekeeping
accuracy. The timekeeping errors are, in
general, one order of magnitude higher than
the errors in a detached lever escapement.
These errors are due mostly to the torque
sensitivity of cylinder escapements, i.e., the
beat rate is somewhat dependent on the value
of the torque that drives the escapement.

Fig. 16-332° shows the essential compo-
nents of a typical cylinder escapement. The
escape lever is a cylindrical tube with part of
the wall area cut away. It spans one tnoth.
The inertia of this lever and the coupled
hairspring constitutes an oscillatory system
that meters the speed of rotation of the
escape wheel. This is done by allowing the
escape wheel to advance one tooth for each
complete cycle of oscillation of the escape
lever. Fig. 16-34%° shows the action sequence
for this escapement.

The motior of the various parts of the
cylinder escapement were analyzed using
Newtonian mechanics and, since the coupled
equations of the impulse are nonlinear,
solutions were obtained by comgputer meth-
ods?!. Figs. 16-35 to 164129 give the resuits
of the variation of several escapement
parameters. The definition of the symbols
appearing on the graphs are:
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Round {
- Escapement \
| ~-Flet Escapement r\ w! ,/ Spring
Spring 0.00
s Pi 7 .006 in,
wage Pin ~ L7 Hole in Plug
L‘U" 0.018 in. Hole
to Fasten Wire 0,0247 in, Halt
STANDARD FUZE by Slight Hard Brass Plug

Swaging  NEw DESIGN

(A) Escapement Arbor Showing New Configuration

0.004 in.

0.015 in, Hole
Width of Slot

STANDARD FUZE NEW DESIGN

(B) Adjusting Nut Showing New Configuration

Figure 15-32. Escapement Arbor and Adjusting Nut—Modified Configuration

H, = coefficient of friction at the pallet friction. The magnitude of this drag is
pivots determined by the coefficient of friction at

the pivots, by the pivot diameter, and by the

H, = coefficient of friction between es- weight of the pallet. Study of the figures
cape wheel and pallet surface shows little change in performance as a result

of changing the coefficient of friction.
BR =beat rate
Fig. 16-36 shows the varation introduced

BPZ,, = natural beat rate by differences in E, There is litile or no
J =ratio of escape wheel inertia to

pallet inertia ESCAPE -

WHEEL P
. . ESCAPE

G, =drawing torque applied to escape LEVER OR

wheel PALLET
k  =torsional spring cconstant of pallet

return spring

E =rebound coefficient, ie., rebound ‘ S HAIRSPRING
velocity of pallet to the approach L)
velocity TORQUE
Fig. 16-35 shows the effect of variation of
torsional drag on the pallet due tv pivot Figure 16-33, Cylinder Escapement Assembly
16-38
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Figure 16-34. Action Sequence of Cylinder Escapement

sensitivity, for a change in E, in either
timekeeping or amplitude properties.

Fig. 16-37 shows the results of varying tne
coefficient of friction p_. Both timekeeping
and amplitude are highly sensitive to this
friction. The magnitude of the friction is
sensitive to influences such as temperature
and loading pressure. The drooping tendency
of the timekeeping curves is probably too
severe because most lubricants show a smaller
coefficient of friction as the loading pressure
is increascd.

From these resulis, the choice of an ideal
lubricant for the pallet surface should be one
which is temperature insensitive, load insensi-
tive, and has as small a friction coefficient as
possible (say about Q.1). In addition, the
lubricant should have wear resistance, chemi-
cal stability, and be immobile. The tempera-
ture sensitivity problem may be solved by
selecting a lubricant whose coefficient is not
sensitive over the required operating range.

Fig. 16-38 shows the effect of varying the
ratio J. It is evident that a minimum cf escape
wheel inertia should lead to gond timekeeping
and at the expense of good timekeeping,
increased pallet inertia could be used to
control pallet amplitude.

A real problem in production is the
variation of center distance. Fig. 16-39 shows
the performance changes that occur as a result
of center variations. Even though little
sensitivity is indicated in the figure, experi-
ence says otherwise. A possible cause of the
observed sensitivity may be rapid change of
direction of the commecn nomnal to the
contacting surface of escape wheel and pallet.

If the escape wheel tooth lift is increased,
there teads to be a slight flattening of the
tiraezeeping curves as well as some increase in
amplitude as lift is increased (see Fig. 16-40).

The degree to which the escapement is

“cut of beat” is defined as the alignment
error and is the parameter that is varied in

16-39
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Fig. 1641. The figure shows that alignment
errors—if they are small (2 or 3 degj--have
little effect but greater errors cause timekeep-
ing degradation, increased torque- sensitivity,
and a lessening of the total range of torque
over which the escapement will operate.
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Figure 16-36. Rebound Coefficient Variation

1640

Further work on the cylinder escapemerit
indicates that the major contributor to torgue
sensitivity is the frictional drag between the
pallet and escape wheel during the sliding
phase of motion??. Possible improvement
could be made by designing-a recoil pallet
that causes the escape wheel to back up
slightly as the pallet moves into engagement.
The energy that was extracted from the pallet
due to recoil during engagement is restored to
the mainspting and, during disengagement, it
is returned to the pallet. This cauces a
negative drag that 2cts to cancel part of the
positive drag. I these two effects could be
proportioned properly, better timekeeping
would result.

164.2.5 Escapement Self-starting Capability

This capability refers to the ability of the
escapement to start the oscillalor moving,
without an external force, from any rest
position and to sustain the oscillations as long
as energy is supplied. Self-starting capability is

1.10
G‘/k
1.00 s ‘.

'Y} 10 1.5
gc ) F‘\\ ,'-o.lo
s 00| \
<
@ N o 0,15

o0 PRTXY
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Figure 16-37. Pallet Friction Variation
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of great importance in many military
applications.

Some escapements have dead spots or rest
positions in which they will remain at rest,
even when energy is being suprlied, if they
are allowed to stop in these positions.
Restarting then requires an external distur-
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Nomiasl
+0 0011n,
0.5
[} \
-0 o1
0 003’

118 //?’—’___-—-—
#*
Kominat, 46 001 , <0 G0 ln

113 * Nomisal C U 2000000,
;zp=o.l5. E=0, J=O.I,;J.c=0

8R/BR,

AMPLITUDE, deg
S

M i
° o8 10 13

6, /x

Figure 16-39. Center Distance Variation
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bance. This is not a factor with the untuned
two-center escapements that have no dead
spots and are, therefore, inherently self-start-
ing.

Some nonself-starting escapements can be
made self-starting by putting them out of
beat, i.e., making the relaxed positicn of the
osciliator one other than that which is
desirable for the best timekeeping accuracy.
Another approach is to modify the tooth
profile (see par. 16-3). However, care must be
taken noft to cause frictional drag. Gear trains
can become seli-iccking due to friction (see
par. 16-3.4).

An experimental and theoretical study was
made of a variation of the Junghans system
with a view to improve the seif-starting
capability??. The nonlinear equations of
motion fof the impulse phase are derived on
the basis of energy considerations and are
used to determine the relationships between
escapement frequercy and input drive torque.
Experimental studies of frequency vs torque
ate described, and the test data are found to
correlate reasonably the results of the
theoretical investigation.

16-4.3 TUNED THREE-CEMTER ESCAPE-
MENTS

Tuned three-center escapements, which
exist in scvcral forms, have the following
principal common characteristice that dis-
tinguish them from two-center escapements:

(1) There are threz in lieu of two pivot
centers.

(2) The oscillating balance is free (de-
tached) of the escapemeni through as much as
85% of its swing, whersas in two-center
escapements the balance is essentially never
free from the escapement.

(3) Their timekeeping propertics are im-

proved significantly over two-center escape-
ments.

16-4]
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Figure 16-40. Variation of Lift

(4) The power requirsments are minimal
due to high operaticnal efficiency.

(5) They are suited ideally to long runs
because of their low natural frequency of
oscillation.

The idea behind three-center or detached
lever escapements is that an interm. diate link
between the escape wheel and tbe oscillating
mass (balance) permits delivery of the
impulses in a more precise manner, and also
minimizes the drag torque imposed on the
balance by the escave wheel.

The detached lever is capable of much
greate: accuracy and can be used for longet
time delays than any other frictional move-
ment. The poorest escapements are capable of
accuracies of £ 0.1 to 0.2% while the best arc
capable of attaining accuracies of about
* G.005%. The fundamental equztions for the
motion of the balance are the same as those

1€-42

for the tuned two-center escapements (sce
Egs. 16-25 to 16-27).

The detached lever escapement operates as
follows: one end of a pivoted lever-acts by
means of two pallets in conjunction- with the
escape wheel; the -other end -acts on the
balance. There are many slightly different
versions of this escapement. The differenices
are in tooth shape and number, paliet design,
lever ratio, fork geometry, etc. The <scape
wheel teeth are somefimes given a negative
draw to improve reliability and give a
self-starting feature but this destroys the
detached iever characteristics because these is
then a friction drag on the balance. For
military applications, the amplitude may be
reduced to permit higher frequencies. Both of
these modifications tend to reduce the
accuracy of the escapement.

Figs, 16423 and 16433 show the two
main forms of the detached lever escapement,
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namely, the club-tooth type and the pin-pallet
type. The pin-pallet escapement uses pins as
pallets, and the impulse is entirely on the
escape wheel tooth. This type is least
expensive, rugged, and easiest to manufacture.

Detached-lever escapements require a small

~ ROLLER OR BALANCE
_ -NHEEL

"0"PIN OR IMPULSE
PiN

SAFETY PIN.~—

[~ BANKING PiNS
g

"
O

‘FACE PALLET-

IMPULSE

FACE ESCAPE WHEEL

Figure 16-32. Detached Lever Escapement,
Club Tooth Type

AMCP 706-205

safety lever and roller on the balance staff
(Fig. 1643), and a pin on the lever to prevent
unlocking the lever in the event the
escapement receives a-shock during the frec
motion -of the balance wheel. In pin-pallet
escapements, banking pins often are omitted
and the- pins are allowed to bank on the xoot
diameter of the escape wheel. '

The action of these escapements is as
follows:

(1) Tie balance wheel travels in the
direction indicated by the arrow (Fig. 1642)
with sufficient energy to cause the impulse
pin to move the lever and pallet far enough to
release _the escape wheel tooth from the
locking  face, and allow it to enter on the
impulse face of the pallet.

(2) The escape wheel, driven by the
mainspring, moves in the direction of the
arrow and pushes the pallet out of its path.
After the wheel tooth has reached the end.of
the impulse face of the left pallet, its motion
is arrested by the-right pallet, the locking face
of which- has been brought into positicn to
receive another tooth of the wheel.

(3) When the pallet is pushed aside by the
wheel tooth, the lever imparts sufficient
energy to the balance through the impulse pin
to sustain oscillation of the balance wheel.
The balance wheel proceeds on its excursion,
deflecting the balance spring until it comes-to
rest. Then its motion is reversed by .the
uncoiling of the balance spring; the impulse
pin again enters the notch of the lever but
from the opposite direction, and the opera-
tion previously described is repeated.

16-4.3.1 Method-of Increasing Torque Regu-
‘lating Range of Detzched Lever
Escapements

An escapement has the twofold function-of
regulating the speed of the shaft and of
dissipating the enerzy that is supplied through
the shaft. While for watch making applica-
tions the speed regulation function is

1643
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Figure 16-44. Amplitude vs Torque Behavior

paramount, in certain military -applications
the energy (or torque) regulation capacity is
of primary concern.

The practically constant fraction of the
energy that must be absorbed by the
escapement is imparted to the balance during
the impulse period; the remainder is- dissi-
pated as-heat when the escape wheel impacts
on-the pallet. That energy thet is imparted to
the balance is dissipated primaiily in coulomb
friction at-the balance pivots. It-follows-from
an elementary energy balance that the
amplitude-of oscillation of the balance should
increase in direct proportion to the applied
torque, This is shown in Fig. 164423 by the

s &8 k1] A a-1.2

curve laveled “simplified behavior”. At higher
araplitudes, experimental curves-deviate from
liticarity as is shown in the figure-by the curve
labeled “‘actual behavior” and indicate erergy
losses not- directly proportional to input
torque, )

The permissible amplitude limits determine
the range over which an escapement can
operate, The maximum permissible amplitude
is-limited by the overbank position, i.e., the
angular -position of the balance whesl at
which the pin strikes the ocutside of the lever
fork. The-minimum pemmissible amplitude is
that amplitude for which the energy stored in
the balance is just sufficient to provide

reliable unlocking actica, accurate speed
regulation, or both. These limiting amplitudes
correspond to limiting torque values beyond
which the escapement-is said-to be operating
improperly.

The -two methods available -for increasing
the torque regulation are either reducing the
minimum permissible amplitude-or introduc-
‘ing a noniinearity into the amplitude-torque
relationship so that higher torques can be
accommodated without overbanking. This
latter method is'indicated in Fig. 16-44 by the

‘curve Jabeled “desired- hehavior”. Saveral

methods for accomplishing -nonlinearity are
changes in windage drag, hairspring, -escape
wheel inertia, beat rate, and braking fork.

Figure 1645, Balence Wheels

16-45
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Figure 1646. Effect of Varying Escape Wheel Inertia and Frequency

The windage drag, which is a function of
velocity,-can be amplified by altering balance
geometry so that parameters bzaring on
windage can be made more prominent. Fig.
16-45%3 shows various arrangements of
balances. illustrating this principle. Although
increases in windage- effects are attainable, it
was found that windage has little or no effect
on nonlinearity.

Data and theory indicate that -the hair-
spring generates a radial thrust comparable in
magnitude to the weight of the balance wheel.
Since this thrust incrcases with amplitude,
nonlinearity like that showr. in Fig. 1644 can
be demonstrated. The increased pivot loading
at high balance amplitudes causes a rate of
increase in energy dissipation which is greater
than tiie rate of increase of amplitude and
hence the nonlincarity in the amplitude
torque curve.

If the escape whee! inertia and frequency
are changed, it has been shown that
nonlinearity can be attained. Fig. 16-4623
shows the effects of changing the inertia of
the escape wheel and the natural frequency of
the balance-wheel/hairspring system. Fig.
16-4723 shows the effect on frequency by

1646

changing -the inertia of the escape wheel, as a
function of amplitude.

Another way of accomplishirg the desired
amplitude behavior is by applying a drag
torque to-the balance which is proportional to
the applied torque. Energy- dissipation at the
balance would then be dependent on the
product of amplitude and applied {forque.
This can be accomplished by using a braking
fork mechanism as shown in Fig. 16-48%3,
The effects of braking action which can be
attained by this method are shown in Fig.
16-4922. Possibie disadvantages are degrada-
tion of timekeeping and difficulties of
manufactare. Fig. 16-50%3 shows the effect
of several -braking surface combinations.

16-4.3.2 Dynamic Analysis of Detachsd Le-
ver Escapement

The dynamics of the detached lever
escapement has been the subject of two
analytical works24>25, The first is a Ph.D.
dissertation on the dvnamics of a detailed
lever mechanism. The basic equation of an
oscillating spring-mass system is augmented
by adding terms that represent viscous
damping, shding friction, and a forcing
function.

SAMSUNG EXHIBIT 1028, Page 291




Downloaded from https://www.everyspec.com

i

B R SO — e = o s A rm e e e P o -‘—-—n—--———.mu-—i ~
P
! 3

P AMCP.79£:205

AMPLITUDE, RAD
1.0 2.0
~ L e

0'00°000d0."
xO"obo °

x
X -

GEAT RATE, bps
- .

%0 -
X LEVER ESCAPEMENT

O SA’AE ESCAPEMENT BUT

WITH 12 TIMES NORMAL

ESCAPE WHEEL INERTIA

4,900 —

Figure 16-47. Beat Rate for-a Detached Lever Escapement

The equation for the escapement is as foliows time rate of outpr't.of -a high torque source
j ) .0 while tapping a small -fraction of the torque
f 8+w? 0+CO+R T Xe=0 (1628 for its operation. With-this arrangement, it is
0 I;’ claimed that {he torque is relatively:constant
g where and this provides bettzr regulation.
f 6  =angular displacement The second report?5 points out-that the
‘ high accuracy traditionally realized in |
w? =kl watches -and clocks using the detached lever !
— escapement could not be maintained when i
k  =torsionul spring constant the detached iever escapement is adapted for |
I =moment of‘inertia of balance

BALANCE
C = (viscous damping coefficient)//
BRAKING

R =(sliding friction coefficient)// FORK

X, -=forcing function

, The-equation of motic.i1 with certain values
: of C, R, X, was solved using computer
programming and the results were plotted and
compared” with data taken from an actual
operating unit -in order to obtain the
parameters C, R, X. Finally, tests were
conducted on five experimental escapements.
The experimental data gave excellent correla-
tion to the theoretical-data in both e:pected
predictions and shape of the curves. A
method of torque control is suggested to
reduce the torque sensitivity of the detached
escapement {see Fig. 16-5124). In this 7
mothod a low-power-escapement controls the Figure 16-48. Braking Fork

1647
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Figure 16-49. Evfects of Braking Action

use in military timing mechanisms. Some -of
the causes: believed responsible for the
degradation-in accuracy are:

(1) Elimination of castly jewelled bearings

(2) Strengthening of fragile, small diameter
-pivots

(3) Loosening of tolerances to decrease
costs

(4) Increased variations in input torques
and output loads- resulting from military
applications

(5) Increased escapement frequency neces-
sary for high resolution in short timing
intervals

(6) Operation over wide temperature ex-
tremes and after prolonged exposure to shock
and vibration.
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Figure 16-50. The Effects of Several Braking Surface Combinations
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The gioss effect of all these factors is to
produce greater variations in the effective
-impulse delivered to-the oscillating balance
assembly.

Since- an escapement that shows a large
variation in timekeeping -properties as-the
input torque is varied is said to be torque
sensitive, the -quality of a given :escapement
design can -be asvessed by determining its
degree of torque sensitivity.

The main objective of the report?5 was to
develop a .mathematical model of the
-escapement which allows a more efficient
-investization of parameter variations and the
resulting perfrrrmance changes not previously
accomplished?®, The differential equations

governing *ie mction of the escapement.

-system are derived,-and the soluiion to:these
equations are obtained by computer methods.

The equations include most of the essential
-geometzic and dynamic design parameters
such as-shapes, center distances,-and inertias
of parts. Energy loss mechanisms that are
influenced by the- input torque, collision
processes, and escape wheel lag are also
-considered. One of-the effects found to play a
mejor role was that of hairspring radial
sidethrust.

As a result of the investigation, several

AMCP 708-206

réecommendaticns are-made for an improved
model:

-(1) Provision for unlocking to end before
zero balance displacement

(2) Addition of a draw angle in the
escapement wheel tooth

(3) Addivion of a variable geometry for the
lever fork

(4) Provision for ‘frictional losses during
impuise:

(5) Provision for elastic collisions dunng
unlocking and impulse.

16-4.4 SPIN SENSITIVITY OF TUNED
"ESCAPEMENTS

It has been-observed that-the frequency of
oscillation of -the escapcment lever (balance
mass) changes-when the escapement is spun in
an artillery fuze. As previously indicated, this

-change arises from the fact -that the

escapement spring is-now fiexing:in a radial
force field that is proportional to the square
of the spin speed. This frequency change can
be either positive or negative depending on
-the conditions of fixity of the spring.

In addition-to the frequency change caused
by the force field, a change is also due to
changes in oufput of ths cscapement wheel,
In a typical movement, when the torque input
to the arbor vares from 5 ozin. (the
minimum operating torque) to 30 oz-in. a

frequency change of 1% is possible causing

either random or periodic fluctuations,
Random fluctuations-are due, at least in part,
to slippage between-coils of the mainspring as
it unwinds. Periodic fluctuations are due to
eccentricitics of the gears and to the variation
of efficiency of gear tooth mesh on the
different portions of the- tooth profile. In
addition, there is a gradual diminishing of the
output- torque of the mainspring as it

n v Serh e oo oy ————— P} B S hbwad S O A LN RSTEASA. O SO SN
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Figure 16-52. Escapement Spring Motion of Junghans Escapement

unwinds. Loss ‘in- torque due to _this
unwinding is on ‘the ozder of 25%. (An
exception to the decrease-in output torque is
the negatorspring, sse par. 16-2.1.)

Under spin conditions, the friction losses in
the pivot of the off-center-gears increase duc
to centrifugal force. If it is-assumed that the
spin-has no effect on the mainspring, it can.be
shown that -the torque output of the es:upe
wheel can be expressed as ¢ function of spia
speed as follows! 3:

2
G=ng, (1 - (16-29)
w? j
wiere

G = escape wheel torque under spin
conditjons, 1b-in,

G, = arbor torque under nonspin condi-
ions, Ib-in.

w = spin speed, rad/sec

w, = spin speed at which cscape wheel
gives no output torgue, rad/sec

n = gear train sonspin efficiency times
train value (ratio of teeth, driver/
driven)

16-50

Since w, is not smeasured -easily, the
minimum arbor torque G, , and the spin
speed w, at which- the -escapement stops
running is found instead. Then

w;
nG 1 =16, {1 e-;:)':?' ) (16-30)
w? G, .
s =] o min 16-31
(tof) G, ( )

[. w? w2\

Substituting
. < w“ Gm!n -
G =G, ,[l ——Z,? (l - . )] (16-33)

The reduction in torque due to spin is
appreciable. A-typical timer operating at 80%
of its stopping speed with G, /G, =% will
be receiving only slightly more than half of its
nonspin torque. '

The spin sensitivity of the escapement
spring in a standard Junghans escapement
(Fig. 16-52!8) is given by
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A Aot [th_’]
1, 12X 112E1 || &
X (143N — 120%)*
(16-34)
where

f, = natural frequency of escapemem
lever, Hz

A = cross-sectional area of the spring, in.2

p = mass density of the spring, slugfin.?

2 = distance from pivot center to the
adjusting nut sict, in.

E ='modulus of elasticity of spring
material, 1b/in.?

] = moument of inertia of spring cross
section, in.*

h- = overhang-of spring beyond adjusting
nut slot, in.

A = ratio of 1/2 arbor width to 2

Changes-in certain parameters might reduce
spin sensitivity, but care must be exercised.
For instance, a -change in A -can introduce
nonlinearities in the system.

The equation for spin sensitivity for the
Dock escapement modification is similar -to
Eq. 16-34 with terms involving overhang ratio
and A\ omitted as being too small to be of
importance, Rewriting Eq. 16-34 we have

Af 1 p\[ A
5, 12X 112 (E)(T> 2 w? (1635)

or

Fec (1636)

*W,th restriction A < 1. This expression is probably still good
for A as high as 0.25 ot 0.3.

where

AMCP 706-205

1 p A)
c.= ——— (=)&) ga
T 12X 112 (E)(I, !

To investigate what the change from a flat
spring to the Dock round wire spring would
do, form the ratio cs(Round)/cs(Flat) =
A/I(Round)/A/I' (Flat)- because the other
parameters are unaffected. Substituting the
approximate values of A and 7 for each type
of spring, tiie ratio becomes

‘¢, (Round) - /;ﬁ'
, (Flat) 3b

By use of values for the movement of Fuze,
XM565, spring diameter d =-0.0033 in. and
spring width & =0.013 in. (nominal) the ratio
becomes

(16:37)

¢, (Round)

= =70
o (Fary o'

(16-38)

Therefore this change alone reduces spin
sensitivity, and mean time shifis by one-half.

Two additional methods for reducing the
spin sensitivity of the -Junghans escapement
are the E-K system and-the PA system.

The E-K system (see Figure 16-53'8) uses
two spnngs with different end conditions and
an- eff-center arvor. For this-system, neglect-
ing arbor width and overhang

%Y\

Af _ Apt}-e? F"‘(E)

f, 12X 112El L 1+%1 1(16-39)
) 2

where & is a constant calculated to be 13/15.
The advantage of th.s system:is that-one half,
the left side, has positive spring spin
sensitivity, while the other half, the right side,
has negative sensitivity. This permits either
positive, negative, or null spring sensitivity
depending on the ratio of the springlength-£,

e e et o o ek vt nnmttry |t bt fh | et 4 ros i
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and £,. Besides the apparent_disadvantage of
increased cost io manufacture, the main
drawback might be the necessity of sizaulta-
‘neously juggling two adjustments to arcve at
both the cormect frequency and net null
-sensitivity.

The PA system is shown in Fig. 16-5418
The spring sensitivity of this system is given-
by

16-52

Figure 16-53, Escapement Spring Motion of E-K System-

Figure 16-54. Escapement Spring Motion of PA System

Tt exen (690

. . 42
N (Lr)ApSZ W
S

wheze r = radius of arbor that intercepts the {
spring.

Spring sensitivity is always negative. Much i
smaller- £s-are required in this system than in

the standard Junghans system for equal
frequencies. '

ADJUSTABLL BLOCK

-
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r, = radius of arbor, in.

Iy = radius of gear, in.

r, = radius of pinion, in.

7T = tension in flexible connection, 1b
w = angular velocity, rad/sec

w, = -angular velocity of gear, rad/sec

Analysis indicates that inertially generated
torques can be used to compensate for
friction, run-down, and spin decay  energy
Josses in timing mechanisms. However, the
analysis does not take into account two
elements-of the-timiag mechanism. These are
‘torque gain due to spring spin, and torque {oss

m
\ _
Figure 16-55, Segmental Gear Compensator /+ — = ?'

The problem of spin induced and run-down
torque losses- has teen studied in order to : e
determine the possibility of synthesizing an
inertial (spin energized) compensator that wili £
provide enough tnrque to balance out these
effects*?. Two mzthods were considered: h |
(1) segmental gear compensator, and y
(2) connected mass compensator. The first T
type of compensator consists of two weighted Iy
segmental gears engaging a pinion. Such-an :
arrangement (with both gears represented by
a single gear) is shown schematically in Fig.
16-55%7, and the second type is shown
schematically in Fig. 16-5627. The following
symbols are used in the figures:

FLEXIBLE CONNECTION
o'\‘

F = force, 1b
h = distance from center of arbor or gear
to center of mass, in.
2 = length of flexible connection, in.
m = mass of gear, slug Figure 16-56, Connected Mass Compensator
16-53-
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Figure 16-57. Operation of Runaway Escape-
_ment’ .

due to friction betvieen spring leaves.

16-4.5 DESIGN FUNDAMENTALS

16-4.5.1 Untuned Two-centsr Escunamants.

In the runaway escapément the pallet is
shifted by the teeth of the escape wheel,
-which act-on the so-called lifting faces. There
:are two kinds of -faces, the-cntering ifting
face and-the exit- lifting face. The lifiing face
‘that is struck first by the teeth lying outside
the span-of the -pallet as the escape wheel
-rotates is -called the entering face. (In: Fig.
16-57(A)" this would be, considering the
-direction of rotation of the wheel, the
‘left-hand face.)

Assume-that a tocth touching an entering
face begins the movement (Fig. 16-57(A)).

16-54

‘The pallet reaches' its maximum excursion

when the tooth ‘of the escape wheel reaches
the tip of the pallet as in- Fig. 16-57(B).
Simulteneously, during rotation of the pallet
the exit face is moved far enough into -the
pitch. circle of ‘the approaching tooth tip that
the pailet intercepts the increasing mation of
the- escape wheel, ‘This brief free rotition of
the escape wheel sometimes caiied the drop,
is necessary.. To insure reliable movement, the

rise of the pa.let on the -exit side cannot be-

initizted at the -moment when the tooth tip

on the. enteruzg side reaches the edge of the.
pallet. Manufacturing defects such as out-of--
round motion, -could lead to jamming. Lifting.
‘beginis on the exit side -after the drop (Fig..

16-57(C)). The rotation of the pallét here also
continues until the tip of the tootk reaches
the extremity of the pallet on the exit side
(Fis: 16-57(Dj).

The movement desciibed- is a basic
characteristic of all runaway escapements
even -though different: escapements Ciffer in
design-details..

For satisfactory functioning of -every
escapement, a number of quantitizs must b2
related in-a very definite way. Only-a'limited
range-of choice’is pussible, namely:

(1)- All points on a lifting face (shown in
Fig. 16-587 in projection as a straight line)
describe arcs-during-their-metion wiich are-
referred to the center of-motion of the pallet
voke (D) as their center. These circles are:
called- the outer ) and inner (r) pallat
circles. The totality of these circles 1s limjted:
by:

(a) The circle which runs througa the:
intersection of ‘the addendum circle-with the
lifting face on the entering s:de at the
beginning of the lift (point R) and with the
lifting-face on the exit side at the end of the.
lit (point §'), see Fig. 16-58(A). (In this
discussion, the- escape wheel is assumed to
rotate-clockwise. The left-hand pallet, there-
fore, is the entering pallet.) and

-

AR

R
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Figure 16-68. Quantity Relationships for
Fallet of Runaway Escapement’

(%) A second circle running through the

intersection of the.addendum circle with the

I:{ting face on the entering side-at the end of
the lift (point S) and the exit-lifting face at
the -beginning of the lift (point R') (Fig.
16-53(B)).

(2) As shown later, the circle passing
through S’ need not join up with the circle
through. R. The same holds for the circles
<hrough R’and S. It is only necessary that the
difference r,—r,; be constant.

(3) The two points R and R’ (beginning of
iift). form the escapement angle o with the
center of inction of the escape wheel M, while
pointe R and S, and R’ and S', form the pallet
lead x; .

(4) The pallet lead and the drop cannot be
chosen arbitrarily. Their magnitude is related
to the escapement angle.

AMCP 706-206

Let
o = escapement angle
X, = pallet lead

%, = tooth lead (also called the tooth tip
width or tocth tip thickness)

9 = drop of the escape wheel

n -= span of pallet

7 = pitch
then we can formulate the following relation-
ship-from the one-position in-which the tocth
at the entering -pallet initiates the lifting-
process (Fig. 16-58(A)), in the: first instance
ignoring the lift on the tooth,

aty, té=nr (16-41)

Also on the exit side at the beginning of the
Lift

X t¢t(n—-Dr=a (i642)
Therefore
X = ;—¢ (16-43)

If there is a run on the tooth, i.e., if the toown-
has significant width at its tip, the pallet lead
X, is recuced, if the drop intervel of the
v'heel is ‘o be preserved, to

*5*¢—& (16-44)

From Egs. 16-41 and 1643 we obtain for the
ec.capement angle

Q=T = = T (n——-)

The quantity n which detmes the span f the
pallet takes on these values:

{16-45)

16-55
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(8) UNEQUAL 7

:Figure 16-59. Runaway Escapement With

Equal and Unegqual Arms”
For 7 = 3 the pallet spans 2.5 pitch
, -intervals
For n = 4 the pallet spans 3.5 pitch
infervals
For n = 5 the paflet spans 4.5 pitch

intetvals, etc,

A discussion «f pallet vs-escapement arm
lengths follows:

(1) Pallet With Equal Arms. According to
Fig. 16-59(A)°, which shows the same
situation as Fig. 16-58(A), the effective
scctions of the two lifting faces le on
congentric .circles arcund the center of
motion of the pailet. Hence. the points are
spaced unequal distances fromn-the center of
motion of the pallet at the beginning of the
lift (R and R'). The two centers of the lifting
faces are seen to be:the only corresponding

16-56

points on the two faces spaced equal distances
from the center of rotation of the escapement
yoke. These center points, of course, also are
spaced apart by the amount. of ‘the escape-

ment angle. This design is called the equal-arm-

escapement yoke.

{2) Pallet With Unequal Arms. Certain

detached lever escapements, fer kinematic:

reasons, make it desirable to rotate the
escapement-angle in-such 4 way that the two

points R and' R’ become squidistant from the-

center of rotation of the escapement yoke

(Fig. 16-59(B)). In-this way -the outer pailet

circle of the entering pailet becomes the inner
pallet circle of the exit pallet. Escapements of

this type are called-pallet &scapements -with-

unequal arms:

(3) Pallet ‘With Semi-unequal Arms. The
so-called semi-unequal-armed escapements
constitute an intermediate solution. These are

supposed to -combine the.advantages-of the

escapements with equal and unequal arms and
avoid their disadvantages: Thuey have riot been
very widely used.

The pallet requires a certain time to
complete its swing. Since every pallet has a
definite inertia, we- can consider it as a
physicai pendulum jn-: stable-equilibrium. 3f
the -impulse of the escape whee] tooth.acting
on:the entering and exit lifting faces is 'greater
than-the directional moment of-tiie paijet, the
pallet will execute forced oscillations. The
time -in this-case is-a-function-of the mass of
the-pallet, ie., the moment of inertia of the
pallet and- thp -moment of rotation acting on
the pallet.

The principles of- construction of this
escapement, -which is. designed as an equal-
armed peallet,-already-have been'shown'in Fig.
16-58. Eacapement angle and pallet lead can
be calculated using Egs, 1643-ard 16-45. The
position of the center-of rotstion is arbitrary
but it is not without influence on the shape of
the pallet, especially the width-of the jifting
faces.

.
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Figure 16-60. Untuned Two-center Escape-
ment With Equal-arm Pallet”

Fig. 16-607 shows the complete design of
an escapement with:

1) An escape wheel of 15 teeth

:(2) A pallet rotztion or lift angle 6 of 11
deg

(3) Adropgpof2 deg
(4) Aspannof3.

The position was chosen at a point when an
escape wheel tooth had just left the edge of
the lifting face (point S') on the exit side, and
the tooth had just fallen on the iifting face
(point R) on the entering side. If a pallet
rotates through the lift angle 8 on both the
entering and exit sides, this angle is to extend
inward from point S on the interior pallet
circle and outward from point R'.

If the center of motion of the pallet is
shifted toward the center of the escage wheel,
the length of the lifting faces (distance R H,)
is shortened. Shorter lifting surfaces mean less
space required for penetration of the pailet
into the escape wheel.

In designing these escapements we find that
several variables must be considered in

AMCP 706-206

choosing the dimensions, the effect of which
in operation cannot be calculated. The choice
of dimensiors, therefore, is based entirely on
experiment.

Especially important factors are:

(1) Size of the lift angle (depth of
penetration)

(2) Coefficient of friction of lifting face-

and escape-wheel tooth
(3) Moment of inertia-of the pallet

(4) Driving impulse.

The rapid swing of the escape wheel

(untuned two-center cscapements are used:
mainly in fast-running mechanisms) and the

resulting strong impact-of each tooth tip on

the lifting feces of the pallet require that
pallet and escape wheel be made of hard

materials so that surface wear is not

significant during service life.

-Escapements can be adjusted to a limited
extent by changing the lift angle through
adjustment of the penetration depth. Experi-
ment has demonstrated: that the greater the
depth of penetration, the greater the moment
of-inertia of the pallet and the smaller the lift

angle. It follows convorsely that errors due to-

TTT7VV
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Figure 16-61. Escapement Curves for Liffer-
ent Moments of Inertia’

16-57
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Figure 16-62. Rotating Drum-Record of
Escapement Motion”

radial: tolerances -are smallest with smail
moment of inertia-and large lifi-angle.

It is possible, for instarice, to modify the
rurning speed by changing the moment of
inert’a of the pallet by using adjustable
weights. Fig. 16-617 shows the results of
measurement on an escapement in which the
moment of inertia- of the pallet was changed
in this fashion. It is apparent from the
diagram-that the regulation is simpler with
increasing moment of inertia'and that also, to
meintain the desired¢ rctational speed, the
driving. moment increasss wiih increasing
moment of inertia of the pallet.

Precise information abeat the individual
phases of motion is obtained by recording the
motion on a rotating drum. For this purpose
both the motion of the -.scape wheel and that
of the pallet can be used. To study the
motion of the escape wheel, -two or more
small holes are bored near the teeth in the
escape-wheel spaced apart the distance of the
pitch angle. These holes are illuminated with a
condenzer-equipped light scurce -and projec-
ted by an optical system on the drum. The
movement produces:a curve like that shown
in Fig. 16-627,

16-58

During one period (vibyation time f)- the (\_

escape wheel makes- the following. move-
ments:

(1) Entering pallet face of the pallet
“touches the escape wheel:

{a) The escape whvel rotates forward and
drives the pallet. Lift on the entering side
(first interval)

{b) The escape wheel moves farther out of
contact with the pallet. Drop on the entering
side (second interval).

-(2) The exit pallet face touches the escape
wheel:

-(a) The escape wheel is:moved backward
by- the pallet. A recoil is: present which is
evident only with relatively high pallet- mass
(third interval).

-(b) The escape wheel rotates forward-and
drives the pallet. Lift on the_exit side-(fourth
interval).

-(3) The entering pallet fauce touches the
escape wheel. The esczpe wheel is -rotated
backward by the pallet. Exit recoil (sixth
interval),

Additional design information is contained
in Ref. 28.

64.5.2 Tuned Two-center Escapements’

The simple untuned two-center escape-
ment has a -disadvantage—the oscillation
period depends strongly on the driving
impulse. This disadvantage can be eliminated
by -use-of an oscillating mass. The inertia of
the ‘mass must be large enough so that the
pallet is not subject initially to reversal of
direction at the momcent when the escape
wheel teeth fall on the lifting faces of the
pallet. The pallet, in addition to the
intermittent locking action, returns to the

e | oAy et S %
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oscillating mass the energy lost in friction,
-deformation of the escapemnent spring, etc.
Without this resupply of energy the vibrations
of the imass would be damped. This
replenishment-of energy is achieved by means
of the escape-wheel tooth during its run-on

_the lifting surface.

~ The characteristic escapement values are as
follows?:

(1) Period; Frequency, Number of Beats:
The frequency, period, and number of beats
.in‘an escapement are related by Eq. 1646

Lh=rE (16-46)

natural frequency, Hz

N
(1 "

period, sec

BR = beat rate (numbcr of half vibrations
of the oscillating mass)

For a flat escapement spriig, the {requency
-is given in Eq. 16-22; for a torsion spring in
Eq. 16-23. The period of a balance is given in
Eg. 16-27. '

(2) Escapement Constant: Since the rota-
tional speeds of a timing mechanismi with an
escapement are determined entirely by the
latter, a precise knowledge of the technical
-characteristics of the escapement and its
sffect on running eof the mechanism is
mandatory. Although in the case of air
“brakes, centrifugal governors, and the like,
this effect can oniy be determined with
difficulty, the relationship between the
rotational speed of the escape wheel and the
meshanical characteristics of the escape-
ment—especiaily in the case of an escapement
with a naturaily oscillating mass—are- much
simpler to formulate.

When the oscillsting mass (pallet) com-
pletes one vibraticn, the escape wheel has
‘turned a distance of one tooth. If we
designate the number of teeth on the escape

"“AMCP 706-206

wheel by N, the escape wheel will require for
one rotation a time ¢ of

t=1N,

w

1647
Thus the rotationa! speed w of the .escape
wheel becomes
1 f,, ) AR
™, N, 2,

w

w = (16-48)

The far righthand side of Eq. 1648 is
called the regulator constant. It is an
important guantity and is used as an output
equation in the design of clockworks.
‘However, this- equation -is not valid for
esc-pements without a naturally .oscillating
mass because the quantities T and BR .are
then not “inherent” values,

(3) Relationship  Between  Rotational
Speed and Regulator Period: The relation-
ships which follow compare unregulated and
reguiated timing movements

X
w, = , rad/fsec (1649)
“ TUNW
and
w =X rad/sec (16-50)
" TN,
hence
T,\
w, = T/ , rad/sec (16-51)
u
and
w, = unregulated angular velocity,
rz¢ifsec
w, = regulated angular velocity, rad/sec
X = gear ratio between driver and escape
wheel
T, = unregulated period, sec
T = regulated peried, sec
N,, = number of teeth on escape wheel

16-59
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Figure 16-63.-Operation Detsched Lever
Escapement”

Thus the deviation A from normal speed is
/TN
b=w,-w,=w, (1 - ) (16-52)
by
If 7y, > 7;, the timer runs slow (A has a
_positive sign) «and if T, <7, the timer ruas
fast (A has a negative sign).

184.5.3 Tuned Thres-centar Fscapements

Components, furctioning, and operation
are described in the paragraphs that follow:

(1) Component Parts and Functioning,
General: In this escapement, an intermediate
link (lever) is placcd between ihe escape
wheel and the oscillating mass (balance). This

16-60

minimizes the drag torque imposed on the {

balance by the escapement. Importsit fea-
tures of the tuned three<center escapement
are (a) the energy is transferred over a
relatively small angle during the rotary
motion of the balance, (b) the balance must
be free to rotate without any attachment,
which is extremely important for a constant
rate, and (c) this arrangemznt makes possible
a greater speed .of the escape wieel. The
escapement is-illustrated in Fig. 1642 where
-the operating parts are labeled.

(2) Operation of Escapement: Fig.
16-63(A)? shows -the starting position. The
balance executes a swing to the right. The
impulse pin leaves-the fork notch in the lever.
A-tooth has fallen on the lock at the entering
pallet. The lever is-spaced the “lost distance”
from the banking pin. The lost distance is the
angle of rotation from the pallet -position
after the drop to the end of the swing.

Refer to Fig. 16-63(B). The pallet is drawn
deeper into the escape wheel by the -escape
wheel itself, due to its run angle, until the
fever touches the banking pin. Here the lever
traverses the lost distance. In this way the
pallet is protected at least partly against
repulsion (e.g., due to vibrations). During this
time the balance swings fully into the end
swing and reverses (right swing).

Refer to Fig. 16-63(C). After return of the
balance, the impulse pin again enters the fork
notch, strikes its right wall, and transmits an
impulse to the pailet by its impact. The pallet
is withdrawn from the ecscape wheel and
escape begins. The escape wheel tooth slides
over the locking point on the lifting plane,
Lifting begins. In this pliase the direction of
impulse between impulse pin and lever
changes. Up to this time the impulse pin has
driven the lever. Starting with the beginning
of lifting, the lever drives the impulse pir.

Refer to Fig. 16-63(D). This i4 the end of
lifting on the entrance side. The tooth is
about to drop. The impulse pir leaves the

e SRR et r = % as = o
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(A) SHARP TEETH OF
ENGLISH ESCAPEMENT

Figure 16-64. Escape Wheel Tooth Shapes”

fork notch; the balance moves free through
the left swing.

Refer to Fig. 16-63(E). The tooth lying just
in front of the exit pallet-has fallen on the
locking face.. The balance swings farther into
the end distance.

Refer to Fig. 16-63(F). Tite run angle on

the exit side causcs farther penetration of the
_pallet. The lever travels the lost distarce on

the exit side, until it meets the right banking
pin. The balance reaches its extreme position
and reverses.its directicn of rotation (it passes
from a left swing to a right swing).

Refer to Fig. 16-63(G). The impulse pin
strikes the fork wall and pulls the pallet out
of the escape-wheel. The escape on the exit
side begins. After the escape, lifting begins
and there is a transfer of energy -through the

“fever and impuise pin to the balance.

Refer te Fig. 16-63(H). The tooth has
reached ihe end of the lifting_pianc on the
exit pallet and can fall away. The impuise pin

‘Jeaves the fork notch. The tooth located in
front-of tke entrance pallet dreps-on the lock.

(3) The Most Iraportant Components and
Their Function:

(2) Escape Wheel. There arc-three charac-
teristic tooth shapes. Pointed teeth are used in
the English- lever escapement (Fig.
16-64{A)7). This escapement is less often

-used today because the tip of the tooth is

very sensitive to shock, such as that following
the drop. The club tooth predominates today
(Fig. 16-64(B}). It has a greater mechzanical

AT

(B) CLUB TEETK

-center of motict and thus -perfoim eqaal

stcel.

-cally for minimum friction. Such a minimum,
‘however, is not what is wanted here, because

(C) TEETH FIR PIN
ESCACEMENT

strength, ensurcs good oil retention, but tends
to set more readily. The wheel of the pin
escapement (Fig. 16-64(C)) is also very stable.
It is relatively simple to -cut with a milling
machine, a fact of importance relative to cost.

(b) Pallet. A pallet with unequal arms
mainly is used. The rcason is to permit an
equal distance ¢f the locking planes from the

work on the-enfering and exit-sides to release
the pallet. Pallet insets are made of stone or

(c) Draw Angle: The pallet locking planes, i
o do their job, must be arranged concentiri- i

the lever, and therefore the pallet, would not
be slowed down as the balance passes into the y
end of its swing. Thus the pallet could be
dislodged from the escape wheel by vibration
and shock. Only the escape wheei can supply
the slowing action to the pallet -during the
time when thelever runs free of the impulse
pin. For this reason, the circular shape of the
pallet is abandoned, and its-locking surfaces
are replaced by planes. The position of these
pianes 1elative to the center of-motion of the
pallet is made.-such that the system tends to
slide inward as-a result of the pressure of the
tooth until this *“run” is halted by the
tanking pin.

< A —— - ——_ o 5 Yo+ <1

s A et

The perpendicular force N-at point R (Fig.
16-65°) due o pressure of the tooth '
comresponds to the fsiction force NV since
there is bound to be friction. These forces act
on the two lever arms £, and &, and tend to
turn the pallet in a positive or negative

15-61
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Figure 16-65. Determination of the Draw
Angle’

direction (depending on the magnitude of tiw:
resultant moment or angle 8).. If we assume
constant friction coefficients, 6 may not
exceed a definite value in order for the sum of
the moments of N and uN (or in other words,
the momsnt of the resultant N') to be
positive; and the pallet, therefore, to have a
tenaznay to slide inward.

The-length of the two lever arms is given by

Ry =r (tang-’) sin 0,2, =r (tan ﬁ) cos §
) (16-53)

Torque of the perpendicular force is
N2, = Nr {tan 9'-)sin ¢ (16-54)
2
Torque of the force of triction is
’ o ”’ -
NS =Nr (tan 5 )cqs() {16-35)

If there is to be ecquilibrium, the two
moments must be equal and opposite

Nr (tﬂn %—)sin 9 = uNr (tan i;—)cos() (16-56)
Hence
4=tanf orf =Tan 'y (16-57)
If we assume the coefficient of friction u to

be = 0.17 (steel and stone) for the most
unfavorable case (dry surfaces and average

16-62

polish), then we obtain an angle of 10 deg for
0. In order to ensure downward motion of the
pallet, 9 is made 12 deg. Further increase of
the draw angle, liowever, must be avoided
because, otherwise, the work of release and
the return will be unnecessarily large.

(d) Lever. The lever serves to transmit the
impulse from the pallet to the balance and
vice versa. It is rigidly connected to the pallet
and, therefore, moves together with it. The
angle through wnich the lever turns is
determined-by the lifting angle, the lock, and
the lost distance. Subtracting the lost
distance, it-amounts to about- 10 deg. Shorter
levers are preferred to longer ones. Longer
levers mean greater mass and, therefore,
heavier loading of the lever and pallet staff.
Pallet and lever should be well balanced.

(e) Banking Pin. The purpose of the
banking pin is to limit the run because,
otherwise, the oscillating balance would have
to expend too much work in-release. Also the
pallet should not touch the base of the tooth..
The banking pin is _positioned in such-a way
that the lost distance amounts to about 1 deg.

(f) Safety Pin. Only the extreme position
of the Jever can be delimited<by the banking
pin. It is conceivable, however, that the lever,
during the phase when the impulse pin is
outside the notch in the fork, smight reverse as
the result of a mo.nentary sheck in spite of
the thrust due to the run angle. Premature
reversal of the lever would cause the impulse
pin to strike the outside of the fork on the
vay back; this would disrupt the system. In
order to avoid this, a safety pin is attached to
the ‘ever that follows the center line of the
lever and, if reversal should be-induced, rides
~gainst the outer wall of the rollzr.

(g) Rolier and Impulse Pin: The roller is in
the form of a disk rigidly attached to the
balance staff. Its purpose is twefold: (1) to
act as a base for the impulse pin, and (2) to
serve as a stop for the safety pin. The impulse
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Figure:1€-66. Lever Viitk: Safety Pin"

pin is set finto the steel rollr. It may be
sapphire, but in military -timers it usually is
made of steel.

A single roller, which is seldom used, . ould
carry the impulse pin and:also serve as a »top
for the safety pin. With increase in rolier size,
however, there is increased-risk that th= safety
pin will jam onr the edge of the -oller. For-this
veason the safely roller is -made as small as
possible. A -double roiler meets the require-
ments of a larger roller diameter for the
impulse pin and a smaller-roller diameter for
restraining the safety pin. The diameter of the
safety roller is about half-that of the impulse
pin roller (see Fig. 1643).

The safety roller is cut away on its yutside

_AMCP 706-206

face in-line between the center -of rotation

and the impulse pin to permit the safety pin

‘to pass during reciprocation of: the fork. This

slot should be only as latge as absolutely
necessary because -enlargement will not leave
sufficient step area for the safety pin after the
impulse pin moves-out.

t) Lever. The lever transfers the impulse
of the pallet to the balance and vice versa. It
carries a number of safeguarding features, the
satisfactory functioning of which- must be
ensured. Fig. 16-667 shows the lever at the:
end of lift on -the -exit side; information
follows:

-9 Maximum lever swing angle
g= lock + totaltlift

2
® Width of Impulse Tin: about 5 deg

(16-58)

-(relative to point A).

‘® Diameter of Small Roller: about 3/5 of
the impulse pin circle diameter.

¢ Distance of Safety Pin Point Fromn Small
koller: 0.5 deg.

© Distence From Side Face of Lever to

‘Banking Pin (the so-called lost distance):

about 1 deg.

A-Slot to Pass.Safety Pin: The slot must be-

situated in such a-way that ihe safety pin has

already entered -the slot at the beginning of
release. Its deptin must be such- that no
contact is possible between the tip of the
safety pin and the bo‘tom of the slot.

#® Arms of Fork: They must be long
enough that the -fork: is prevented from a
reverse strcke while the balance is traveling
through the arc BD by their following the
impulse pin. The safety pin canaot provide
this safeguarding function in the sector BD.
The inner surfzces of the fork arms are
cylindrical surfaces. Their centers, for satis-
factory movement of the impuise_pin, should

16-63
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(8) EXIT SIDE

Figure 16-67. P:n Pallet Escapement
Geometry”

net lic on the axis of the lever nor, in the
center position, at the center C of the baiai.ce
(points E and F).

@ Lever Length: Length AB for short
levers is 1.6 r, and for long levers 2.0 I,
length BC is 0.5 r, for each, where r_ is the
outer pallet radius.

16-64

The short lever requires a heavy balance for
dypamic reasons, while a balance with a
smaller moment of inertia is preferred with a
longer lever.

(i) Fork Arms. The fork arms on the lever
provide added safety because the safety pin
may still be in the roller slot when the
impulse pin leaves the noich of the fork. In
the single rcller, the fork arms are not
absolutely necessary because the safety pin
can be restrained even after a slight rotation
of: the roller. In the double roller, the cioser
position of the safety pin slot to the center of
rotation causes the angular distance over
which the safety- pin is in the slot, as
measured from the cenier of rotation of the
balance, to be considerably gieater. During
this time, the pallet is without adequate
protection. The arms of the fork assume the
protective function here. Incipient. reversal of
the Iever causes the fork arms to ride against
thic impulse pin.

16-4.5.4 Detached Lever Escapements With
Pin Pallet

In the pin pallet escapement (Fig. 1643)
the lift is effected almost entirely by the
escape wheel. The pallet faces are replaced by
round steel pins against which the escape
wheel teeth act. On the average, the pin lift
amounts to about one-fifth of the total lift.

While m the club tooth escapements the
excursion of the lever is limited by the
banking pin, in the pin pallet escapement the
escape wheel itself performs this limiting
function. As a result of the draw 6 on the
escape wheel tooth (Fig. 16-67(A)?), which is
commonly 15 deg, the pallet is drawn sc fur
in by the tooth draw (extra run @) that the
pallet pin strikes the foot of the tooth. This
simplifies manufacturing appreciably but
introduces a risk with respect to operation of
the lever, namely, that the pallet pin tends to
stick at the base of the tooth because slightly
thickened oil can lodge in the comers of the
tecth. in spite of this disadvantage, the pin
pallet escapement has been used widely,
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particularly in military timers.

Information on the design of this escape-
ment follows:

(1) Pallet Pin Design:

The following notation, used for analysis, is
jllustrated-in Fig. 16-67.

~
n

tooth h-el radius of 2scapz wheel, in.
r, = tooth tip radius-of escape wheel, in.

r, = radius about which pallet pin tums,
in.

r_ = radius of pallet pin, in.

« =:escapement angle, r2d

€ = run, rad

¢ = total lift of pallet pin, rad-
6, = pinlift,rad

§, = tootk lift, rad

p =-lock, rad

g = total pallet travel, rad

T = pitch, rad

¢ = -drop ol escape wheel, rad

=3
)
i

- smali increase to drop angle, rad
X = pallet lead, rad
%, = toothlead, rad

Starting with the total- lift, we- obtain the
-pin radius
ry = r.0;,in. (16-59)

Also

AMCP 706-206
"p
X == 1ad (16-60)
so that
.6
X =:‘—"—, rad (16-61)

Tke tooth lead, obtained -from Eq: 1644 ,-can
c expressed as

T Ik

X, =E'- ¢ - rad (16-62)
Since from Fig. 16-67(B).
re=rtan (16:63)
then
T o L
X, =5=¢ 0, tan- (16:64)

The totai rotation ¢ of the paliet and hence of
the lever is

¢ =-tooth lift + pin lift -+ lock + run

or
6=b6,+0, tp+e (16-65)
6 =2deg p=2deg
6, =8 deg €=3deg

(2) Draw of the Pallet:

¢f the point of inicrsection of the tangent
to the tooth-tip circle -(instead -of half the
escapement angle) with the center line (MD)
is taken as the center of motion of the pallet,
the draw distances on the entrance and-exit
sides are different. This disadvantage is clearly
seen in Fig. 16-68(A). (The figure is not to
scale to emphasizr: this fact.)

There is no -cause, however, to put the
center of motion at this point. If the center of
motior: D is shifted toward the center of the
wheel (Fig. 16-G68(B)), the entrance draw
becomes smaller and the exit draw larger. If D
is moved close enough, -the relationships are

16-65
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(c) x—v

Figure 16-68, Entrance and Exit Draw Depsi-

~

dence nn Pallet Center’

directly reversed, It should be kept in mind,
however, that the center of motion of the
paliet cannot be moved indefinitely close {o
the center of the wheel because this would
require bending the pallet shaft. (The center
of motion D in Fig. 16-68(B) already lies
within:the tuoth heel circle.)

The center of motion of the pallet is

positioned in such a way that the center of
the pin lies on one leg of the escapement

16-66

angle at the beginning of the litt when the pin
rests at the base of the tooth (end of the run)
(Fig. 16-68(C)). Then the draw on both-sides
is completely equal. The center of motion of
the pallet ther lies on the perpendicular to
the midpoint of the line joining the centers of
the pins.

Attempts have been made to improve the
design of the pin pallet escapement by a
variety of modifications. -It has been. sug-
gested, for example, that the penetration of
the pallet to the bzse of -the tooth can. be
avoided and its-swing limited by locating-the
centers of motion of the balance, the pallet,
and the cscape wheel in a straight line. Then
the lever, elongated toward-the escape wheel,
can serve a protective function, with its split
end suitably shaped to nde on the escape
wheel spindle: ‘Suggestions for changing-the
shape of pin and tooth (bending the back-of
the tooth) were not acceptable because of
their great cost.

(3). Lever Design. The lever for pin pallets
is simpler than for club-teeth pallets; satety
pin and small roller are omitted (Fig. 16-697).
By -reducing the radius of the-impulse pin and
by properly shaping the amis-of the fork, the
impulse pin is made to inove over a greater
range inside the arms of the fork, so that-the
latter assume the safeguarding function.
Outside this range the fork tips take over the
safeguarding functior.. These-can ride on-the
part of the balance staff which was not cut
away to pass them earlier. Lateral banking
arms iimit the movement of the balance.

16-5 SETTING
16-5.1 GENERAL

Setting is that action which fixes the time
interval measured:by the mechanical timez, In
some mechanical timers, a clock mechanism.is
used. In operation it is similar to a mechanical
alarm- clock. The ordinary alarm clock can be
set for a time delay up to 12 hr, while the
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Figure 16-69. Simplified Lever’

clock mechanisms used in- _military timers
usually can only be set for periods in the
order of seconds or minutes. In order to set in
a iime delay,.a knob on the=face of the timer
is turned so that the desired=time is indicated
on the dial, This action puts-energy into the
mainspring of the timer and corresponds to
winding the alarm clock?®. When the time has
elapsed on the military timer, a switch is
closed (or opesned according to the applica-

tion of the timer), or some mechanical

motion may take place.

The time delay set into a clock mechanism
may not be used until some other event takes
place, hence some sort of triggering linkage is
necessary. The triggering linkage nsuaily
consists of a catch that can be released by
enerzgizing a solenoid. This type of timing
device can be used only once without some
external operation being required. With timers
driven by motors (AC or DC), clutching
mechanisms-are used to disengage the drive
motor from the actuator to allow the timer to
reset to its start position®9.

In one version of a mechanical timer®!, it
is = uired to provide six specific times in the

AMCP 70€-205

interval of 40 to 120 sec by turning a single
knob. The solution was to employ a “‘six-shot
revolver” magazine arrangement of commer-
cial odometer-type counters as shown in the
exploded view of Fig. 12-44. This magazine
permitted any counter to be coupled
individually to the single timing movement by
rotating the setting knob:-to any one of six
positions. (A seventh “reutral” position also
is provided.) The timer shown in the figure
occupies about 6 in.3. The cylindrical
magazine arrangement allows a simple, low

cost, reliaiole mechanical ‘setting mechanism-

while maintaining selectability for each of the
six time intervals.

The- readout is achieved by a mechanical
switch contact on the hundreds or slcwest
moving wheel of the counter. The counter
initially -is set to the time decired (less 0.1.sec)
and, when the timer is started, the counter
counts backwards to zero. After the counter
reaches-zero on all wheels, the wheels tumn to

the 999.9 position in-the succeeding tenth-of

a second;.and this motion of the hundreds
wheel closes the switch contact. Thus, all-of

the load-to close the switch contact has-been:

kept from the timing movement until- a
portion of the last 0.1 sec of timing. This
digital system also increases the setting -and
readout” resolution by at least 20 times over
the traditional slow-movirg cam and follower
without having to resort to close tolerance
coraponents.

The power supply for this timer is -a
mainspring, and a detached lever escapement
is used.

16-5.2 IMPROVED SETTING METHOD
FOR MECHANICAL TIME FUZES

A mechanical time fuze to be adapted-for
tank-fired ammunition required a setting
wrench tc set the mechanism held in position
by a high resisting torque (100 oz-in.). The
fuze had a time range up to 100 sec, and each
0.1-sec setting represented a circumferential
rmovement of only 0.007 in. Hence, a vernier

16-67
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Figure 16-70. Setting Mechanism for Fuze, MT, XM571

scale hud to be provided. This fuze obviously

beyond 10 sec for tank-fired ammunition.
was not suitable for firing from a tank.

The range of the setting was, therefore,
reduced from 100 sec to 10 sec so that each
0.1-sec setting represents a circumferential
movement of 0.07 in. This ircredse eliminated
the need for a vernier.

Fig. 16-79! shows Fuze, MT, XM571 with
sctting mechanism-redesigned for tank firing..
The design has the following features:

(1) There is no need for time settings (2) The setting torque was reduced so that

16-68
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Figure 16-71.:Linkage of Setter Components

the nose could-be turned by hand. A wianch
is thus no fonger required. A knusl is provided
on the nose to insure a gocd grip.

(3) The time setting is held:by the release
button. When -the bution is deorescsd, the
nose turns freely. The hutton has five teeth
that mate with an internal ring gear in the
nose, whose pitch is such that-ecach tooth
represenits 0.1 sec. When the -button is
‘rejeased, it will-lock the setting-at any 0.i-sec
increment.

{4) To eliminate the need for firing tables,
the scaie is calibrated directly in meters. Lines
are numbered for every 200 m.up to 4400 m.
The intermediate 100-m settings have a tick
mark. Incidentally, the scale js uneven
because the even increments are on a iime
base.

(%) The size, shape, ind thickness of the
numbers and the nwunbered lines were
seiected expzrimentally sv as to be readable
unde the red dome light during blackout
conditions,

If one semembers the trying conditions
under which the user raust adjust a fuze, one
can understand why this amount of attenticn
is required for so simpie a device as a time
setting mechanisin,

AMCP 706-205

16-6.3 LINKAGE OF SETTER COMPO-
NENTS

Designs of mechanical setter devices should
include consideration of the linkage of the

setter components and setter display compo--

nents in conjunction with the devicc being
set.

The parallel mechanical linkzge (Fig.
16-71(A))- permits concurrent positioning of
setter display components and the item to be
set. This type of linkage -could cause the
display of a.false reading because the setter
display does not necessarily have to agree

with the information cctually set into item

(the Linkage :to cither the setter di.play
components or item being set covid be
faulty). The series linkage (Fig: 16-71(B)) is
little improvement over the first-because the

linkage to the -item to be set could be

deficient even though a setting is displayed.
Deficien.ies are more prone to-occur in the
high-torque -gear- trains of the-item to be set
rather ¢han- in. the low-torqus gear trains of
the setter display assembly. The mos reliable
and safest linkage (at nc increased cost) is a
different s-tes linkage (Fig: 16-71{C)) in
which the setting actualiy positioned into

item being set is displayed after the fact of”

setting (thus providing a true read-out).

1€-64 SE"TING ME. r -NISM FOR MECH-
AMICAL TiM: «  E, XMEZ7

The AMS577 Fuze is shown on Tig.
16-7232, The mechanism of che fuze is
housed ir an upper boay (fuze ¢ jive) having 4
window area that indicates SAFE, “Pomnt
Detonating PD”, or digital ti‘ne sequences. A
seiting key (Fig. 16-7332) is used to rotate
the digital setting module o the desir.d
fanction. The digital setting module concists
of: a cetting shaft, three digital counter
wieels (hurcreds v.neel, iens wheel, and
seconds wheel). two counter wheei index
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v
e
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Figure 16-73. Setting Positions for Fuze, XM577

pinions, and a PD/Safe indicator flag. The.

setting shaft is coupled directly to the seconds
vheel which in turn-will index the tens and-

-hundreds wheel, dependent upon the set time.
-Both the counter wheels and the indicator

flag are observable through the fuze window
when the fuze is set properly. Setting the fuze
is accomplished by breaking the seal at the

nose of the fuze and applying torque to the

setting shaft with a setting key, as shown in

‘Fig. 16-73. The applied torque rotates the
timing mechanism module, displacing the

scroll follower pin for-the set time desired.

This fuze was developed to fill present
requirements for artillery rounds. The fuze
has demionstrated satisfactory yperformance
under setback forces of 900 to 30,000 g, spin
from 1600 to 30,000 rpm, and fieid scttable
time delays from less than 1 sec to more than
200 sec with better than 1% accuracy (0.06
standard deviation at a set time of 15 sec).

16-6 QUTPUT
16-6.1 ANALOG AMND DIGITAL OUTPUTS
‘The overall objective of any timer output is

to indicate the total number of oscillations of
the time base occurring in 2 given interval of

time. The output can be either visual
(readout) or physical (actuation of cam or
switch). The output function (visual cr
physical) can be either analog or-digital. An
example of an analog mechanism is a dial of a
watch which- has continuous motion with
infinite resolution. The digital output is a
stepping motion having no resolution between
steps. Visual readouts of each of them are
illustrated in Fig. 16-74°.

An analog output may be obtained by
placing a disk on the slowest moving gear
(mainspring barrel) of the timer. With this
setup, the angular position of a slow moving
shaft (output shaft) must resolve the displace-

D
-
N
~
ro

DIGITAL

ANALOG

Figure 16-74, Two Ty/pes of Visual Outgut

16-71
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ment of a fast raoving shaft (input to gear
train). For example, a 1-in. output disk that
rotates once in 24 hr may be required.to read
out in-inteivals of 5 min of.time, The 5-min
interval on a disk l-in. in diameter is an arc
length of 0.01 in., and a specific point to be
detected is moving at only 0.002.in./min. This
‘makes it a problemm to detect and set
accurately.

Because of infinite resolution, the analog
output ‘is the most accurate device theoreti-
cally-speaking. However, the practical consid-
erations of precision manufacture, cost, and
the need to detect extremely small angles

limit its use for military timers. For these-
-reasons -a-digital: readout is-better when high.
reading accuracy .and incremental settings are

desired.

The digital mechanism produces a-discrete
unit of output motion for each- complete
input pulse. A single pulse-may represent-a

full 360-4c; joiution of a-shaft. The digital

‘mechanism faithfully records each input pulse

without -error and is, therefore, accurate to-
‘the nearest pulse. For instance, again taking:

the 24-hr timer, suppose that the digital
counfer is arranged to record pulses that

-oceur exactly every 30 sec.. “Then : a time cf 5

‘ir 10 min (18,600 sec) would be represented.
by a total »f 620 pulses;-and to an observer

the figure 620 would be accurate to-£ 30 sec:

when observed -at any particular instant.. This
resolution- is obtainable at any total time
setting.

When the digital mechanism is used to
provide a-physical ousput at-the end of the set:
time interval, it has an advantage cf rapid
'trancfp- fmm one pulee tothe nevt, Thue the
-accuracy- qf the output at the set moment of
‘transfer depends primarily on the accuracy of.
the time base. However, the digital device
does not give the-mechanical advant_age of a
gear train and, if-a follower is apphed to a
sense a given time interval, it usually is found
that performance is affected seriously because

16-72

‘the driving torques -used to move these

components are: small compared with-the lcad
imposed by the follower. For this reason, the

digital mechanism has been used in timers

only for visual readout and the analog gear-
train usually provxdes the physical output.

16-6.2 SWITCHES AND RELAYS

‘During-its operating interval, the timer may
be called upon to cperate a sequence of
electrical jc"éntacts; In turn, these contacts-
may energize relays of any degree of
complexity. It is better, where possible, to
derive the useful outpnt directly from the

‘timer itself3!.

Contact ratings-aze important. The required-

'number of cycles i in the life of the unit, and

th@ capacity and rating of-the load are the
principal factors affecting-contact design. DT
circuits are far more injurious to contacts
than AC circuits. A frequent specification is
to -guarantee the same life (say, 100,000
operations) for 115 V AC and 28 V DC
circuits -drawing -the same -tms current. With-
loads drawing high-in-rush currents (inductive
loading), contacts may be derated to 25% to
10% of their resistive load ratings.

Becaus,e’of the -special importance of the
conlact problem, it is often advisable to
incorporaté spark suppression: circuifty This

-generally takes the-form-of scrics RC:circuits

across the cpntacts, or reverse energized
diodes thai break down when their-inverse-
voltage rating is exceeded, thereby hm1tmg,
peak voltages across the contacts. Design of
these circuits is best-carried-out on a‘trial and
error basis. Although spark suppression
cirgnits jntroduce time delays in the comple-
tion of contact operation, they are extremely
important where long life under difficult but
uniform load conditions is required. Obvious-
ly load duty cycle, which is related to the
frequency -of timer operation and -to the
temperature rise occurring in- ihe contacts (or
in the entire timing apparatus for that
matter), affects contact pressure, Spring
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Figure-16-75, Digital Counting Device

constants- establishing contact pressure are
particularly sensitive to temperature.

In certain types of timers a constant speed
1otor may drive a set of brushes (contacts)
over a prinied circuit plate, where a pattern
establishes the timing and contact closure
sequences. At low brush speed, the contacts
make and break so slowly that considerable
arcing and pitting may occar. As a result
contact rating may drop to 1% of the rating
for contacts operating by snap action.

Other factors of importance include accu-
racy, repeatability, reliability, environmenta!
conditions, and cost. Factors such as ease of
adjustment, manner of setting, readout, and
remote indication are more or less important
depending on the specific application. Where
a timer is to be used in a series of similar but
not identical processes {where the timing will
vary from one job to another), ease of setting
up the timer is important. This set-up must
include a check of accuracy which is best
done by running through an approximate
tirne cycle, and then making final adjustment.
Where a timer is used over a long interval,
readjustment may be necessary due to aging
or wear of components.

AMCP 705-205

It is important to be able to actuate the
output -circuit without taking too much
energy from the esczpement and associated
components. For example, Ref. 31 discusses
an experimental mechanical timer that uses
commercially available -digital counters as
shown in Fig. 16-75%!. The input shaft
always -is driven at the rate of 1 rps. The
required time is preset into each digital
counter which then is allowed to run down to
zero. In the final 0.1 sec, all the wheels
transfer as a single unit to read 999.9. At this
instant_a conductive knife blade attached to
the hundreds wheel moves and completes an
electrical circuit that provides an -output
signal. The advantage of this technique is that
the switch closing ioad is not put on the
timing movement until the final last 0.1 sec of
timing: This contributes to the operational
accuracy of the timer assembly.

16-5.3 TYPES OF SWITCH

Snap acting switches rather than- those
types where gradual contact is made are
usually more desirable. A slowly rotating
output shaft closing and opening gradually a
cam operated switch carrying currents on the
order of amperes can iead to contact
destruction. Contact destruction also may be
a consideration where the contacting mechan
ism consists of an arrangement of a printed
circuit board and brushes. Current ratings in
this type of circuit must be reduced
supstantially below those values that conld be
tolerated in snap-action type switching.

Snap action switches in a timer are best set
by trial and error since the precise switching
point is somewhat indefinite. Further limita-
tions are inherent in the cam geometry, wear
of cam surfaces, and switch surfaces.

Mercury switches are another good choice
if fast make and break contacts are desired.
Arcing caused v'hen breaking inductive loads
within the switch rating is nondestructive.
Another advantage of mercury switches is low
constant resistance at low voltage and absence
of contact chatter. Since the contacts arc

16-73
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Figure 16-76. Adjustable Cam Timer3°

isolated {contained within a sealed volume),
contact ¢orrosion from damaging atmospheres
is avoided 2< well as- pocsible ignition of
combustible pases by the switching arc33.
However, mercury switches are position and
vibrahior swernsitive and -unable to cperate
under zero-g vonditions.

A sealed dry reed switch may be actuated
by a permanent magnet mounted on an
output shaft or cam. It has advantages of
small contact bounce, scaled contacts, and
akility to operate in zero-g. Disadvantages are
current limitations to a few amperes,
giass-tube body, and susceptibility to vibra-
tion (but not at reed constant frequencies).

16-6.4 CAM OPERATED OUTPUTS

In these devices, rotating cams tum
switchies on and oif according to a set
program. The cams are driver by the output
disk or shaft of the timer.

Cams fall into two classes, adjustabic and
nonadjustable. Nonadjustable cams are made
of fiber, plastic, or metal disks into which a
program is blanked or machined. The cams
are attached-to bushings, and the bushings are
positioned in the drive chaft by set
screws?»30,

16-74

Figure 16-77. Cam Cycle Timr3°

Adjustable cams basically consist of two
disks whose diameter is sduced over
approximately 180 deg. Fig. 16-763° shows
an-adjustable cam-timer. The desired program:
is set by adjusting the disks-relative to one
another. The disks may be clamped together
by a screw or Jockniut, or .connected by
friction. The cams are staked -to a bushing;
and are marked in a variety of ways to
facilitate setting. Both smap-aciion and leaf
switches are available. Two types of follower
are used with cam outputs, roller and knife.
The roller follower gives longer life and lower
drive torque requirements, and the knife
follower gives greater accuracy but shorter life
and higher drive torque requirements. In the
cam operated cycle timer of Fig. 167739,
switches are mounted sepa.ately so that they
can be replaced easily. Also, set screws are
used for finc adjustment of the operating
point. There are many designs for timer
outputs, and prices vary considerably, When
selecting s timer, the designer should analyze
his needs relative to ease of adjustment,
frequency of adjustment, and accuracy of
c2tting required. In specifying cam output
timers, it is best to lay out a timing chart as
shown in Fig. 16-783°, Remember, wide
tolerances allow greater flexibility in the
choice of actuators and switches, and reduce
setting and testing costs.
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Figure 16-78.. Timing Chart for Cam-cycle Timer®°

16-6.5 READOUTS

-Present-day mechanical time fuzes employ
circumferential engraved scales and pointers
for-time settings and slotted screw-buttons or
‘segregated areas- on the scale for -optional
function features. Usually, the rotary scales
are-limited to less than one full turn, with a
-secondary vernier scale to improve-accuracy.
‘this display- is compatible with the-internal
setting portion of the fuzes and ucually is
achieved at low cost. Unfortunately, the
display is difficult to read and can.lead to
gress setting errors by the operator. Signifi-
cant_ improvement can be-made by the design
approach that follows.

16-6.5.1 Scale Layout

Fig. 16-79°* shows the direction of
increasing numbers for various scale types—
1e., for circular and curved, clockwise
increasing; for vertical scales, bottom to top
increasing; and for horizontal, left to right
increasing. Except on multirevolution indi-
cators such as clocks, a scale break should be’
included between the two ends of the scales
as shown in Fig. 16-79(B). When j.ninter
alignment is desired for check reading, the
zero position should be at the nine o’clock
position as shown in Fig. 16-79(C). For
multirevolution indicators, the zero position
should be at the top as shown in Fig.
16-79(D).

On circular scales, the numerals can be

placed-on the inside cf the scale, or outside 1s
shown-in Fig. 16-79(E). In the former case,
the indicating arm may blot out 2 number;
however, in the latter cace, the scale is
somewhat constricted to -allow for -the
numerals to be placed on-the periphery. On

— //f\'\
o [ [
= w20 o
w
O 100-

(A) (8)
\ v
() ()

10;§
(E) (F)

Figure ¥6-75. Recommend:d Readout Display
Scal:s
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5 WHEN VIEWED

hy the ogival shape and the random reading '
FROM ABOVE

orientation between operstor and round. If
no definite oricntation-between operator and |
round is established, rruitioriented displays

should be used as shown in Fig. 16-80%%. ;

iy

16-6.5.2 Character Form

5" WHEN VIEWED

FROM BELOW Table 16-33% shows a list of character type

faces and their comparative legibility. This list I
should be used as reference when selecting-a
type face for display. From the chart, one can !
see that no one type face can be selected as
heing clearly superior to-all others. For timer :
design, perceptibility and readability are more
important than speed of-reading because-the
amount -of data is Emited to scveral
characters.

SEPARATION

Figure 16-80. Multioriented Displays

vertical and -horizontal straight scales, the

numbers should be focated on-the side of the

16-6.5.3 Grouping of Digits

The grouping of digits has a significant
effect on the speed of perception, Thus the

graduation as shown in Fig. 16-79(F). display arrangement should take full advan-

rage of the most suitable-grouping technique. -
The number of groups should be held to a
minimum; and when minimized, shculd not

be spread over wide areas.

The preceding geneiai rules for scaie Jayvout

may have to bie modified in the u - of fuzes
to suit the particular circumstances imposed

TABLE 16-3

EFFECT OF CHARACTER!STICS OF FRINTED MATTEF. &R LEGIBILITY

Reader Opinions
Spuec of of Felative Legi-
Visibility Purceptibility Reading pility
Type Face Camperison:  Percent Percent Percent

Svotch Roman Versus _ Difforance  Rank® Difference  Rank® Difference.  Rank” RMesn  Hapk®

£ tique +56.3 1 —-14.8 3 - 0.2 3 24 2
-Clisitenham +38.5 2 -22.2 2 - 25 & 2.3 1
Amerizan Typewriter 4+36.5 3 ~-37.7 1 - 51 9 5.5 6
-Cloister Black +25.0 4 + 23 10 -165 10 9.8 10
Boduni +18.5 5 — 490 7 - 13 45 42 3
Gacamond +16.9 6 - 68 6 + 0.5 3 54 5
Cld Style +15.8 7 -114 4 - 11 45 4.6 4
Cazslon Cld Style +11.1 8 - 79 5 - 13 6 6.4 8
Kabal Light + 8.2 9 + 0.1 9 - 23 7 8.2 9
Scotch . ‘oman 0.0 10 0.0 8 0.0 2 6.2 7

*lacreasing order of dasirsbility

16-76
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Figure 16-81. Pneumatic Dashpot for Arming
Delay

16-6.5.4 Background

“The background of the numerals or
characters has an effect on reading- speed and
Jegibility. Distance is of secondary concem
‘because in almost ail situations the reading
will be done at-no greater than:arm’s length
from the display. Black on white is superior
to white on black from the-standpoint of
seading speed, distance,. pesipheral legibility,
and eye movements. With respect io achro-
-matic vs chromatic backgrounds, eye move-
-ments for black-and white are far-superior to
-color on color, 2 red on say green display.
‘High contrast seems to be the most important
“factor with respect to reading speed.

Surface texture has little to-no effect on
reading speed. or distance, but shiny surfaces
-or zny highly reflective background shouid be
avoided to reduce glare. If possible, windows
or viewing ports should be nondistorting in
mnature.

16655 Illumination

Since the nature of the process involved in
setting a timer usu:lly reguires that the
-operator be-in an outdoor environment, there
is little the designer can do to rveduce
over-illumination when in bright sun condi-
tions other than reduce obscurity due to
glare. When nighttime operations are dictated

o o ————AE A A 3D % S WA B N, .
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by the battlefield situation, the use of
synthetic illumination shovid be considered
either by selfillumination or by light
provided by auxiliary equipment. Red light
should be used when possible to preserve
night vision.

16-7 FLUID TIMERS

In a fluid timer, a gas or liquid regulates the
motion of mechanical parts. Fluid timers
should not. be confused with flueric timers
(Chapters 22-25) in which mechanical parts
do not move. Rather, the fmld serves much-

the same purpose as the escapement, viz., to-

slow down the motion and to achieve a
uniform rate.-Fluid timers are nct as accuraie
as clockworks but have found appication in
arming delays of fuzcs. The two yreatest
problems with_fluids are leakage and viscosity
change over- the military témperature range

which lead-to-inaccuracies. Howeves, both of

these problems cam be overcome through

proper design. The application of two

currently used fivids is- described in the
paragraphs that follow. Additional devices are
covered-in Ref. 1.

16-7.1 PNEUMATIC DASHPOT

An annular orifice dashpot is shown in Fig.
16-8135., The “orifice” is the minute
clearance between piston and cylinder. By
selecting materials fo: piston and cylinder
having diffzrent thermal coefficients of
expansion, the orifice will change with
temperature. thes sffcrding a means of
approzching x ~usatent flow in spite of air
viscosity changes with temperature. A glass
cylinder can be produced accurately and the
piston can be ground from ceramic or metallic
materials.

The piston it pushed by a spring. The
holder, of silicone rubber or polyethylene,
holds and seals the parts. Models have buen
made frou: 1/8 in. diameter and 1/3 in. long

.to 1-1/2 in. diameter and 6 in. long. Time

delay vaties between 0.1 sec and 1 hr. The

1677
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ROTOR @ SAC:
ASSEMOLY

\nown SLADE
Lpotor pELAY

Figure 16-82, Delay Assembly of Fuze,
XM218

dashpot has been used in experimental fuzes.
and is incorporated in Fuze, XM431, for the.

2:75-in. rocket.

Theory of operation is based on the
compressible flow- of air through the orifice.
The annular orifice, in this case; acts the same
as a rectangular duct of the same dimensions;
ie., width equal to clearance, and length
equal to circumference. The clecrance is

_[6nr22p, _J”" -
y o

"= reice,

16-6¢)

’

where
‘h =clearance from piston to cylindey, in.
= =viscosity of the air, slug/ft-sec
r =radius, in.
£ =length of air travel, in.

Py = pressure in the cylinder, psi

16-78

P, = ambient pressure, psi

t =desired time delay, sec
16-7.2 SILICONE GREASE CAPSULE

The temperature-viscosity curve of silicone
grease is flatter than that of other oils and
greases.. In the past, use of this substance
therefore has been attempted to provide time
delay. However, the leakage problem was
severe, and the grease gummed up the arming
mechanism so as to render ii useless. This
problem was overcome by sealing a-silicone
gum in a plastic sac made up of heat sealable
Mylar tape.

Fig. 16-82 shows the sac and rotor delay
mechanism of Grenade Fuze, XM218. The sac
assembly-consists of a metal backing disk and
a plastic capsule, about 3/4 in. in aiameter
and 1/8 in. thick, containing silicone gre se.
The periphery and -a-segment of the plastic
disk are-heat sealed tc the metal disk te form
a pocket for the delay flvid. The sac assembly
is placed against the delay rotor assembly (the
space between the two assemblies in the
illustration was introduced solely to show the
sac assembly clearly). In operation, the delav
is obtained when the four blades of the delay
rotor, by virtue of a torsion spring, slide over
the surface of the fluid sac, thus displacing
and metering the fluid irom one side of each
blade to the other.

The design desciibed was obtained by
empirical means. The analysis is complex
pecause the flow in e fluid sac- passages
varics as a function of rotor radius. Analytical
techniques relating to the interactions of
timer geometry, silicone.fluid properties, and
friction levels must be employed.
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FART FOUR —PYROTECHN!C TIMERS

CHAPTER 17
INTRODUCTION-

17-1 GENERAL SYSTEMS

A pyrotechnic timer is a self-contained
device in which a low explosive mixture burns
linearly with respect to -time to provide- a
controlled -time delay. It is commonly called a
delay element or just a delay. Its burning

-action often ic likened to-that of a cigarette,

which also burns linearly. However, the delay
housing sleeve is not consumed and 4ir isnot
required {or combustion. Low explosives-are
divided into two groups: (1) gas-producing
jow explosives that include propellants,
certain primer mixtures; -igniter mixtures,
black -powder, photoflash powders, and
certain delay compositions; and (2) nongas-
producing low explosives that yield the gasless
type delay-composition. Additional informa-
tion on pyrotechnic timers is contained in
other engineering design nandbooks! 2.

Pyrotechnic delays are tl.e- oldest military
timers. Early -descriptions -of artillery tell cf
firing cannon -baills with flaming wicks that
served as pyrotechnic delays to provide for
detonatien after the ball arrived at the target.
Whereas modern dclays have been impro?led
significantly, it is curious to nots that black
powder, the explosive employed originally, is
still in current use for sorne applications.

Compared with electronic, mechanical, and
flueric timers, pyrotechnic delays are smaller,
simpler, and less expensive, but they are also
less accurate. Accuracy over the military
temperature range is only about + 10%.

In its simplest form, the delay element
consists of a: cylindrical housing containing
the pyrotechnic composition. Sometimes 2

primer is added at ihe input end to provide
the initiating flame. The dslay has a flame
output that can bhe cugmented into a
detonation wave, if desired, by use of a-relay.

Delay compositions -are either gaseous or
gasless depending on the quantity of gas
generated when they burmn. Combustion
produsts of less than 10 or 15 cm? of gas per
gram. are considered gasless; true- -gasless
compositions do not:exist. Provisioni-must be
made for the gas generated in gaseous-delays
by either venting or, in obturated -delays,
designing a fiee internal volume. For highest
accuracy, gasless -delays must have one of
these twc features. However, addition of
these features makes the housing more
complex. The current trend is toward the use
of gasless delays. While delays adjustable in
time-have been used-in the pzst, they-also add
complexity. Hence, most modern delays have
a fixed delay time.

Advantages ard disadvantages of pyro-
technic delays are summarized as follows:

(1): Advantages:

{a) Normally, delays contain no- moving
parts.

(b) Time delays are available ranging from
microseccnds to several minutes.

(c) By comparison, they are smaller and
lighter than equivalent mechanical, electrical,
and flueric delays.

(d)- The devices are rugged and can pass the
standard military rough-handling tests. (Gas-

17-1
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less delays operate over a wide temperature
range and withstand high impact acceiera-
tion.)

(e) Large 2mounts of energy are available
in small weights and volumes.

(f) Usually, the fabrication cost is lower
than_that of other timing system:s.

(2) Disadvantazes:

(a) Since they -conizin pyrotechnic and
explosive material; delays reguire that expiu-
sive safety precautions be taken.

-(b) Pyrotechnic materials zre sensitive to
humidity and {zmperaiure, and- careful
control is necessary in-processing, storage, and

~application.

-(¢) Timne reproducibility at a given temper-
ature is about 3% within one batch under the
most .controlled laboratory conditions.
Batch-to-batch vadatior in preduction is
considerably Jarger. This-variation in burming
time can be due to ineufficient mixing,
incomplete drying, difference in ingredient
composition, variation -in packing density,
purity, particie size, and particle s.ze distri-
bution of the ingredients. Variations in
column height also can irtroduce lack of
1eproducibility.

17-2 MILITARY APPLICATIONS

Pyiotechnic delays are used extensively in
nilitary devices, primadly in fuazes and
demolition devices, tc provide functioning or
self-destruction delays. The Fuze Catalog®
describes many fuzes containing pyrotechnic
delays and lists, in Volume 3, the delays
themselves. Delays as elements ¢f expicsive
trains are discussed in Refs. 4 and §.

‘The classic use of these defays is in \ne {ime
train of pyrotechnic fuzes. Fuze, M37A13 is
typical of the artillery fuzes employec Juring
and before WW il, (Almost all of these fuzes
are now obsolete for another reason, namely,

outdated arming safety.) The fuze contains a
black powder dclay column in the shape of
alrost a complete ring. One end of the ring s
{dind, the other has a relay lsading to leau,
<©oster, and mazin charge. A priiaer is
nounted in the ogive, &f right angles to the
ring. The ogive turns so that the primer can be
positiord anywhere around the ring. Whon ir
is at the relay, the delay is nil; vhen it is at
the blind end, the entire columr must bumn
before sethng off the -slay. A scale on the
outside of tlie ogive permits serting the-time
from zerc to 25 sec. Of course, the black
powder in the column bumns both ways when
the -primer is in the middie but the flame:is
extinguished at the blind end.

‘Fig.. 17-1® shows Detonator, Delay, T65,
which is more typical of a simple modem
application. The dclay itself is the .small
center charge nf a Varium chromats/boroa
composition. The input end of the detonator
consists of the electric contacts (pin and
case), a carbon bridge, -a spotting, charge of
lead. sty phnate, and an igniter mix. At the
outpwt end, the lead azide and RDX charges
produce a detonaticn wave. It vakes 50 msec
for the flamo to burn through the length of
the delay composition.

17-3 REQUIREMENTS

The-basic requirements for a military timer
include reliabilivy, ruggedness, and simplicity.
The timer must fun-tion as infended when
subjected to the co-.. .: stimnii. On the other
hand, it must withstand the rigors of
handling, transportation, and siorage over the
military {(¢mperalure range. A pyrotechnic
d=lay can meet these requirements.

To these general requiremonts must be
added the important factor of safety. Cf
course, safety is a general requirement, which
is certainly implied in ruggedness. Some of
the delay compositions, like black powder,
can bum very rapidly under certain condi-
tions. Safety in pyrotechnic timers is
therefore of primary importance. Safets
aspects are discussed in more detail in par.
20-2 and in Ref. 6.

i

SAMSUNG EXHIBIT 1028, Page 328




Downloaded from https://www.everyspec.com

,) 0244
ot DIAM,

ROX €0-1Cmg

LEAD AZIOE 230mg—-—H

DELAY 80m
{Bcrium Chromate 90%
4 Boron 109%

o

CIGNITER 70m
Lead Peroride 70%
Boren 30%,

HORMAL LEAD JTYPHWATE

_ 1. AMCP 7(06-188, Engineering Design Hand-
book, Militery Pyrotechnics, Part Four,
Design of Ammunitior. for Pyrotechnic
: Effects.

2. AMCP 706-185, Engineering Design Hand-
book, Military Pyrotechnics, Part One,
Theory and Appiication.

3. MIL-HDBK-137, Fuze Catalog, Depart-
ment of Defense, 20 February 1970.

Volume 1, Current Fuzes (U/), (Confiden-
tial Report).

-

LY

R E,j-—cm’ Stainless Steal

AMCP 706-205

SLEEVE Stainless Steel

BRIDGL Carbon
{770-4000.00)

PLUG Stainless Steel

- L—PIN Stainless Stee!

Figure 17-1. Detonator, Delay, T65 ;
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CHAPTER 18

DELAY SYSTEM CHARACTERISTICS

No single pyrotechnic delay mechanism is
suitable for all applications. Hence, the
selection -of a delay device must be based on
the overall requirements of the particular
military -application in which it will be used.
Considerations differ depending on whether
the delays are vented or obturated and must
take into account the space limitations
imposed. )

18-1 SPACE LIMITATIONS

The designer of a-pyrotechnic timer always
will be faced with- space limitations- when
trying, to fit the -device into a military item.
Factors affecting the amount of space
recuired are the length of the delay column\a
function of the time delay and the delay
mix), the diameter of the column (each mix
having a particular failure diameter below
which propagation is not reliable), internal
volume, the aeed for baffles and retainers,
and the method of initiation (i.e., mechanical
or electriral).

All of these facicrs must be taken into
consideration and each factor balanced
-against the other so that an inexpensive,
reliable, and rugged item results.

18-1.1 LENGTH

Length is a linear function of delay time:
the longer the delay column, the longer it
burns. Thus the burning rate of a particular
delay composition and the tofal delay interval
desired define column lengih. Whereas total
delay time usually is specified, the determina-
tion of burning time is complex.

The delay time in-a particular delay devicz
is affectzd by numerous design parameters.
These include delay- composition, free -vol-
ume, heat sink, igniter material, loading
conditions, and space limitations. The user
must specify the delay time required, the
environment-under which ignition must take
place, and the severity of the environmental
conditions from factory to field. Having this
information, the designer is in-a position to
know approximately-what delay compositions
are required- by referring to data on various
delay mixes (see par. 21-2.1). Knowing the
delay time required and the delay mix and its
burning rate, the designer can now determine
the- approximate column height. If the
resulting length exceeds the available space,
substitution of another delay -mix or the
formulation- of a new -mix may be necessary.

Loading pressure. also must be bome in
mind in the design of a delay column. Data
relating buming rate to density for barium
chromate/boron compositions are given in
Table 18-11, Almost all compositions demon-
strate a slow-but systematic change of burning
rate with loading pressure, although not
necessarily to the same extent. While this
change suggests using an adjustment of
pressure tc compensate for lot-to-lot variation
in burning rate, the practice of loading gasless
delays at pressures bztween 30,000 and
40,000 psi (and at least 60,000 psi for gas
producing compositions) has been established
for considerations of ruggedness. It should be
remembered that a crack in the delay columun
can result in a “blow-by” and hence
instantineous functioning. For best results,
delay columns should be loaded in increments
not over one-half diameter long.

18-1
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TABLE 1841
EFFECT OF LOADING FRESSURE ON BaCrO,-B COMPOSITIONS

‘AMCP 706-205
95/5 BaCr0,-B 36 18
Mean burning rate (secfin.)- 1.69 1.60
Mean burning rate (sec/a) 0.648 0.655
% Coefficient of Variation- 1.2 0.6
-99/10 BaCtO4-B
Mean burning rate (sec/in.)- 3.670 0.653
Mear. burning rate (sec/g}. 0.272. 0.276
% Coefficient of Variation 15 0.2

18-1.2 ‘DIAMETER

The buming of a delay column -can be
retarded -or even extinguished by radial heat
losses. These losses ‘become more -serious as
ike column diameter, buming rate, aund
ambient temperature are reduced. The effects
combine -to result in a failure diameter
associated with delay mix and temperature.
For a manganese, barium chromate, lead
chromate compositicn-at —60°F, the failure
diameter increases from less than 0.109 in. for
a 3-sec/in. mix to between 0.156 and 0.203
in. for a 12.5-sec/in. mix*. As shown in Table
18-22 the effect of column diameter proved
to be significant for all 95/5 barium
chromate-boron delay systems and for obtu-
rated 90/10 barium chromate-boron delays.
Present usage indicates that for practical delay
mixtures at —65°F, a 0:25 in. diameter is well
above the limiting failure diameter!.

18-1.3 WALL THICKNESS

The wall thickness of the body into -which
the delay is loaded is another important
factor in the design of a delay column. This
body serves as a heat sink because the metal
body tends to have higher cocfficients of ieat
transfer than the delay composition. It is
desirabie {0 have a body that acts as an

18-2

Loading Pressure, 10° psi

s 38 13 25
149 1.39 1.29 1.21
0.645 0.642 0.646 0.693
0.7 0.7 08 08
0.619 0.586 0.558 0.544
0.280 0.287 0.297 0.308
1.1 1.6 2C 1.8

infinite heat sink—above a :ninimum wall
thickness the bedy acts as an infinite heat
sink—of sufficient mass to transfer at a
constant rate enough of the heat generated so
that the burning of the delay column remains
approximately constant. If the surrounding
wall thickness is increased, delay columns
close to their low-temperature failure diam-
eters tend-to have larger thermal coefficients.
‘However, the effects of wall thickness
becomes less impertant for materials well
above their failure diameters. Fig. 18-1
illustrates the change in. delay time with the
mass of the metal body3.

18-2 PHYSICAL CHARACTERISTICS OF

DANY AIATEDIAL Uf\{ IR
LIAS T IVEIFS EBIML IV ll‘\’

Another factor to be considered is the
strength of the body material. Erratic delay
fimes have been known to result due to
yielding under the loading pressure. A
conservative way to design the body is to
consider it a tube stressed hydraulically and
provide adequate strength to prevent yielding.

The quality of materials for the body or
subassembly immediately surrounding the
delay column is critical.-Pcrosity of the metal
envelope or coatamination at the interface of
body and delay column occasionally can

o
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TABLE 18-2

EFFECT OF FUZE HOUSING-MATERIAL AND DIMENSIONS ON BURNING
TIME OF BARIUM CHROMATE-BORON COMPGSITIONS

Paramsters

1. Metal Housings
a. Aluminum, Brass and Stainless Steel

Effect

a. No effect on burning times over test temperatures, internal

diameter, wall thickness, and for either vented ¢r obturated

columns.

b. No interaction between metal and zomposition,

2. Internal Diameter, in.
a. 9.250 95/5 vented vs obturated

a. Be:ults for vented columns significantly different at 95% con-

{idence level.

b. 0.375 95/5 vented vs obturated

b. Resuits for obturated columns significantly different at 95%

confidence level,

¢. 0.250 90/10 vented vs obturated
d. 0.375 90/10 vented vs obturated

c. No significant difference for either column at-this diameter.
*d. Results for obturated column significantly different at 95%

confidence level.

3. Temperature, °C
a. — 54, Room Temperature, and 76

a. The effect of temperature was significantly different at the 95%

confidence fevel for all metals, internal diameters, wall thickness,
and for vented and obturated columns.

4, Wall Thickness, in. (0.05, 0.15, 0.30,
0.50, 0.75, and 1.00)
a. 95/5 vented and obturated columns

a. Results Yor different wall thickness were significantly different,

although no apparant trend was observed.

b. 90/10 vented and obturated columns

b. No significant differences or trends in results due to wall thick-

niass for either type of column. .

cause erratic performance due to impurities
formed by traces of gas.

Many metals as well as plastics and
ceramics have been investigated as delay
element housings. However, aluminum and
vrass are the choice of most designers because
of fabrication ease and availability, and also
because of compatibility of these materials
with most delay compositions. It has been
shown that the burning times of delay
compeositions are not affected by the material
used for the housing or its thickness above
that necessary to resist melting provided that
the inside diameter ot the housing is well
above the failure diameter of the delay
composition.

18-3 VENTED DELAYS

Vented delay elements have openings to
permit the escape of gases produced by their
functioning. They usre used when large
quarntities of gas are produced by the buming
of the delay powder. They may even be
recessary for gasless compositions when long
delay times are required in order to eliminate
the pressure build-up within the delay
element and subsequent unpredictable bumn-
ing rates. Venting exposes the burning delay
composition to ambient pressure and, as a
result, the burning rate is sensitive to changes
in altitude except that manganese delay
compositions show no significant effect. In

“addition, these vents require sealing up to the

18-3
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Figure 18-1. Variation in Delay Time With
Body Diameter

time of fun~*ioning in order fo protect the
delay element from humidity. Two methods
of sealing vented delays—by a disk, Method
(A), and by a solder plug, Method (B)-are
shown in Fig, 18-22.

18-3.1 INITIATION MEANS

The purpose of the delay initiztor assem-
bly, whether it is mechanicaily or electrically
activated, is to produce hot gases and particles
which will impinge on the delay column.
Delays are easily ignited by the flame of a
primer; Lowever, slow-burning delays require
an igniter. For ignition charges, see par.
21-1.1; for sensitivity characteristics, par.
214,

The initiator assemblies can take several
forms. In some instances the assembly
contains a charge holder that sits directly on
top of the delay column (conventional),

184

allowing very little or no free volume, as
shown in Fig. 18-3(A)°. Others use a
chimney-type charge holder that may or may
not sit on top of the delay column but
provides for a free volums in which to vent
gases (Fig. 18-3(B)). It also directs and
concentrates the hot gases and particles into a
definite area.

Another type of pyrotechaic delay assem-
bly frequently uses a configuretion employing
a primer holder subassembly in which only
the primer is held securely. Ttus subassemnbly
then is screwed into, staked intc, or otherwise
held -rigidly in the main delay zssembly. The
igniter charge is made a part of the main
pyrotechnic delay -column. Fig. ‘18-6 illus-
trates the use of such a primer subdssembly.

18.3.2 OUTPUT MECHANISM

The buming rate of a gas -producing
material is, in general, nearly proporticnal to
pressure. For instance, a 95.4% barium
chromate -4.6% boron composizion was
tested at various external pressures and the
results are shown in-Fig. 1842, Examination
of the figure shows that an increase in
external pressure resulted in a decrease in
burning times (an increase in burning rate).
The relationship has veen shown to be
hyperbolic 1nd can be represented by an
equation of the form?

t = aP" {18-1)

where
¢t = burning time, sec
P = pressure, 1bfin.?

a =factor depending on the mixture,
(1/sec) (in.2 /1bY*

n=factor depending on the mixture,
dimensioniess

L
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Figure 18-2. fealing of Vented Delay Element

“The numerica! values of the factors are n =
0.13 and a = 2.52 (1/sec) (in?/1b)° ! 3 for the
95.4/4.6 barwum chromate-boron composi-
tion.

Two other barium chrornate-boron com-
positioris, 90/10 and 81/19, were investigated
for external pressure effects and these results,

also shown in Fig. 18-4, indicate no
significant change.
",
\

N N) N

N N N N

NI\ :

N | , N

(A) CONVENTIONAL (8) CHIMNEY TYPE

Figure 18-3, Charge Holders

As the delay column burns to the end, the
base or output charge is ignited. This charge,
called the relay charge, must be initiated by
the delay mix and have the desired output
characteristics as discussed in par. 21-3.1.
While the delay column is burning, heat is
being transferred through the metal body. In
cases of long delay times (5 sec or greater) it
may be necessary to insulate the output
charge from the delay body if the output
charge material is heat sensitive. This can be
done by enclosing the output charge in a cup
or ring made of insulzting materiai.

18-3.3 BAFFLES AND RETAINERS

The design of a delay column must include
means to resist forces such as spin, setback,
shock, and intemal gas pressure if they are
present in the specific application. These
forces can canse separation of the delay
column and resulting failure, either in the
form of no-fire or instantareous functioning.

This separation usually occurs while the

delay column is burning and at the buming
front. Here, the material is usually moiten and

18-5
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Figqure 18-4. Burning Time of Barium Delay Compasitions (M112 Fuze)

any of the forces can cause the column to
separate on either side of the burning front.
Means of alleviating sepasation inciude
threading the inner dizmeter w2, and wusing
retainer rings snd disks. A more successful
solution is to baffle toth ends «f the delay
‘column. These baffles can be in the form of
slotted disks, washers, or porous meial ¢isks.
A -typical baffled Jelay coluran is shown in
Fig. 18-53. The baffles are always force fitted
into the delay body with approximately
0.002 te 0.005 in. interferernce it.

Baffles also are employed between a delay
ang its primer to reduce blast effects and
particle impingement. in general, increasing
the free volume between the two will make
initiation more difficult. Decreasing confine-
ment of the delay column will have the same
effect.

A retainer or delay holder is a separate
member into which the delay column and
relay element are pressed. When one of these
elements is used, the designer may take
advantage of a different material from that of
the body, thus providing a better heat sink or
other advantages such as good mechanical
strength, while the body material can be
selected for lizhter weight, if desired.

18-6

A et
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184 OBTUSBATED DELAYS

An obturated delay-element is constiucted
to retain all the gzses produced by the
functioning of the initiator und delay
composition before the base or terminal

N
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DELAY MiX
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Figure 18-5, Typical Baffled Delay Column
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charge is ignited, see Fig. 18-6%. See par.
21-2.1 for delay charges.

‘Delays are comsidercd to be obturated if
the gases produced are vented internally into
a ulosed velume in the pyrotechnic device.
The effects of ambient pressure and humidity
«5% ziminated in obturated delays because
they gre sealed from the external ewviron-
inent. Possibie harm to other components of
thie- system is prevented because the combus-
tion products are contained. If a short time
delay is required, an obturated delay often is
used because obturation tends te ncrease the
average ourning rate of the delay comipo-
sition.
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Figure 18-6. Delay Element, Obturated, M9
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18-4.7 INITIATION MEANS

When the primer or flash charge js ignited in
an obturated system, the pressure in the
enclosed free volume is increased. At first,
this happens very quickly and then the
pressure is increased progressively by gas
liberated by the burning delay column.

As a resuit, the buming rate accelerates
continuously and is usually nearly propor-
ti.mal to rvessure. Unless-the free volume is
increased along with the delay column length,
the dejay time does not increase directly. This
requirement for a volume that is nearly
proportional to tle delay time limits obtu-
rated gas-producing delays to about 0.4 sec
with a column diameter commonly in the
range of 0.1 to ©.125 in.!. In addition to its
direct relationship o the fre: -volume, the
delay time-of «n obturated deiay element is
related inversely fg the gas volume and heat
of explosion of the primer, see Fig. 18-71. See
par. 21-1.1 for ignition charges.

18-4.2 OUTPUT MECHANISM-

The need for a volume proportional to
delay time is discussed in par. 18<4.1. After
the delay -column burns to the end, it ignites
the relay. See par. 21-3.2 for output charges.

184.2 BAFFLES AND RETAINERS

Baffles and retainers are included in an
obturated design for the same reasons that
they are used in the vented design. Design
considerations are the same in either instance,
see par. 18-3.3.

18-4.4 INTERNAL FREE VCLUME

The internal free volume is that volume
formed by a cavity in the delay housing which
is designed to contain the gases produced by
the chemical reaction. Containing the gases
makes the delay independent of the effects of
pressure or humidity of the ambient atmo-

18-7
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Figure 18-7. Characteristics o an Obturated Black Powder Delay Element

sphere and the fumes which might have
harmful effecis on-other components of the
system.

in an obturated system, the time wiil be
greatly increased or the item may not bum
through if the pressure rise is sufficient fo
cause bursiing or significant leukage. The
pressure carr be calculated by defining the
thermodynamic relationship between the heat
and gas volume liberated by the primer, and
delay colusun and the cnclosed free volume in
which the gases are confined. A. reasonable
estimate, for design purposcs can be derived
from the empirical equation?

po 0, +W,)

% (18-2)

where
P = pressure, ib/in.?

Wp = weight of priming composition, mg

18-8

W, = weight of delay composition, mg
¥V = enclosed:free volume, in.?

Using this equation, the- designer-can run
through a series of calculations, varying the
weights -of priming and delay compositions
and the free volume in order to obfain a safe
pressure.

|
18-45 SEALS AND CLOSURES

The three major elements of a pyrotechnic
timer (initiator, delay column, and base
charge) usually are in‘egrated into one body
or housing. It is-good practice to design for
hermetic sealing. Sealing is desirable even
when venting is necessary and is achieved ina
number of ways. Stab-initiated delay devices
are sealed and obturated untii initiation. Tne
puncture caused by the firing pin allows
venting. In percussion-initiated delays, vent-
ing, if required, may be obtained by use of
blow-out aisks or plugs (Fig. 18-2). A system

o~
'
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of double cups h:s been employed in
electrically. initiated devices which allows

them to be hermetically sealed until, at

initiztion, the thin-walled cup is fiactured by
the initiator output allowing the gases to be
vented. In some-:nstances, hermetic sealing is
required in- addition to venting. It is possible
i6 seal the delay device into a tube or
container of sufficient volume to provide an
adequate vent voiume. Figs. 18-8* and 18-94
are typical examples of hermetically sezled
delay actuator devices, An experimental
percussicn-initiated delay detonator:is shown
in Fig 18-10°.

185 SYSTEM DESIGN AND FERFOR-
MANCE

In delay system design, the delay composi-
tions bzing the critical component of -the
delay element, should ideally have the
following characteristics:

(1) They should be stable and-nonhygro-
scopic; chould have the highest purity
consistent with requircments; should be
readily available and inexpensive; and should
be compatible witli each other.

(2) They should be as insensitive as
possible, meaning they should be capable of

AMCP 706-206

being biended, loaded, and assembled into an
item with minimum risk from impact,
friction, moisture, heat, and electrical dis-
charge.

(3) They should be readily ignitible, and
should change little in performance character-
istics with small changes in percentages of
ingredients. Their buming rates should be
reproducible within each batch and from
batch to-batch with a minimum of varia‘icn.

(4) They should be compatible with their

container as ‘well as with other contacting

compositicns. Performance characteristics
should not change.apprcciably with long term
storage. '

(5) They should be relatively insensitive to
changes’in pressure and temperature.

(6) They-should be capable of withstand-
ing the vibration and shock of iransportation,

setback, rotation, and impact, and should be-

resistant to physical abuse inherent in the
loading and firing of ammunition.

Pyrotecimic duosigners must continue to-

explore new compositions-and investigate the
effects of parameter-changes when existing or
new compositions are rearranged in- their

511 dimensions in inches
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Figure 18-8. Stab Initiated Delay Actuator (MARK 14 MOD 0)
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R11 dimensions in inches
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Figure -18-9. Electrically Initiated Delay
Actuator (MARK 18 MOD 0

metal parts, when metal parts themselves are
varied in their geometry and metallurgy,-and
when combinations of these may yield a new
end item.

The intended end-item-requirement of the
delay element will guide the choice of the
most suitable type. If timing is to be
controlled carsfully, selection of cbturated
elements js called for; if operational physical
abuse is severe, the inclusion of a binder
seems the correct approach. Extreme climatic
diversification or use outside the earth’s
appreciable atmusphere would call for prime
consideration of obturated designs. Other
considerations to be considered include the
method of ignition, the delinecation and
tolerancing ¢~ housings, their physica! proper-
ties, their costs or the costs of the ussembly.

18-5.1 SYSTEM ASSEMBLY PROCEDURES

In the assembly of pyrotechnic timers the
procedures vary accordirg to the type of
delay (i.e., vented or obturated). For instance,
in an ¢xperimental obturated percussion delay
(Fig. 18-10), the delay body is loaded before
the detonator is crimped in place or the
primer assembly is sciewed into the body.
The detonator cup is loaded befere assembly.
The seal is provided at one end by the

18-10

shotilder -of the primer holder bearing on the
primer flange and the soft metal primer
washer. Sufficient igniter is loaded iato each
end of the delay space to transfer ignition to
and from the delay.

In a vented delay, the vents often are sealed
or plugged before the delay element is
assembled to protect the eclement from
aaverse atmospheric conditions, to facilitate
the ignition cf the composition, or buth (see
par. 18-4.5). If the vent is not sealed, the
requirement of surety of ignition of the delay
column by-the primer will limit the size of-the
vent, which in turn limits the time that-the
burning rate can be slowed down to conserve
space. Any seeling of the vent should be
broken as the primer is initiated, therefore,
the seal cannet be too firm.

The delay body must be -loaded before
assembly. It is important that the delay

composition be loaded flush- with the end-of
thc delay body. If this is done, the delay

A11 dimensions in inches
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Figure 18-10. Experimertal Obturated Per-
cussion Delay Detonator
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mixture is held firml; in piace when the delay

body is screwed tight into the holder. In cases-

where loaded black powder-is pressed: against
metal it is considered good-practice to insert

u thin paper disk between: the powder and
metal to sezve as « cushion and thus--to
minimize ¢he ‘possibility of initiating the
powder by friction.

Visual inspection of the bore surface of the
delay body with a magnifying glass should
disclose no tool marks or scratches running in

2n axial direction because these are conducive

to blow-bys. Sharp edges (nio burrs) are
desirable at the ends of the bore. Concen-
tricity between the bore and the expansion
chamber, and smoothness of the bore -ate
necessary 1o facilitate the use of a close-fitting
loading ram with the bore®.

Information relating to ‘the packaging-of

the assembled item either individually -or
mounted in-the military end item are covered
in par. 20-1.
185.2 PERFORMANCE REOUIREMENTS

There arc a number of factors that
influence the performance. of a pyrotechnic
delay timer. Taese include:

(1) Quantity of ciarge (delay time)

(2) Vented vs obturated design

(3) Pressure and temperature environment

(4) Output charge (relay)

(5) Column diameter

(6) loading and production techniques

(7) Storing and handling

(8) Deiay compositions.

The important aspects of factors (1)

tarough (5) have been.discussed while: factors
(6), (7, ¢ and (8) are-the s ubjects of Chapters
19, 20; and'%1, rf.spectxvely

Because delay compositions -contain all
ingredients necessary- for a self-propagatmg
rcacuon, iieir ‘buming is' snetastable. The

ffect: of any factor ‘that teads -to-cause an
increase or decrease in burning- rate is
magnified. For this- reason, satisfactory
performance requires accurate control-of all
such factors. Control -must be mamtamed
frorn the procurement of ravs matqna!s until
the end -itemn, in which the delay is a
compenent, accomplishes its intended use.
The designer should be governed, therefore,
by thefollowing rules:

(1)- Use defay compositions prepared by a
well-established procedure from ingredients of
known:and controfled characteristics.

(2)-Use obturated or ex:ernally vented
construction when practical.

(3) Vhere obturated constructidn i'sim«

{4)-If a sealed unit is not practical, ‘use
delay compositions of -demonstrated resis-
tance to conditions of high humidity.

(5) Calculate the wifect of cumulative
tolerances upon such pertinent factors -as
external free volume.

(6) Provide for adequate free volume in
obturated units.

(7} Analyze stresses induced by both

interna! and external forces that may be-

anticinated during loading, shipping, launch-
ing, and operation.

(8) Make sure that all components will
survive these stresses, taking into account the
elevated temperatures that result from burn-
ing of the delay columns.

18-11
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(9) Specify adequate loading pressures (at
least 60,000 psi for gy producing composi-
tions and at least 39,000 psi for gasless delay

(11) Use diametcrs well above the failure‘f\
diameter at —65°F. (Usua! praciicc is 0.2 or ~
0.25 in. for gasless mixtures; 0.1 or 0.125 in.

powders), and short enough increments for black powder.)
(one-half diameter or fess).
; (10) Provide for proper support of the
delay. column,
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CHAPTER 19

PRODUCTICN TECHNIQUEZS

19-1 GENERAL

The production of pyrotechnic timers
involves a series -of steps starting with
selection and processing of the pyrotechric
ingredients, production of metal parts, and
ending with final assembly. It is important in
the selection and processing of the ingredients
that their cheinical and physical properties are
known in advance, especially particular
hazards to personnel and property caused by
the reaction of these materials to various
stimuli. For detajled irrormation on the
prcperties-of pyrotechnic materials, see Ref.
1. The laboratory and plant procedures that
must ‘be followed for the safe production of
pyrotechnic compositions are described in the
Sufety Manual*, and processing procedures
are listed in Refs. 3 and 4. The production of
the metal parts that house the pyrotechnic
compositions involves techniques that are
covered in detail ins pars. 14-1 and 14-2.

19-2 DESIGNING FOR MASS PFRODUC-
TION

Ac a rule of thumb, small explosive
components -(initiators, delays, relays) are
pressed. The most common procedure for
pressing powdered explosives is pouring the
powder into a mold and pressing it with a ram
that fits snugly. The pressure most irequently
specified for charges used in military items is
10,000 psi. Charges may be pressed dirsctly
into their containers or pressed into molds
and ejected as pellets. When a container of
length greater than its dizmeter is used, the
explosive usually is loaded ‘n increments.that
are one diameter long.

Explosive charges are first weighed or
measured and thenr pressed either directly into
place or into pellets. If the explosive is
pelletized, the pellets usually are reconcoli-
dated by being pressed into place.

MEASURING SCOO# -
MAILABLE INA SERIES OF
SIZES, FINE ADJUSTMENTS
AWE MADE BY FILING TO?

SURFACE,

Figure 19-1. .'Scoop Loading

19-1
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19-2.1 MEASUREMENT OF EXPLOSIVE
CHARGES

The desire is always to load a spe.ific
weight of explosive. For small test quantities
or for some premium quality production,
direct reading, one-pan balances are used that
provide an accuracy within one percent®. The
twe most common volumeiric measuring
devices are scoops and charging plates. To
obtain the desired weight, the loading plant
must adjust the volume toc account for bulk
density. Scoops (Fig. 19-15) are filled and
leveled against a rubber band. Careful
scooping is accurate within 4 percentS.
Charsging plates (Fig. 19-2°) lend theraselves
to-preduction rates. After filling the holes in
the top plate and scraping off the excess,
plates are aligned with the cup holes.

19-2.2 DIRECT PRESSING
Fits and tolerances of explosive charge

cases and loading tools must be determined
by consideration of (1) production costs, (2)

EIPUJSNC:

clearances betwaen run and case, and (3)
binding resulting {1om interference between
run and case. The cost of a set of loading
tools is, of ccurse, distributed over a large
number of items.

Production loading tocls should be
hardened (60 Rockwell C is common), and
the dic zhsuld be lapped and polished. Cups
are supported by close fitting loading tools
while the charge is being pressed. Standard
dimensions and tolerances of cups are listed in
MIL-STL~320°. When loading explosives
directly into an assembly, a pin is used to
hold the component in alignment while
loading. Fig. 19-3° shows equipment for hand
loaaing of leads.

A quantity of explosive can be pressed
either to a controlled height (stop loading) or
to the limit of an applied load for a given
diameter (pressure loading). Stop loading is
faster but not as accurate as pressure loading.
In normal production, a reasonable weighing
tolerance for initiator charges is thaee or four

iy / V/‘//
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( A) VOLUMETRIC FILLING OF TOP PLATE

(3) CONSOLIDATION OF CHARGE

Figure 19-2, Charging Plate Loading
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Figure 19-3. Tool for Direct Loading
of Component

percent. In stop loading, if the height of an
increment is exactly reproducsd, the density
may vary as much as seven percent® . In either
type of loading, the density should be
checked for each production Iot.

AMCP 706-206

19-2.3 PELLETIZING

Many powdered explosives are prepressed
into pellets. Better finishes are obtained than
for cases loaded by direct pressing. Quantity
preduction of pellets is accomplished on
automatic pelleting machninery, in which the
explosive is meiered volumetrically by con-
troiled movement of punches. Single-stroke
presses produce about 90 pellets per minute
while rotary presses have rates of atout 700
pellets per minute®. Immediate expaision
upon ejection is about 0.3 percent. Pellet-to-
pellet variations are usually less than 0.1
percent®. With frequent pellet density checks
and adjustment of the pelleting press, pellets
can be made reproducibly to one percent in
an automatic pelleting press.

19-3 REQUIREMENTS FOR TECHNICAL
DOCUMENTATION

Production requires complete documenta-
tion that is asscmbled into a technical data
package. This documentation is to ensure that
military items are capable of reliably perfor-
ming the functions for which they were
designed. Sce par. 144 for detailed informa-
tion on the contents of a technical data
package.
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CHAPTER 20

PACKING, STORING, AND SHIPPING PROCEDURES

20-1 GENERAL

‘Military materiel is packaged to protect it
from harmful-environments, including trans-
pertation. Packaging will protect the item
after production, during storage, during
transport, and until delivery to its ultimate
user! . During the transportation phase, which
includes both handling and carriage, the
Department of Transportation (DoT) regula-
tions must be strictly observed for movement
within the U.S. Since items must be stored for
long pericds. thev must be protected 2gainst
physical damagz and deterioration; it may
also be necessary to conduct periodic
inspections of stored materiel.

From the military standpoint, good pack-
aging methods protect the item through all
phases and environments with minimum cost.
Items must be protected for one of three
required levels: overseas shipment (Level A),
long-term storage (Level B), or interplant
shipment (Level C).

The most damaging environments during
transporiation by truck, raii, ship, or aircraii
are usually shock vibration. However, temper-
ature extremes and other potentially harmfui
eavircnmental factors should be considered as
relevant to damage assessment or prevention.

Thnese subjects are treated in more detail in
Chapter 15; see par. 15-) for packing, par.
15-2 for storing, and par. 15-3 for shipping.
20-2 SAFETY

Pyrotechnic timers like other military
materiel also must be suitably packaged at

minimum cost. Thesz timers, as well as the
munitions of which they are a part, are
subject to another important requirement:
they must be safe during packing, storing, and
shipping.

Explosives and pyrotechnics can be shipped
and stored safely if they are handled correctly
and carefully, and with all of the necessary
precautions. The safety record of both the
military and the explosives industry is a result
of careful preparation, not chance. Pyro-
technics are set off by energy concentrations
such as sparks, friction, impact, hot objects,
flame, chemical reactions, and excessive
pressure. Established safcty practices will
avoid these conditions in order to minimize
hazards.

Probably the most important aspect of
safety is a correct individual attitude. The
Navy Transportation Safety Handbook? puts
it this way:

“It is imperative that anyone who is
engaged in the handling, transportation, or
storage of ammunition, explosives, and other
dangerous articles think safety, act safety, and
live safety until it becomes a habit. Accidents
usually result from failure to observe
regulations, failure o understand hazards, or
failure to take necessary precautions. In each
case, the ‘failure’ denotes human error, and
human error denotes ignorance, specific
carelessness, or poor judgment. The individuxl
must 1eclize that when he does not comply
with safety regulations, he not only endangers
his own life, but also puts his fellow worker’s
life in jeopardy. In the military, salety
responsibility follows the line organization.
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The commanding officer is responsible for the
accident-frec performance of his superviscrs
ang their individual employees. A superior is
not exonerated for an employee’s poor
jndgment, carelessness, or failure to comply
with safety regulations. The supervisor must
advise and train his men so that they are
constantly aware of the hazardous naturc of
their work. Further, he must indoctrinate his
men with the philosophy that each individual
is responsible for his own and his fellow
worker’s safety. And he must promote
safety-mindedness by persuasion and by
auth~ritative force when necessary.”

The basic reference for safety is the Safety
Manual®. It contains detailed discussions of
the éstablished safety practices for packing,
storing, and shipping. These topics are
discussed in the paragraphs that follow. The
reader is referred to the Safety Manual for the
following related safety topics that are
outside of the scope of this Handbook:

(1) Building construction features
(2) Material handling equipment
{3) Hand and machine tools

{4) Electrical equipment and wiring

(5) Lightning and static electricity protec-
tion

(6) Fire fighting
(7) Protective clothing 2nd equipment
(8) Good hcusekeeping practices.

The safety regulaticns have been slightly
abbreviated and rearranged n two volumes
for Department of Defense zjencies® and
their coniractors®. These separate publica-
tions, available from the Superintemient of
Documseats, U S Government Printing Cffice,
are convenient raferences.

20-3 HAZARD CLASSIFICATION

Dangerous materials are arranged into eight
classes according to their Ievel of haz.rd.
Pyrotechnics are divided into classes 1 and 7,
depending on whether they merely burn or
whether they can detonate. Class 1 items are
those which have a high fire hazard but no
blast hazard and for which virtually no
fragmentation or toxic hazard exists beyond
the fire hazard clearance distance ordinarily
specified for high-risk raterials. In contrast,
class 7 items are those for whick most items
of a lot will explode virtually instantanecusly
when a small portion is subjected to fire,
severe soncussion, impact, the impulse of an
initiating agent, or considerable discharge of
energy from an external source®.

Pyrotechnic timers usually are vacked,"
shipped, or stored as compoaents of military
ammunition. The ammunition assembly de-
fines the hazard class. It is not feasible tc
specify here the hazard classes of all
munitions that contain pyrotechnic timers.
However, this information is tabulated in the
AMC Safety Manual®, which lists ammunrition
classes, and in the Navy Safety Handbook?,
which lists every munition by Federal Stock
Number.

The hazard and shipping class miust be
established before an item containing pyro-
technics can be packed, shipped, or stored. If
the hazard class of a particular nyrotechnic
delay has not been established, it must be
obtained by means of standard tests devised
for this purpose®.

204 PACKING

Pvrotechnic timers and ammunition con-
taining them must be packed propesly.
Packing drawings and specifications have been
prepared for essentially all military items
containing hazardous materials. The drawings
and specifications cover all applicable details
of wrapping, boxing, bracing, palleting, and
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handling. If such drawings and specifications
are not available fer a particular item,
Department of Transportation regulations
apply and they specify mininum require-
ments. Packing for different levels of
protection are discussed in par. 15-1.

Federal-reguintions require all containers of
hazardous materials be cons,*zuously marked
and labeled.

20-6 STORING

Hazardous materials are stored in- accord-
ance witk quantity-distance requirements.
These requirements are defined as “the
quantity of explosives material and distance
'separation relationships which provide de-
‘fined types of protection. These relationships
are based on levels of risk considered
acceptable for the stipulated exposures and
are tabulatcd in -the appropriate quantity-
distance tabies. Separation distances are not
absolute safe distances but are relative
protective or safe distances”*.

Quantity-distance tables are contained in
the safety manuals®5; a typical excerpt is
shown in Table 20-13. The largest minimum
distances are required where a hazard exists to
persornel, i.e., inhabited buildings. Intraline
refers to the minimum distance between any
two buildings within one operating lire or
assemdly. opefaiion. The magaziac distances
given in the excerpt are for above-ground
storage, which is the least desirable. Earth-
covered, arch type magazines are preferred
becausec they are safor; their required
separation distances are much less than those
of abuve-ground magazines. Note that separa-
tion distarce is roughly proportional -to the
quantity of explosive, and that a barricade of
proper construction cuts in half the distar.ce
used for unbarricaded storage.

To determine distances Letwesn different
types of magazines, Ref. 4 is the essiest to

AMCP 706-206

use. It contains a group of diagrams like the
following:

ﬁ Q :5-6.3 5 ASSOM

It states that the minimum distance from a
barricaded above-ground magazine to the
door end of an earth-covered, arch type
magazinz is found in Table 5-6.3, column 3 in
the reference.

In addition to quantity-distance, compati-
bility also must be considered in storage. Only
compatible hazardous items may be stored
together in one magazine. Compatibility is
established by consideration of the following
factors3:

(1) Effects of explosion of the item

(2) Rate of deterioration

(3) Sensitivity of initiation

(4) Type of packing

(5) Effects of fire involving the item

(6) Quantity of explosive per unit.
20-6 SHIPPING

The safe transoort of hazardous materials is
the responsibility of the shipper. It has
become expedient to pack and label hazard-
ous cargo to meet requirements for all kinds
of transportation. The Navy is the largest
shipper of military cargo because most of it
ultimately ends up aboard ship. If a
comimercial shipper is used, he should be
properly licensed in all states and countries
invoived. Shipping regulations are complex
and a qualified shipper is needed to cope with
them.

All safety regulations are enforced in the

20-3
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TABLE 20-1
EXCERPT FROM QUANTITY-DISTANCE TABLES
Pounds of
Explosive Distance, tt
Above Ground
Inhabited Building Highway & or Railway Intraline Magazine
bar. unbar. bar. unkar. bar. unbar. ber. unbar.
Class 1
No limit 100 1M 100 €0
Class 7
1 40 80 25 50
10 0 180 55 110 30 40
100 190 380 115 220 40 80 28 51
1,000 400 800 240 480 95 190 60 110
10,000 865 1730 520 1040 200 400 130 235
100,000 1855 3630 1115 2180 415 830 280 510
500,000 4510 4510 3245 3245 715 1430 475 875

shipment of hazardous materials to protect
life, property, and the cargo itself. All cargo
must be properly blocked and braced during
shipment. For some hazard classes, the vehicle
must be placarded and inspected. Mixed
shipments in the same vehicle must be
compatible. In case of an accident on any
mode of shipping, Form F5800 must be filed
with the Department of Tra.sportation when
the incident involves death or szrious injury,
$50,000 property damage, ot continuing
danger.

Considerations
shipping follow:

ior specific modes of

(1) Rail Transport. Railroad shipment of
lazardous ma ‘rials is covered in Department
of Transportation Tariff No. 257.

(2) Truck Transport. Motor Vehicle ship-
ment of hazardous materials is covered in
Department of Transportation Tariff No. 118,
Motor vehicle shipment is more comple:: than

20-4

rail shipment. A train is nade up of many cars
watched over by the engineer in front and
caboos: personnel tehind. The engineer is in
voice communication with the tower. The
railroad controls traffic flow over its route, It
provides irained inspectors. In contrast, each
truck solos. It has no control over traffic on
the public highway, and the driver must cope
with any situation that may arise.

For these reasons, drivers of hazardous
materials are given careful training and
detailed instructions (e.g., Ref. 9), and the
vehicle is caretully inspected for safety (e.g.,
lights and brakes) and compliance with loczl
laws (e.g., weight limit).

(3) Ship Transport. All water shipment is
regulated by the Coast Guard'®. There are
many restrictions to the transp:, of hazard-
ous materials by ship which must be tzken
into account. Some dangerous articles are not
permitied on passengzr carrying vessels. Also,
many ports do not permit the anchcerage of
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vessels carrying dangerous articles. The Army
Corps of Engineers therefore has established
suitably isolated explosives anchorages at
various ports.

(4) Air Transpoert. Aircraft shipment of
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CHAPTER 21

PYROTECHNIC DELAY COMPONENTS

The delay element is the heart of the
pyroiechnic timer. The timer also includes an
initiator and » relay or output charge. A
knowiedgs of {1) the various ways of applying
input stimaius, (2) the delay compositions
currently in use and their characteristics, (3)
the relay or output charge, and (4) the
sensitivity of the delay compositicns to
external stimuii will aid the designer in
meeting the system specifications.

24%-1 INITIATORS

The first element of the explosive train of a
pyrotechnic timer is the initiator or primer. It
is categorized according ‘o its input stimulus
as (1) stab, (2) percussion, or (3) electric and
according to its ¢ atput as (1) pressure or (2)
flame. Stab and percussion primers are known
as mecnanical primers.

The primer is a transducer that converts
mechanical or electrical energy into explosive
encrgy. It contains materials sensitive to
stimuli such as heat or impact, has a relatively
small explosive output, and is not designed to
initiate secondary high explosive charges.

21-1.1 STABPRIMER
21-1.1.1 Construction

The stab primer is a rather simple item
consisting of a cup made of aluminum,
stainless steel, copper, or gilding metal. It is
loaded with explosives and covered with a
closing disk that is crimped in place.
MIL-STD-320! describes design practices and
specifies standard dimensions, tolerances,
finishes, and materials for initiator cups. Two
examples of stab primers are shown in Fig.
21-12, For more detailed informaticn on the

— l— 0.I00IN,

— “0."5 IN,

design of initiators, see Ref. 3.
21-1.1.2 ignition Charge and Loading

Stab primers are initiated by a pointed
firing pin that punctures the cup. The energy
required to fire stab primers increases nearly
Tinearly with the thickness of the metal which
the firing pin penetrates. It is also a function
of the firing pin dimensions and tolerances,
and the composition and density of the
priming mix. Table 21-1% lists the common
primer mixtures.

Most expiosive charges are Inaded by
pressing them directly into cups ai pressure
between 10,000 and 20,000 psi. It is the usual
practice, when the churge of an explosive is
Jonger than its diameter, to load in increments

7an

— +

PRIMING MIXTURE
APPROX. 0.063 GRAM

MARK 102 MOD O

0.I60 IN,

PRIMING MIXTURE
0.116 GRAM

]

LO.IQ?HN.

Figure 21-1. Typical Stab Primers?

Reprinted by permission of Prentice-Hall, Inc.,
Englewood Cliffs, N.J.
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TABLE 21-1
COMMON PRIMING COMPOSITIONS

Compotition, (percent by weight)

AMCP 706-205

Ingredients FA%56 FA982
Lead Styphnate, hasic - -
Lead Styphnate, normal 37 36
Barium Nitrate 32 22
Lead Azide - -
Tetracene 4 12
Lead Dioxide - 9
Calcium Silicide - -
Aluminum Powder 7 -
Antimony Sulfide 15 7
PETN ] 5
Zirconium - 9

not over one diameter long (see par. 18.1.1).
21-1.2 PERCUSSION PRIMER
21-1.2.1 Construction

The percussion primer differs from the stab
primer; it is fired by a firing pin that does not
puncture the container. The essential compc-
nents of a percussion primer are a cup—com-
monly brass—a thin layer of priming mix, a
sealing disk, and an anvil. Percussion Primer,
M42 js snown in Fig. 18-6 and Percussion
Primer, M39Ai is shown in Fig. 21-2°. In
general, percussion primers require more
input energy to function than stab primers.
For more detailed information see Refs. I and
3.

21-1.2.2 Ignition Charge and Loading

Priming compositions for percussion

PA100 PA101 MOLS0 NOL130
- 53 60 40
38 - - -
39 22 285 20
- - - 20

2 5 5 5
5 - - -
11 - - -
- 10 - -
5 10 10 15

primers are shown in Table 21-1. The loading
pressures of percussion primers are similar to
those of stab primers. Loading pressure has a
negligible effect upon sensitivity of percussion
primers in the range from: 10,G00 to 61,000
psi. Firing energy requirements can he
expected to increase with thickness and
hardness of the primer cup, and with
thickness of the primer mix between anvil and
cup.

21-1.3 ELECTRIC INITIATOR
21-1.3.1 Construction

Electric initiatorr contsin the initiation
mechanism as an integral part. A plastic plug
holding the initiation mechanism makes up
one end of the cylindrical housing. Electrical
connection is by means of lead wires or pins.
Electric Squib, M2 is shown in Fig. 21-3°
As a group, electric initiators are more

Figure 21-2. Percussion Primer, M39A1
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BRIDGEWIRE

AMCP 706-205

LEADS\ -
z
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FLASH CHARGE COMPOSITION

Figure 21-3. Electric Squib, M2

sensitive than mechanical primers. Whiie
several {ypes of f{ransducers have been
employed-viz.,, hot wire bridge, exnloding
bridgewire, carbon bridge, conductive mix,
and spark gap-the hot wire bridge is the most
common initiation mechanism, See Ref. 3 for
detailed design information.

21-1.3.2 Ignition Charge and Loading

The input characteristics of electric initia-
tors are subject to precise ccntrol over guite
remarkable ranges. Firing energies can be
selected to range from less than one erg to
thousznds of ergs, current requirements from
hundredths to hundreds of amperes, and
resistance from a fow hundredths of an chm
to tens of megohms. The input sensitivity
varies with the type of transducer and each
type must be considered separately.

The explosive in direct contact with the
bridgewire is known as the spot charge.
Wherecs normal lead styphnate has the
broadest general use, lead azide has been used
for applications where extremely rapid
response is needed. Information is given in
MIL-L-17186* for normal lead styphnate and
MIL-L-3055° for lead azide. Basic lead
styphrate, as procured under specification
MIL-L-16355%, has particle sizes in the range
between 5 and 95 micron which is highly
satisfactory for spot charges.

Loading pressure may either incrcase
sensitivity by improving contact hetween wire
and explosive or decrease it by increasing the
rate of heat dissipation through the explosive.

In lead styphnate, loaded at pressures
between 1000 and 4000 psi, the latter trend
apparently predominates. On the other hand,
lead azide loaded at pressures between 30900
ard 90,000 psi btecomes more sensitive as
loading pressure is increased.

The response times of hot brdgewire
initiators fired by capacitor discharge vary
with spot-charge material as well as bridgewire
characteristics. Information that ix needad to
design hot Lridgewire initiators is available,
including de.ign data on bridg:wire material,
size, diameter, and r.sistance as well as firing
energy and power?,

21-2 DELAY ELEMENTS

The delay element consists of a metal tube,
usually aluminum or brass, loaded with a
delay composition. It is placed between the
initiator and the relay or othzr output charge.
Sometimes ail three are combined into one
unit. See pars. 18-2 and 18-3 for design details
of vented and obturated delays. Fig. 18-2
shows an exampie of a vented dejay element
while Fig. i8-6 :hows an example of an
obturated delay element. Data on representa-
tive delays covering various time ranges have
been compiled. In the paragrapas that follow
there is a discussion of the basi.. chem:.try «.f
delays and the characteristics of various
compositions that are used.

21-2.1 BASIC CHEMISTRY OF DELAY
COMPOSITIONS

The basic ingredients of a delay composi-

21-3
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Reprinted by permission of Prentice-Hall, Inc., Englewood Cliffs, N.J.

tion are a fuel, an oxidant, a binder, and a
lubiicant. Delay compositions react when
oxidant and fuel in the preper ratio are mixed
intimately, and then ignited. The rate of
burning is dependent on the proportions of
the ingredients and their particle size. For 4
general discussion of the chemistry and
technology of primary explosives, see Ref. 8.

21-2.1.1 Fuels

Principal fuels for delays are finely
powdered metallic elements, nonmetallic
elements, and their alloys. ldeally the fuel
should have a high heat of reaction, yield
rea-tion products stable at high temperature,

214

AMCP 706-205
TABLE 21-2
FUELS FOR DELAY COMPOSITIONS?
Avg. Coufficient of
burning
rate Temp Pressure
Percent of at 70°F, msec/ msec/
Ingredients Ingredients sec/in. deg C/sec  mm/sec Variation

BaCr04-KCIO4-W 40 10 50 8,53 15 0.73

70 10 20 31.31 1.0 0.40
CuO-B 90 10 - 174 2.56 0.52 172
Mo0O3-B 88 12 - 2.75 1.77 1.14 8.5

92 8 - 5.21 .58 2.1
Co,0;-8 90 10 - 417 1.47 1.89 1.2
MnO,-B 87 13 - 4.35 3.88 1.44 1.88

K d) 10 - 6.41 6.02 - 2.18
V,0;5-B 91 9 - 450 - 0.57 1.11
‘WO0;-B 91 9 - 5.40 3.68 0.15 34

a3 7 - 9.90 2.12 0.02 12
F2,0,-Ti 69 31 - 0.84 29 - 3.0

73 27 - 1.4 24 - 19
Fe, 0,-Ti-Si0, 69 3 1 1.39 1.0 - 3.4
BaCrQ,-Zr 79 21 - 5.11 2.1 - 5.6
BaCrQ4-Ti 82 18 - 1.3¢ 2.6 - 0.9

87 13 - 3.3% 2.0 - 0.9

89 n - 10.30 1.7 - 2.
Mo-BaCrC,-KCIO, 30 60 19 9.0 1.25 0.54

20 70 10 23.0 0.33 14

40 50 10 55
Zr-Mo0;, 49 51 - 0.18 0.66

be resistant to moisture, and be nonpyro-
phoric. TFuels finding the greatest use are
boron, silicon, zirconium, manganese, fung-
sten. zirconium-nickel alloys, and sulphur.
Table 21-2? lists common fuel ingredients as
well as their burning rate and the coefficients
of temperature and pressure.

21-2.1.2 Oxidants

To be suitable for delay compcsitions, an
oxidant must be stable at relatively high
temperatures, reactive, nonhygros.opic, and
yield solid reartion products. These criteria
limit oxidants to those shown in Table 21-32,
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AMCF 706-205-
TABLE 21.3

OXIDANTS FOR DELAY COMPOSITIONS?

_Nitrates
‘Potassium

-Chirometss. ‘Perchloratas Oxirles
Barium. Potassium Ferric
-Lead Cuprous

! Strontium Tungsten

‘ Lead
Manganese
Bismuth

‘Peroxides -

‘Barium

i -Reprinted by permission of Prontjée-HaIl, Inc,, Englewood Cliffs, N.J.

21-2.1.3 Bindars

For-a delay composition to resist setback
forces or acceleration, a small quantity of
binder may be added to reduce the changes of
the charge breaking. A-minimum quantity-of
binder is- added ‘to minimize the amount .of

‘gas generated and when it becomes necessary

to granulate the mixture to- provide a
free-flowing powder for pelleting. Binders
used include linseed oil, glycerine, -and
vinylalcohol-acetate copolymer?. Delay com-
positions adequately supported have resisted
over 100,000 g setback without a-binder. It is
necessary to minimize additives, such as
binders, to minimize evolution of gas.

21-2.1.4 Lubricants

A composition may be difficuii to pelietize
or press-if it contains a hard mate:,.! - if it
sticks to the punch. A minimum qu- .«v of a
lubricant may be added to alleviate these
difficulties, Those used include graphite,
stearic acid, and stearates?.

21-2.2 DELAY COMPOSITIONS
21-2.2,1 Early Compositions

A discussion of early delay compositions
follows:

(1) Black Powder:

Black powder is not favored by most

engineers for use in new designs, Still' there
are instances where- the unique bailistic
properties of-black powder are difficult or
impractical to duplicate. Formed into com-
pressed pellets, columns, or ring segments,
black powder-has been used to obtain delay
times from milliseconds to a minute.

The advantages of black powder are great
sensitivity to. ignition even at low tempera-
ture, economy, multiplicity of uses, and
relative safety-in handling. The disadvantages
are hygroscopicity and limited stability,
excessive flash and smoke, undesirable solid
residue, difficulty in controlling burmng rate
(high pressure increases the rate), poor
bumning qualities under diminished pressure,
and finally, limited supply®.

Periaps the main reason that biack powder
is considered for new designs-is its relatively
high burning rate at low pressure and
small-pressure burn-rate exponent. An empiri-
cal relation that has proven satisfactory for
predicting performance with an interior-hallis-
tic computer program is®

r = 0.133p0:325 21-n
wiiere

r =burning rate, in./sec

P = pressure, psia

Experimental data indicate that a transition

215
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in buming rate occurs in the region of 100
psia. It should be noted that powders
produced by different manufacturers exhibit
different ballistic properties.

(2) Studies of Gasless Compositions:

To overcome the disadvantages of black
powder as a delay composition, research was
initiated to develop nongaseous delay pow-
ders, making use of inorganic exothermic
reactions similar to those used for thermite
mixtures. Reactions which were studied are
summarized in Table 21419,

A iarge number of these compositions have
been considered and many subjected to
experimental investigations!?>1? . However,
most of them have been discarded fur one or
another of the following reasons®:

(1) Erratic burning rates

(2) Too large a column diameter necessary
for reliable propagation

(3) Failure at low temperatures
(4) Hygroscopicity
(5) Rapid deterioration

{6) Unavailability of reproducible supply
of raw materials

(7) Large pressure coefficient of burning
rate

(8) Failure at low pressure

(9) Reaction products that are liquid or
otherwise subject to movement by projectile
acceleration during burning of the delay
column.

It was found that for each oxidizing agent
used, under the standard test conditions, very
fast burning times were obtained with
magnesium, aluminum, zirconium, and ti{.i-
um. Slower burning times were obtained with

21-6

silicon, manganese, and chromium; while still
slower ones occurred with iron, tungsten, and
others. Metals that gave fast burning times
witk silver oxide, silver chromate, barium
peroxide, and lead chromate gave slower
buraing times with cuprous oxide, barium
chromate, and iron oxide,

21-2.2.2 Current Gasless Compositions

Table 21-5'% lists the gasless delay
combinations in current use. The range of
compositions given for some of the combina-
tions allows for adjustment of the burning
vates over wide ranges. The powdered
mixtures are pressed into tubes at high
loadiug pressures.

Two types of fast delay mixture have been
used at US Army Harry Diamond Laborato-
ries for producing delays in the millisecond
range!4. One of these is a mixture of zir-
conium/ferric oxide/Superfloss and the other
a mixture of zirconium and barium chromate.
(Superfioss is a pure form of diatomaceous
earth produced by Johns-Manville Corp.) A
gasless igniter study has shown that the
addition of about 10% Superfloss improves
the loading characteristics of zirconium/
barium chromate mixtures and its use in these
delay mixtures is recommended?3. Although
both of these compositions have been tested
in the M9 Delay Element (Fig. 18-6), they
may be readily acdapted tc other designs.

Two slow burning mixtures have been used
or investigated at Harry Diamond Laborato-
ries’®. These include (1) manganese/lead
chromate/barium chromate and (2) tungsten/
berium  chromate/potassium  perchlorate/
Superfloss. Details ot these compositions as
well as a barium chromate/barium composi-
tion follow:

(1) Manganese Delay Compositions. Mix-
tures of manganese. lead chromate, and
barium chromate can be produced with
controlled burning times varying from about
2 to 13.5 secfin. Generally, a standard
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Mix

AMCP 706-205
TABLE 21-5
GASLESS DELAY COMPOSITIONS IN CURRENT USE

Fue!, % Oxidants, % Inert, %
Manganese Bariuin Chromate Lead Chromate Nore
30 to 45 0 to 40 26 to 55

Boron Barium Chromate Chromic Oxide HNone

4t 11 89 to 96 -

13 to 15 40 to 44 41 to 46

Nickel-Zirconium Barium Chromate Potassium Perchlorate None
Alloy 26 60 14

Nickel-Zirconium Barium Chromate Potassium Perchlorate None

5/31 22 42

5/17 70 8

Tungsten Barium Chromate Potassium Perchlorate Diatomaceous earth
27 to 38 59 to 46 2.6 5 to 12

39 to 87 46to S 4.8 3t010

20 to 50 70 to 40 10

Mclybhdenum Barium Chromate Potassium Perchlorate -

20 to 30 70 to 60 10

Silicon Red lLead Diatomaceous earth
20 80 Max 8 parts by weight
Zirconium Lead Dioxide

28 72

pressure of 30,000 psi js used to load the dry
mixtures in a column of 0.203 in. diameter 4.
Burning rates are aifected markedly by the
ratio of barium chromate to lead chromate.
Increasing the barium chromate content
decreases the buming rate. Experimental data
on this effect are shown in Table 21-562.
Burning rates also are affected by particle
size; the finer sizcs burn faster.

Table 21-72 shows the effect of the
housing material on the buming rate while
Table 21-8'4 shows the effect of dry storage
on burning time of manganese delay mixtures.

(2) Tuagsten Delay Compositions. Tung-
sten delay compositions were developed to
satisfy the requirements for reliable, long
burning times (40 sec/in.). Potassium perchlo-
rate was added to the binary mixture of
tungsten and barium chromate to increase the

21-8

heat of reaction, increase ignitibility, and to
insure propagation at low temperatus.s.
Bumning times, gas volumes, and heats of
reaction for various mixtures of these
ingredients are snown in Table 21-92.
Variation in the burning rate of a 55/10/35
barium chromate/tungsten/potassium perchlo-
rate composition, loaded at 36,000 psi in
vented bodics—as a function of tungsten
particle size--is given in Table 2i-102,

The effects of the potassium perchlorate
level on the buming characteristics of
tungsten delays modified with a ceric oxide
flame sustainer have been studied!S. The
results indicated that there is an optimum
level of potassium perchlorate (9%) at which
minimum delay time varability occurs.
Increasing potassium chloride sublimation
introduces delay failures and higher burning
times.
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AMCP 706-205
TABLE 21-6
EFFECT OF INGREDIENTS ON BURNING RATE OF MANGANESE DELAY COMPOSIT!DNS’
Nominal Gas
burning Heat of Gas analysis, Ignition
rate, reaction, voiume, % % 5-sec temp,
Comp. Ingredients % sac/in. cal/g em3/q H,  CO  »alue _°_C_
Manganese*® 45.0
A Lead chromate 55.0 2.1 260 154 5500 45.0 608 382
Barium chromate ven
Manganese® 33.0
B Lead chromate 37.0 84 256 18.3 77.7 223 660 522
Barium chromate  30.0
Manganese® 32.8
C Lead chromate 30.2 135 262 11.4 654 34.6 702 478
Barium chromate  37.0

*Mlcron size 5.7

Reprinted by permission of Prentice-Hall, Inc., Englevzood Cliffs, NJ.

(3) Barium Chromate/Boron Composi-
ticns. A series of mixtures based on basium
chromate and amorphous boron has been
found to be easy {0 manufacture, readily
ignitible, and capable of withstanding stcrage
under adverse conditions with a high degree
of reliability. Burning time values, heats o.
reaction, gas volume, and ignition tempera-
ture with increasing percentages of boron are
shown in Table 21-112. Incieasing the loading
pressure results in a small decrease in burning
rate. Typical data for 95/5 and 90/10
compuositions loaded in M112 Fuze Housings
are shown in Table 21-122.

21-3 RELAYS

The output charge of a pyrotechnic delay
timer is usually a relay. The relay is either the

TABLE 21-7
EFFECT OF HOUSING MATERIAL ON
BURNING RATE OF MANGANESE
DELAY COMPOSITIONS

Aluminum Brass
bodies bodies
Nominal avg burning
time, sec 8.15 10.3
Column length, in. 0.676 0.845
Nominal avg burning
rate, suc/in. 121 12.2

last charge increment in the delay element, or
d4 separate component inserted into the delay
assembly. Typical relays are shown in Fig.
2143,

The usual relay consists of a cup into which
lead azide is pressed at 10,900 psi. In some
relays, a sealing disk is crimped over the open
end, while in others, the end is left open; but
the skirt left by partial filling is crimped at an
angle. When siuch relays are inserted into
delay elements and crimped in place, the
crimp is compressed just enough to obtain a
firm and snug fit.

- — — o - v Y —ra . - -—

21-4 SENSITIVITY
214.1 NEED FOR CHARACTERIZATION '

To be able to minimize the hazards of
pyrotechnic delay compositions, it is neces-
sary to determine their reaction and sensitivi-
ty characteristics. This information forms a
basis for the establishment of optimum safety
procedures in processing pyrotechnic devices.
The goal looked for is minimum risk to
personnel who prepare, handle, test, and
transport the ompositions.

Sennitivity is established by fests that
simula e such external stimuli as impact,
frictios, heat, moisture, and clectrostatic
dischaige®. The tests also are used to (1)

219
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TABLE 21-8

EFFECT OF DRY STORAGE ON BURNING TIME OF MANGANESE DELAY COMPOSITIONS

Botch? Burning Time® (sec) After Indicates) Exposure in Sealed Flasks at +165°F
Before Storage 1 Wk Storaye 2 Wk Storage 4 Wk Storage 8 Wk Sterage
Std. 5td, Std. Std. Sud.
Avg®  Dev. Avg®  Dev. Avg’ Dev. Avg® Dev. Avg® Dov.
1 656 0.123 6.73 0.089 6.73 9.095 6.85 0.127 6.86 0.117
2 535 0.122 546 0.028 550 0.036 5.56 0.077 5.62 0.064

233% Mn, 30% BaCr0,, 37% PbCrO, .

ij)gtu'es loaded at 30,000 psi with 2-100 mg increments of DM-3 igniter in delay bodies 0.203 in. 1.D._, 6,530 1. O.u.. 0.759 in.

long.
CAverage of ten tests.
determine the energy required to initiate a
delay composition, (2} serve as a quality
assurance gage, and (3) to indicate the effect
of storage under adverse conditions.

21-4.2 SENSITIVITY TO INITIATION

There are a number of tests that measure
how wasily explosive materials are initiated.
They use various stimuli that are capable of
setting off the explosive. The stimulus most
widely used is impact by dropping, others used
are friction 2nd rifle bullet impact.

TABLE 219

BURNING RATES OF VARIOUS £.iNGSTEN
DELAY COMPOSITIONS?

Nominal Gas  Heats of
avg burring volume, reaction,
W BaCrO; KCIO, rate, sec/in. cm/g  callg

ingredient, %

85 .. 15 1.6
80 .. 20 25 rees 304
28 62 10 48.6 8.5
35 60 10 31.2 10.4
32 63 5 28.7 3.3
35 30 35 24.1
40 47 13 5.9 cees 346
50 40 1C 7.8 4.3 305
65 20 15 3.0 2.1
70 10 20 7.3 1.6

Reprinted by pormission of Prentice-Hall, Inc., Englewood
Cliffs, NJ.

21-10

214.2.1 Impact

The impact test consists of dropping a
weight on a sample of explosive, In practice,
two types of tests are used, each requiring a
special type of equipment. The two most
prevalent impact tests are the Picatinny
Arsenal and the Bureau of Mines tests. The
method of the Bureau of Mines consists of
dropping or the sample a known weight in
guided free fall from a preselected height. The
method developed by Picatinny Arsenal (PA)
uses the same procedure except that the
sample fills a tardened steel cup that is
covered by a brass cap. A vented steel plug
that is centered on the brass cap is hit by tlie
falling weight. Fig. 21-5% shows the PA test
apparatus.

The main difference between the two tests
is that the PA test involves greater confine-
TABLE 21-10

VARIATIONS OF BURNING RATE OQUE TO
CHANGE IN PARTICLE SIZE GF
TUNGSTEN DELAY (ONMPOSITION?

Tungsten, Micron Siza Average Burning Rate, sec/in.

4 9.0
8 17.2
15 28.1

Reprlhted by permission of Prentico-Hall, Inc., Englewood
Cliffy, N.J.
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‘TABLE 2111
DELAY CHARACTERISTICS FOR VARIOUS PERCENTAGES OF BORON?
Nominal®* Haat of Yolume of fgnition
Boron, av burning reaction, gas, impact test temp, °C
% tume, sec cellg emlg PA, in. 6-sac value
3.0 7.56 Incomplete reaction 40+
4.0 1.72 354 5.0 40+ veen
5.0 1.09 420 8.0 40+ app. 709
6.0 0.77 431 8.4 37 veee
8.0 0.56 462 7.8 28 veee
10.0 0.47 515 7.3 21 680
13.0 0.40 556 8.9 20
15.0 0.39 551 7.0 16
17.0 0.38 543 11.6 13
19.0 0.37 535 8.8 - 16
21.0 0.38 526 8.6 34
230 0.41 503 4.2 40+
25.0 0.43 497 10.2 40+
30.0 0.57 473 104 40+
25.0 0.97 446 12.7 40+
40.0 2.19 399 14,1 40+
45,0 5.25 364 15.0 40+
50.0 14.5 Incomplete reaction 40+

*Losded in M112 Fuze Housings at 36,000 psi

Reprinted by permiision of Prentice-Hall, Inc., Englewood Cliffs, N.J.

ment of the sample, distribsites the transla-
tional impulse over a smaller area, and
invalves a frictional component (between cap
and samgle). Hence, PA test values are
affected greatly by sample density. )

21-4.2.2 Friction

To measvre sensitivity to friction, a 7-g
sample (50-100 mesh) is rubved by a steel or
fiber shoe swinging at the end of a long rod.
The behavior of the sample is described
qualitatively to indicate its reaction to this
stimulus. The most energetic reaction is
explosion, it decreases in the order of severity
to no effrct3.

21-4.2.3 Rifle Bullet impact
The traditional bullet sensitivity test

consists of fi.ing a cal .30 bullet into the side
of a 3-in. piv2 nippie that contains approxi-

mately 0.5 Ib of the explosive being tested
and is capped at both ends. Because of the
curved target surface, test results can be
affected greatly by the condition of the
weapon, the characteristics of the ammuni-
tion and the impact angle3. An improved test
with a flat target plate was devised at PA'S,

21-4.3 SENSITIVITY TO THE ENVIRON-
MENT

Pyrotechnic compositions are subject to
degradation or initiation by several environ-
mental conditions. Burning rate can be
adversely affected by absorption of moisture.
Initiation may be caused by heat or
electrostatic discharge.

21-4.3.1 Heat

A heat test is used to determine a threshold
temperature below which there is no readily

21-11
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TABLE 21-12
VARIATION OF BURNING RATE WITH
LUADI!NG PRESSURE.OF BARIUM
CHROMATE‘BORON COMPCSITIONS?

Composition
95/5 80/10
Nominal Nominal
Loading  burning burning
pressure,  rate, Density, rate, Density,

_psi_ welie,  glem® sec/in.  glen®
260 1.2% 1.88 0.53 1.89
500 1.2i " 0.5% 1.95
1,300 1.23 2.22 0.56 2.09
3,600 1.39 24 0.59 2.26
9,300 1.49 255 0.62 243
12,000 .80 270 055 257
36,000 1.89 2.88 0.70 273

Reprinted by permission of PrenticeHall, Inc., Engleasod
Cliffs, N.J.

detectable reaction and above which a
reaction takes place within some short time
interval. Several ways of doing this are?:

(1) Measuring time to explosion or time to
ignition

(2) Isothermal heating

(3) Adiabatic 5eating

(4) Differential thermal analysis

(5) Thermogravimetric analysic.
21-4.3.2 Moisture {Hygroscopicity)

In this test, the absorption of, or reaction
with, external moisture by an ingredient or

composition is determined because variations
in moisture can cause changes in sensitivity.
Basically, a known weight of sample is placed
in a vessel prepared to have a known relative
humidity at a specific temperature. At
predetermined intervals, the percent gain or
loss of weight of the sample is calculated?®.

21-4.3.3 Elactrostatic Discharge

The relative ease of initiation of a
pyrotecinic composition by an electric spark
is termmed its. sensitivity to electrostatic
discharge®. In this procedure, the sample is
loaded in a cylind:ical -depression in a heavy
metal plate that serves as an electrode. A
econd electrode, wnose height is adjustable,
is placed above the sample which is then
subjected tu a high-voltage spark. The
maximum, 50%, and minimum energy levels
at which initizticn orcurs then are deter-
mined. Humidity levels must be controlled in
this test.

214.4 INPUT AND OUTPUT SENSITIVITY
214.4.1 input

A discussion of the input sensitivity of
initiators follows:

(1} Mechanical Initiztors. The input sensi-
tivity of stzb and percussion primers is
determined by the impact test (see par.
214.2.1).

(2} Electric Initiators, Depending upon the
application, the sensitivity of electric initia-
tors should be charactetized in terms of ‘he

Figure 214, Typical Relays
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Figure 21-5. Picatinny Arsenal Impact Test
Apparatus

threshold current, vollage, power, energy, or
some combination of these. Tests used for
sensitivity of electric initiators include®:

(1) Capacitor discharge test

(2) Voltage sensitivity

(3) Steady current functioning.

21-4.4.2 Qutput

The output of a delay is a flame or hot slag.
Tests for flame output include (1) light
output, as measured by a photocell, (2) a

AMCP 706205

modification of the isad disk test (amount of
lead displaced by output of device), (3) a test
to measure flamc temperature and length, and
(4) a closed chamber test using a manometer
to measure flame outout momentum3. A stop
watch is often satisfactory for measurement
of relatively long burning times. However, the
electronic chronometer is suitable for all
ranges of burning time2. In this method, ihe
timing instrument starts when the initiator
functions and stops wien the charge flashes.
Correction must be made for the buming
times of the initiating source and the relay
charge.

21-4.5 ANALYSIS OF DATA

The sensitivity of an explosive charge is the
magnitude of the minimum stimulus that will
result in its initiation. Stimuli too weak to
initiate charges can, alter them, sometimes in a
readily noticeable way and sometimes by
changing the sensitivity of the charge to the
stimulus. In recognition of this variability a
number of statistical plans have been devised
for sensitivity studies. Some of the following
plans are designed to characterize sensitivity
in terms of an assumed nommal distribution
and still others determine some point in the
distribution of particular interest:

(1) Staircase Method, the Bruceton Test

In the Bruceton test!”, the magnitude of
the stimuius used in each trial is detennined
by the result obtzined in the immediately
preceding trial. If the preceding trial was a
misfire, the stimulus for the next trial is made
one step higher, and if it fired, the stimulus
should be one step lowxer. The step used is a
difference between stimulus levels, such as §
V or 2 in. of drop height. Misfires are
discarded because their sensitivity could have
been affected by the previous test.

The validity of this procecure depends on
whether the assumpiions are valid that (a) the
steps are of a uniform size, and (b) the
frequency of e:xplosions is distriputed nor-
mally,

21-13
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(2) Frankford Run-down Test Method. A
run-<down test has been developed by
Frankford Arsenal!® that, with the expendi-
ture of a much larger samg e, makes possible a
greatly improved assessment of the distribu-
tion of the underlying population. The
number of trials is constant at each energy
level. The maximum level for all samples
activated, the minimum level for no samples

activated, and several points in bstween are
determined.

(3) Other Procedures. Other procedures
include the Probit!®, Normit, and Logit?°
which are analytical methods of determining
the underlying statistical distribution of a
measured parameter. They are not data
collecting schemes.
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PART FIVE — FLUERIC TIMERS

CHAPVER 22

INTROBDUCTION

Flueric devices represent those elements
that perform contro! or logic functions by
means of a fluid (liquid or gas) in motion
without the use of moving or mechanical
parts. Flueric timers are timers fabricated
from fluid elements to_provide an “output”
pulse after some known time interval has
elapsed following an “input” pulse.

A flueric timer can be constructed by series
interconnection of binary stages that are
driven by a fluid oscillator. In order to
construct a useful timer, e.g., one which
indicates the elapse of a pre-programmed time
interval, additional auxiliary components are
required. A {ypical digital interval timer is
shown in block diagram form in Fig. 22-1!.
As indicated in the figure, such a system may
include a power supply, a time base oscillator,
a multistage counter, a setting mechanism, a
decoder 10 determine when the set time has
elapsed, and an amplifier stage which feeds
the output transducer. At present the
feasibility of flueric timing has been demon-
strated by several independent investigators.

Standard fiveric terms and symbols are
covered in Ref. 2 and a bibliography appears
in Ref. 3.

22-1 ADVANTAGES

The use of flueric devices ir:ztead of the
more conventional electromechanical types is
attractive for the following reasons:

(1) High Reliability. Due to the lack of
moving parts, flueric elements in general can
operate for almost indefinite time periods. No

parts are subjected to flexure, bending, wear,
or sticking. If the supply fluid is filtered,
erosion practically is eliminated and fluid
flow in the element itself produces a
self-cieaning effect. Even with the addition of
some contaminants (dirty air), tests have
indicated that an oscillator performed satis-
factorily for two weeks before cleaning was
necessary®. Of course, the degree to which a
circuit can tolerate contaminants will vary
with size and circuit requirements. A sound
design principle is always to employ contami-
nant free supply fluid.

(2) Large Temperatore Range. Although
temperature will play a most significant role
in system fluid whose dynamic properties are
inherently temperature dependent (and this
fact will alter element function}, the element
itself (fabricated from metals, glass, ceramics,
etc.) can be made to withstand extreme
temperature ranges extending from —100° to
700°F. At high temperatures, the problems
associated with sealing, connecting, or joining
various elements can be more important than
the fact that the system fluid is at a high
temperature.

(3) Not Affected by Flectromagnetic and
Nuclear Radiation. The components of a
flueric element, if properly made, are in
general not atfected by RF fields or nuclear
radiation. Flueric elements can be consiructed
to represent a complete Faraday shield that
will minimize effects of electromagnetic
waves. Extending this line of reasoning, a
nuclear radiation shield also can be applied
over the final design to minimize penetration
of gamma and X rays. Effects, of local

22-1
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Figure 22-1. Digital Interval Timer Block Diagram

environment can be eliminated by proper
design and fabrication.

(4) Shock and Vibration. The effect of
shock and vibration on a stored element or a
standby element can be reduced to practically
zero, by initial choire of fabricated materials.
The shock effect on an operating unit,
however, is another matter. Generally it is
agreed that the relation between the density
of the working jet compared witn the density
of the fluid surrounding the jet is of prime
iniportance. Many devices, however, require
shocks in excess of 1000 g's to affect their
performance. Other devices, such as a
properly adjusted turbulence amplifier, can be
“upset” by acoustic shock signals at one

222

discrete frequency and remain relatively
unaffected, by other frequencies. One could
conceivabl{' capitalize on this phenomenon in
designing an acoustic switching device.

(5) Reduction of Interfaces. Flueric de-
vices can simplify or reduce the number of
interfaces in a system because the flueric
circuit can operate using the medium of liquid
or gas being controlled, thus reducing
interfaces and the need for expensive
transducers. This not only adds to the
simplicity of the system 1 :t increases
reliability® .

(6) Low Cost. As the technology develops,
undoubtedly the system cost will decrease.
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Potential savings often overlooked are the
lowering of

(a) Cost of maintenance
(b) Servicing expenses
(c) Down time.

(7) Not Affected by Corrosive Fluids. If a
proper choice of fabrication material has been
madc, flueric circuits can function with
corrosive fluids, and within corrosive atmos-
pheres.

(8) Miniaturization. The three major ad-
vantages of minizturization are:

(a) Speed of response can be increased.

(b) Smaller components require Jess pow-
er.

(c¢) Smaller dimensions and less mass are
desirable so that payload can be increased.

22-2 DISADVANTAGES

Some of the most common disadvantages
associated with the use of flueric circuits and
elements are:

(1) Limit of Response Time or Switching
Speed. Response time or switching speed is
very important in digital application®.
Changes in design will affect the switching
spced of the element, but for varicus
wall-attachment devices having a nozzle width
of 0.010 in. and using air at pressures below
50 psi, an average range is 100 to 1000 Hz, or
response times of 0.005 to 0.0005 sec
(switching occurs twice per cycle). Higher
speeds have been achieved at higher supply
pressures but at the expense of unacceptable
powes consumption. Due to the present limits
of output transducing devices, it is questicn-
able whether speeds in excess of several
hundred hertz can be used effectively. Units
(fluid oscillators) have operated at 100,000 to

AMCP 706-205

200,000 Hz, but the outputs were not used in
a meaningful manner.

(2) Limit of Signal Propagation. The limit
of signal propagation for a gas operated
system is equal to the local speed of sound
through the gas. For dry air at ambient
temperature, the propagation speed is about
one foot per millisecond.

(3) Large Power Consumption. Flueric
elements require a continuous supply of fluid
while in operation, and considerable amounts
of power may be required®. This can be offset
to some extent by micro-miniaturization. The
power consumption of an clement generally
depends upon the flowing fluid, jet velocity,
and nozzle size. In wall-attachment devices,
these variables can be related to two
nondimensional parameters: -the Reynclds
number and the ratio of nozzle depth to
width (aspect ratio). Bistable operation of the
device requires a minimum Reynolds number,
below which attachmen! no longer occurs.
However, this occurs only at very low
Reynolds numbers.

Pressure recovery in the output receivers is
also important in determining the power
consumption. Efficient geometries will re-
quire less power.

In fluid timer applications, power con-
sumption is an important consideration. If tle
timer is being supplied from a bottled source
or pyrotechnic gas generator, the power
consumpticn of each stage must be known
more critically than if ram air is used. This is
because bottled supplies have a limited useful
life, but ram air is available in almost
unlimited amounts once the projectile or
missile is air-bomne.

(4) Need For Contaminant Free Supply.
Micre-miniaturization of circuits has created a
need to employ pure bottled fluids to prevent
clogging and mailfunctioning, etc. Ram-air
power supplies will require a closure to
exclude water and other contaminants prior

22-3
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to firing. The closure will be opened or
removed prior to or during firing. This can be
done automatically by the firing cycle, such
as setback opening the ram tube or by having
a plastic cap that-is blown off by blow-by as
the projectile leaves the muzzle. A small
separator such as the cyclone type will be
included in the ram-air power supply to
eliminate- rain, snow, and-dust in flight. The
use of a ram-air power supply increases safety
since the system is completely inert until it
achieves a minimum velocity.

(5) Dependence on Temperature and Pres-
sure:

Although a fair degree of temperature and
pressure insensitivity has been accomplished,
especially with compensated flueric oscilla-
tors, peifect insensitivity has not been
achieved. This is discussed fully in Refs. 6 and
7.

Theory and experiments indicate that
temperature insensitivity in the resistance-in-
ductance type of oscillator is obtained at the

expense- of pressure sensitivity, and a |
compromise is necessary in the actual |
oscillator. With fluid oscillators of the RCR
feedback type, claims of + 1% have been
reported over a pressure range of 6 to 30 psig
and 77° to 175°F¢. At the present time, RC
oscillators have been operated from --60° to
+170°F, using power jet pressures from 6 -to
30 psig with only a = 1% change in frequency.
The oscillator must be miniaturized for
practical use in a fuze. Hybrid systems (such
as the torsion bar oscillator) that use vibrating
mass systems are virtually tempscrature and
pressure insensitive, but are not strictly flueric
devices. All uncompensated flueric oscillators
are temperature sensitive because they depend
on the velocity of sound of the operating
fluid which is, in tusmn, temperature sensitive.
The sonic velocity is picportional to the
square root of the absolute temperature.

Since the precision of the basic oscillator
governs the overall precision of the flueric
timer, its temperature and pressure sensitivity
is a major ¢onsideration.

REFERENCES

1. “The Application of Flueric Devices to
Ordnance Timers”, Journai Article 51.0 of
the JANAF Fuze Commiitee, 3 May 1967
(AD-834 083).

2. MIL-STD-13086, Fluerics: Terninclogy and
Symbols, Dept. of Detense, 17 July 1968.

3. Fluerics. 23. A Bibliograpiy, US Army
Harry Diamond Laboratories, Washington,
D.C., Report TR-1495, April 1970.

4. Fluidics System Design Guide, Fluidonics

Division of the Imperial Eastman Corp.,
Chicago, Ili. 1966, p. 99.

224

5. Flvidics, Fluid Amplifier Associates Inc.,
Boston, Mass., 1965.

6. C. J. Compagnuolo and S. E. Gehman,
Flueric Pressure and Temperature Insensi-
tive Oscillator for Timer Application, U S
Army Harry Diamond Laboratories, Wash-
ington, D.C., Report TR-1381, February
1968.

7. C. J. Campagnuolo and H. C. Lee, Review
of Some Fluid Osciliators, US Army
Farry Diamond Latoratories, Vashington,
D.C., Report TR-1438, April 1969.

SAMSUNG EXHIBIT 1028, Page 368




Downloaded from https://www.everyspec.com

AMCP 706-205

CHAPTER 23

FLUERIC SYSTEMS DESIGN

23-1 FACTORS

Among the factors to consider before
developing a fluid system are gain, sienal-to-
noise ratio, frequency response, tase of
interconnection of individual components,
output pressure, flow and power. A discussion
of each factor follows:

(1) Gain:

The three types of gain are pressure, flow
and power. Gain is defined differently for
digital and proportional devices.

Digital-amplifier flow gain is the ratio of
change of flow output to chang: in control
flow necessary for switching to occur.
Pressure gain is the ratio of change in output
pressure to change in control pressure
required for switching, Power gain is the ratio
of change in output power to chaage in
control power required to initiate switching.

(2) Signal-to-noise Ratio:

This is the maximum outnut-signal ampli-
tude divided by the maximum noise ampli-
tude. Good signal-to-noise ratio is not as
important for the devices used in timers as it
is for proportional amplifiers.

In timing devices, output is at one of two
discrete levels, each of which has a tolerance
band. Provided the noise riding on the output
signal does not exceed limits of the tolerance
band, the flueric device can be relatively noisy
and still function properly. However, care
must be taken to avoid spurious switching by
a noisy input signal.

(3) Frequency Response:

Response for flip-flops is given by the
switching time; the time interval that begins
when the changing input signal reaches 50%
of itc final value and ends when the
subsequent output signal reaches 50% of its
final value. In each instance the output signal
can be flow, pressure, or power.

(4) Interconnectability

A good measure of the ease with which a
digital flueric device can be staged is its
fanout capability~how many downstream
devices it can control. In determining fanout
capability, all of the devices should be
identical in size, input impedance, gain, and
power-supply conditions.

Fanout applies primarily to digital systems
where the flueric devices are used as logic
elements to handle information. Gain be-
tween successive stages is not a primary
objective.

Another approach to interconnection is to
match input and output impedances. If
output impedance of the drizing =lement is
matched to input impedance of the driven
element, maximum power transfer occurs.
The impedance of the elements is adjusted by
such techniques as providing output flow
dividers, vents, bleeds, and varying duct cross
sections.

Table 23-1 compares types of digital

devices with respect to power range, switching
time, geometry and ease of interconnection.

23-1
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‘TABLE 23-1

CHARACTERISTICS OF DIGITAL FLUERIC DEVICES

AMZP 706-205
‘Type of Device Powsr Rang:
Wall-attachment Low to high
Edgetwne Low to high

High-pressure

low-flow Low to medium

Turbulence Low

23-2 MODULAR COMPONENTS

In order for a flueric timer to replace other
types in fuze applications, the overall size
must be reduced to a miniinum. The use of
~hotoetching and other recent processes has
iade it possible to fabricate microminiatuiz
laeric elements. These are usually thin wafers
oi rectangular or circular shape 'made irom
me.2l (phosphor-bronze). The external shape
of these wafers is held constant and various
ecometries are etched through the entire
wafer thickness. These elements can tken de
stacked together readily to form a final
package. This idec typifies the modular
component concept.

With modular componeats, the aspect ratio
of nozzles rcadily can be changed simuly by
stacking two or more elements of similar
shape together. Also an entire stage can be
removed and replaced quite readily. Fig. 23-1
shows two typical elment wafers, a relaxa-
tion oscillator (A) end its binary amplifier
(8). These measure about (1.5 n. by 0.75 in.
and are 9.003 in. thick. The corner holes on
each waler are used to ciamp the wafers
together (by use of long screws) and the hole
spacings are standardized. The top and
bottom of the center holes are supply
pressure manifoid holes (power supply) which
may be used at a particular stage or may carry
flow through to another stage. Output arms

23-2

Switthing  Geometry Ease of

Time of Ducts Interconnection
Madium Rectangular Difficult

Fast Rectangular Moderate
Medium Circular Moderzte

Slow Rt.‘ctangu!ar Easy

or circular

feed through other holes to become inputs to
subsequent stages. ‘The small, centrally lo-
cated holes are bleed-off port. as is the etche?
section open to the side of the element. It is
quite obvious that the proper order of
stacking must be maintained throughout.

Experiments have shown that if the proper
torque 15 applied to each rounting screw and
ithe wafers are etched properly, the use of
gasket sealing material betwesn each wafer is
unnecessary. In fact, the us¢ of a sealant is to
be discouraged because the tiny nozzle
openings can easily clog.

Mechanical strength of the wafer also must
be cousidered since high pressures permanent-
ly can deform overhanging sections of the
etched elemert.

At both ends of the stacked elements {as
well as at any intenmediate location) one may
use thicker plaies of similar external size
which serve to introduce or remove fluid
signals, and also give mechanical strength for
clamping by the ithrough screws.

A complete timer package -einploying
modular components is shown in Fig. 23-2.

Z3-3 INTEGRATED CIRCUITS

Integrated circuitry as applied to fluerics is

P
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the incorporation of two or more functional
geometries on a single planar sheet. This
concept has several desirable features:
(1) space can be usid fully on any given
wafer, (2) overall size of the final unit can be
reduced, and {3) more efficient interstage
matching can be accomplished. The desirabil-
ity of (1) and (2) cannot be overemphasized.
In par. 23-4 the importance and significance
of source and ;oad impedance matching are
discussed. Integrated circuitry offers a way
for better inter-stage impedance matching
since the input and ocutput channels can be
controlled more critically and fluid flow need
not confront any discontinuities that may be
present from wafer to wafer.

Since the geometries of the etched wafer
cannot be altered after fabrication, the
designer must know beforehand the effect of
each part of the element. At present a design
problem cannot be tackled straightforward
from a purely analytical technique, and usually
a large-scale model initially is fabricated, and
development proceeds from this model by
empirical methods. Once the geometries have
been defined and the elements function as
desired, the model is reduced proportionately
te its final size.

Integrated circuit concepts can produce
elements of high reliability. Some integrated
circuit devices have been fabricated which
include 10 or more individual elements on a
single planar sheet.

23-4 MATCHING TECHNIQUES

The coupling of fluid elements, stage to
stage, may introduce a matching problem.
Matching may not be necessary with bistabie
flip-flops having bleed ports and in devices
where each stage receives a supply pressure
from a common manifold. However, in staged
amplifiers, matching must be considerad?.
The main diificulty is that the performance of
a stage depends not only on its cwa
configuration but also on the geometries of
the previous and the following stages. A

AMCP 70€-206

means is nezded to predict the performance
of a stage in a sysiem without actually
asserabling the components. Since system
conditions varv widsly and generally are not
known in advance, it is necessary to simulate
a large number of operating conditions when
testing a single stage. In addition, the system
may be required to operate over a range of
frequencies and power supplies. Thus un..s
may have to be matched dynamically as well
as statically.

In general, ihe maiching of fluid compo-
nents is analogous to matching in the design
of vacuum-tube and transistor circuits in
electronics, which usually is accomplished by
using static characteristic curves. it is also
possible to approach the interconnecticn of
fluid amplifiers in this way. Indeed, in view of
the mathermatical difficulties involved in
describing tluid motion in complex geome-
tries, it may provide the only Tfeasible
approach.

Before applying characteristic curves to
fluid amplifiers it is necessary to understand
the general case of a flvid flowing from one
black box to another. The first box may be
called the source and the second box the load.
Under steady flow conditions, the flow
supplied from the source must equal the flow
delivered to the load.

With any source of energy there is
associated an impedance, limiting the flow
rate at which a quantity of energy can be
removed from the source. This is called the
source impedance. Similarly, every load has
an jmpedance that determines the flow rate at
which energy can be supplied io the load.
This is called the load impedance. The most
useful parameter to describe the performance
of a source or load is, therefore, its
impedance. In steady-state flow, fle ip-pe-
dance is considered as purly resistive.
Resistive impedance, fo: incompressible flow,
is defined as the total pressure dcop across the
source or load divided by the volume flow
through it. Very often the impedance of a

23-5

SAMSUNG EXHIBIT 1028, Page 373




Downloaded from https://www.everyspec.com

AMCP 70€-205

Primary source
P+ (supply)
s:!.ul!jul) ‘——l

’g—“{f—:; . source 6;?_) &
n Variable food

. 7 |
Source impedonce I impedance Z,
(#) SOURCE SCHEMATIC

Secondary source pressute
Reference

preseure P.\

}
o

T~

p-—P+—l\ Py~

q
(8) TYPICAL SOURCE CHARACTERISTIC

Figure 23-3. Characteristics of the Source!
Reprinted with permission of McGraw-Hill Bock
Company

fluid component is nonlinear, i.e., it is a
function of the volumsz flow. For this and
other reasons associated with the complexities
of fluid motion, it is very difficult to derive
an analytical expression for the resistance of a
fluid component. Resistance, however, can be
determined readily from the experimental
characteristic curves. In discussing fluid
devices it is convenient to use primary and
secondary sources, as shown schematically in
Fig. 23-3'. A primary source is the
constant-pressure source or manifold which
supplies fluid to the secondary source. The
impedance of the primary source is zero, i.e.,
it can supply an unlimited amount of flow at
constant pressure. The secondary source is the
active fluid interaction device on which
characteristics are desired. To obtain these
characteristics the secondary source is zon-
nected to a variable load impedance Z; . The
primary source supoly pressure P+ is connec-
ted to the secondary source through the
secondary-source impedance Z.. In steady
flow the mass flow in the circuit is constant,
When density changes are small, the volume
flow Q, may also be considered censtant. A
typical source characteristic is shown in Fig.

23-6

e o ——————

23-3(B). This curve is obtuiued cxpetimsnt-
ally by measuring the volume flow and
secondary source pressure over a range of load
impedances. Each load impedance provides
one point on the source characteristic curve.
The complete source characteristic is the
locus of these individual points over the entire
range of load impedances that could possibly
occur in practice. Points on this characteristic
curve whkich fall in the first quadrant
represent pasitive loads (resistarces). The
cuzve can be continued into the sscond and
fourth quadrants by using active loads
{pressure sources) that lower or raise the
reference pressure P, .

A scnematic drawing of the method of
measuring load impedance is shown in Fig.
23-4{A)'. To obtain the characteristics of the
load, one must sonnect it to a variable scurce
that might occur in practice. Again, for small
density changes, the volume flow QL passes
from the source through the load impedance
to the reference pressure P,. Experimentally,
the total pressure P, is measured upstream of
the constant load impedance Z;. A typical
load characteristic is shown in Fig. 23-4(B).

Load pressure
@ Raferince
pressure, Py
e P
0 Q 9

Lood impedonce Z,

(A) LOAD SCHEMATIC

G
,/ .pb p° pL-u
{B) TYPICAL LOAD CHARACTERISTIC
Figure 23-4. Characteristics of the Loac/

Reprinted with permissicr of McGrav+Kil! Bock
Company
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Figure 23-5. Matching Source and Load
Characteristics'
Reprinted with permissicn of McGraw-Hill Bock
Company

To obtain each point on the load characteris-
tic, it is only necessary to set the load
pressure at some level by varying the source
and to measure the resalting flovs. When the
load pressure is equal to the reference
pressure, the load flow is zere. Increasing the
load pressure increases the Nlow. If the load
pressure is maintained below the reference
pressure, a reverse flow will occur. Thus the
curve represents the locus of possibie
operating points for this one particular load
subjecte¢; to a wide variety of source
conditions.

Fig. 23-5(A)! is a schematic drawing of a
specifi¢ load connected to a specific source.
As previously mentioned, under steady flow
conditions the source. must equal the load flow
to maintain continuity. It is also necessary for
the source pressure to equal the load pressure
since they are measured 2t the same point in
the circuif. The connection of a specific
source to a specific load, therefore, results in

AMCP 706-205

one particular value of flow and one
particular value of pressure. Graphically this
means that the source and ioad curves
intersect at one point when they are
superimposed 01 each other as chown in Fig.
23-5(B). This point is called the operating
point. Very often, in fluid amplifiers, the Joad
must be adjusted for a particular source, so
that the operating point falls in a desirable
operating region. The coordinates of the
operating point shown in Fig. 23-5(B) are

z, Z,

D = — H -

L, Z, +Z, .P++ZLPb , psi (23-1)
P+—P

=——n— in3/sec (23-2)
Z, +Z,

o,
where

P_= pressure at the operating point, psi

_ . Ib /in3
Z, =load impedance,~—, /—
in7 sec

. b /in3

Z, =source 1mpedance,-,——? —_

in% sec

P+ = primary source pressure, psi
P, = reference pressure, psi
%, = flow at the operating point, in.3 /sec

Thus the operating point depends upon the
source and load impedances as well as the
supply and reference pressures.

23-5 DC AND AC SYSTEMS

‘The concept of direct-current (DCj in
electrical phenomena implies flow of cursent
(electrons) in one direction, the amount of
flow being controlled by the driving force
(voltage). This concept applies equally well to
the field of DC fluerics wherein the fluid flow
is the current and thc driving force is the
pressure applied to the, fluid. Since the
control of air flow is in many respects similar
to the control of unidirectional electric

2347
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Figure 23-6, AC Rectificatizz Flueric Device®

current, the design principles of DC fluerics
have grown io parallel closely those of DC
electronics. Unfortunately, some types of
flueric circuits also have limitations similar to
those of DC clectronics. Weak signals are
difficult to transmit and detect, and noise
from turbulent flow in fluidic systems is even
more troublesome than thermionic noise in
electrical systems. To help alleviate this
problem, AC flueric systems are being
developed?. The use of the term AC applied
to flueric signals may be misleading to those
who carry the analogy between electrical and
fiueric circuits too far. A more precise
description might be undulating or oscillatory
flow superimposed on a steady flow. The
important difference between electric and
flueric AC signals is that the flueric signal
always has a DC component in addition to the
AC compcernent. In some ways, however the
features of the new AC fluerics often paralle}
those of AC electronics, and the terminology
is also similar. Designers of AC fluerics
systems speak of inductance, frequency
r - "olation, phase shift, and pulse width in
.. e manner as do designers of electronic
sysrems.

23-8

In AC fluerics the term signal refers to the
pressure changes occurring in ‘he circuit.
These pressure varations can be either
referenced to local atmospheric piessure, or
to some other point in the circuit. 'The signal
is therefore a differential pressure. Signal
amplitude in an AC circuit generally ranges
from 0.01 to )0 psi. More typical values are
between 0.1 and 1 psi. Speculation on the
ultimate frequency limit for tlueric devices
ranges from 2 conservative 10 kHz up to a
rather optimistic 100 kHz.

The transmission speed for an AC flueric
device is about equal to the velocity of sound
in the fluid medium, or about 1000 ft/sec in
air which is commonly used. The correspond-
ing time delay is about 1 msec/ft.

The specific advantages of AC over DC
flueric systems include faster response, greater
accuracy, and less vulnerability to system
noise. Present indications are that AC fluerics
is especially well suited to the measurement
and control of speed, temperature, and
pressure in environments that are toc extieme
for conventional sensors or control devices.
The present types of fiueric timers which
incorporate oscillators and counters are a
form of AC fluerics. A widely used
component that well illustrates AC flueric
operation is the rectifier or absolute-value
amplifier. This device has an output port
centered downstream from the supply nozzic
as shown in Fig. 23-6%. Two opposing control
nozzles impinge on the power stream and
direct it away from the outlet port to a degree
proportional to the imbalance in the opposing
control streams. When the two control
pressures are equal, the power stream is
ceatere.i on the ouilet and the pressure
outpu! is maximum, as shown in the figure.
When the differential betvieen control pres-
sure is highest, the team is deflected away
from the outlet by 2 maximum amount, and
the resulting power output is a minimum.
Sinusoidally varying control pressures thus
ip the power stream back and forth across
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400 Hz Input signal,..
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constant signal ...

produces on additive signel
containing beats ...

which filter to on easily
monitored 50 Hz signal.

~igure 23-7. Heterodyning a Flueric Signal®

the outlet port to produce output pulsations
of the type shown in the figure. These
pressure pulses are then usually filtered to
produce an average constant DC signal having
an intensity inversely proportional to the
amplitude of the AC signal.

Another example of AC fluerics which has
its counterpart in AC electronics is in
heterodyning a flueric signai. Jn the wave
forms shown in Fig. 23-73, a 40C-Hz input
signal is superimposed on a constant carrier
frequency of 350 Hz to produce an
amplitude-miodulated wave that can then be
filtered to produce a beat frequency of 50 Hz
This principle has been used to producc a
flueric/acoustic transceiver, each unit pow-
sred by inflated balloons. In the transmitter
unit the power supply air is passed through an
uitrasonic whistle, and the tone generated is
amplitude modulated by acoustical inter-
action with a human voice. At the receiver,
which receives the line-of-sight signal, de-
modulation occurs back to audible frequen-
cies by AC flueric devices also powered by an
infiated balloon. A successful transceiver
developed by H. H. Unfried of Genge
Industdes Inc. transmitted voice information
over several hundred feet with fidelity
approaching a pocket radio. The acoustic

AMCP 706-206

radio, however, is very limited. 1t is generally
known that fo get high directivity, one must
use high frequency flueric signals. These
signals are severely atten'iated by atmospheric
conditions, and air currents can deflect the
beam direction. One possible use, however,
could be in short range communications in
explosive environments where the use of
electrical enczgy would be prohibited.

One of the major difficulties facing
developers of AC flueric systems is the need
to strengthen the analytical basis of the
present design technology. As a result, a
considerable amount of work is now done by
empirical methods. The lack of anpalytical
tools makes it extremeiy difficuit to cptimize
a device, or in fact to analytically design a
system to serve the particular interded
function. Continued effort and work with
flueric systems will alleviate this problem.

An analysis of an AC flueric circuit follows
very closely the approach used in electrical-
network analysis. The circuit is first sud-
divided into active and passive components.
Active elements include amplifiers, power
supplies, and auxiliary sources. Passive ele-
ments are components composed of idealized
resistive, capacitive, and inductive elements. A
simplified approach then assumes that the
characteristics of the individual components
combine in a Jinear manner. This simplified
«nalysis does not completely definc the real
situation over all operating condition~ but
does provide an adequate bench mack for
initial circuit design.

For a more detailed comparison of flueric
and electronic logic, see Appendix A.

'23-3 HYBRID SYSTEMS

Hybrid systems use flueric elements to-
gether with mechanical elements (diaphragms,
etc.) tc make an efficient final unit. For
example, output from 4 flueric circuit can be
used to defiect a diaphragm that is connected
to niechanical linkage to perform switching,

239
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Figure 23-8, Monostable Coded-tape Valve?

etc. Some typical hybrid devices are:

(1) Coded tape vaives

(2) Tage actuators

(3) Vibrating-reed frequency sensors

(4) Moving part deteclors

(5) Flew control devices

(6) Pneumatic switches.
23-6.7 CODED TAPE VALVES

A coded, flexible strip can be used as a
moving element in a valve, Fig. 23-8%. The
strip is actuated by pneumatically deflecting

the strip into a profiled cavity. When oressure
i~ applied to the control port, the tape

Contro! Outputs Conlrol

} i
AV
,//// il

Inpuls

Figure 23-9. Bistable Coded-tape Valve®

23-10

deflects into the cavity and the free end
moves in its groove. Holes in the tape are
arranged so that, when the tape is deflected
into the actuating cavity, the formerly open
port is blocked and the opposite port is
opened. Consequently, the device acts as a
switch.

The vent holes in the bottom of the
actuating cavity allow the fluid to escape as
the tape is deflected by control pressure.
Since the tape is of an elastic material, when
the control signal is removed, the tape snaps
back to the original position. Consequently,
this device is monostable.

Between application of control pressure
and completion of switching to the deflected
position, some of the control signal leaks
around the tape and out of the venting ports.
When the tape is completely deflected, the
tape seals the venting port and blocks the
leakage.

The same principles also can be the basis
for a bistable device, Fig. 23-9%. Essentially
the sume as the device shown in Fig. 23-8, it
incorporates two actuating cavities, and both
ends of the tape are clamped. The tape is just
lcag enough to lie flat across one cavity when
it is completely depressed into the other. The
configuration is stable and the tape remains
deflected into one cavity until a control signal
is applied to the other cavity. Thus, this
device can be used both as a switching device
and a storage element.

The coded-tape device has two important
characteristics:

(i) The element is capable of :ontrolling
many inputs. In the sketches show:), only two
ports are indicated. In practice, however,
many ports could be controllcd by a single
tape.

(2) The output js isolatéd completely from
the input.
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Figure 23-10, Displacement-Time Relationship
for Tape-element Switching*

Although the coded-tape device has moving
parts, the moving part is of light weight.

Furthermore, the device is simple and

inexpensive. In practice, Mylar tape has been
found to be a suitable material.

Switching time of the device depends on
the signal pressure applied and the mass of the
flexible memter. In working devices, switch-
ing times of 2 or 3 msec can be obtained. A
typical time-displacement relationship for a
control pressure of 20 in. water is shown in
Fig. 23-10%.

4 4 4o +8F

+8:4"
J

'wa N!ﬂ \\\\‘

Figure 23-11. Exclusive OR Coded-tape
Element?
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In digital-circuitry applications, coded tape
devices can generate logic functions, Fig.
23-114. Here a flexible tape with two cavities
is actuated by control ports, A.and B. This is
an exclusive OR circuit; i.e., the signal port is
open when the pressure is applied to either
control port A or B, but not both. A variety
of other logic circuits also can be generated
with devices of this type.

Digital code-translators have been made by
placing several of these logic units in parallel.
When so arranged, all the inputs are in
parallel. As they switch, they preduce parallel
outputs, but in a different code.

23-6.2 TAPE ACTUATORS

The coded-tape device also can be used as
an actuator; i.e., when the tape is deflected,
the moving end of the tape can be used to
apply a force rather than to switch signals,
Fig. 23-12%. Here, the actuating cavity does
not limit tape deflection.

A sketch of the forces F acting on such a
tape is shown in Fig. 23-13%. Gutput force is
given by?

2 A 2[1\
_2_ b (233
F = Pb( "% 7, (23-3)

where
P =supply fluid pressure, psi
b = width of the tape, in.
2 =span of the cavity, in.

p =coefficient of friction between tape
and cavity, dimensionless

A = tape deflection, in.

From this equation, as the deflection
increases, the force should decrease. An
experimental measurement of force vs dis-
placement for a typical device is shown in Fig.
23-144,

23-11
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Figure 23-12. Tape Actuator?

23-6.3 VIBRATING REED FREQUENCY
SENSORS

Vibrating reed frequency sensors may be
used in applications where there is a
requirement for the measure of a time-vari-
able, repetitive, mechanical motion. A typical
application of this type of sensor is shown in
Fig. 23-15* where it is used with a
wobble-plate signal generator. This signal
generator has two nozzles 180 deg from each
other (with reference to the shaft) which can
be used as shown to provide pressure pulse
outputs 180 deg out-of-phase with each other.

The outputs from the wobble-plate signal
generator are directed against the sides of a
vibrating reed, Fig. 23-16(A)*, and act as
out-of-phase, sinusoidal driving forces. When
the reed is at rest, the paddle deflects all the
flow from the supply nozzie and none of the
pressure is recaptured in the output tube. As
the reed vibrates, the intermittent opening
between the supply nozzle and the output
tube permits a portion of the supply pressure
to be recaptured and used as an output signal.

When the frequency of the driving jets is
not close to the resonant frequency of the
reed, the reed is not deflected appreciably.
However, as the dsiving frequency goes
through the resonant frequency of the reed,
the reed dzflections increase and the pressure
in the output tube goes through a maximum,
Fig. 23-16(B).

Frequency error can be sensed by use of
two reeds tuned to slightly different frequen-
cies, Fig. 23-17(A)*. Pressures P, and P, are
the signals {from a wcbble-plate generator.

23-12
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Figure 23-13. Forces Acting on Tape Segment*

Output pressures as a function of input
frequency are shown in Fig. 23-17(B). The
two signal pressures are applied to opposite
sides of a stream interaction or other
proportional amplifier. A cuive of the
pressure differential between the two output
ports is chowr sn Fag. 23-17(C).

Test results nn such a device, with air as the
working fluid, are shown in Fig. 23-18%.

23-6.4 MOVING PART DETECTORS

Mechanical motion or flow can be detected
by a tightly covered foam-rubber filled cavity,
Fig. 23-19%*. An impregnated rubber-fabric
diaphragm is placed across the surface of the
cavity. When moving parts hit the diaphragm
of the foam-filled cavity, they create an
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0.80{~ ; ~__]

2:2 060}~

) 0.40 |~
020}~ —_—

] | i : L

0
0 0010 0020 0030 0040 0.050 2.060
DISPLACEMENT, in,

Figure 23-74, Force-Displacement Relation-
ship for Actuator?®

o
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Figure 23-15, Wobble-piate Signal Generator
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output fluid pulse. This output pnise can be
used to aciuate a pneumatically operated
switch; it can be amplified by flueric
amplifiers for other uses; it can operate flueric
counter circuits; or it can be incorporated

}’z Signal from
/ wobble-plote
signal generator
Supply
l pressure

A Signo! from
wobble-plate
signat geasssier

l Oulput signol

(A) TYPICAL CONSTRUCTION

Qutput Signgt

Frequency
(8) QUTPUT CHARACTERISTICS

Figure 23-16. Vibrating-reed Freguency
Sensor*
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with an oscillator to determine time between
events or rate of production.

A large variation in the sensitivity of the
detector can be obtained by varying the
density of the foam. Sensitivity varies
inversely with density. Sensitivity can be
made so high that a few grams of material
striking the surface give usabie output-pres-
sure pulses, or the sensitivity can be so low
that several pounds are required to give a
usable output puise.

2365 FLOW CONTROL DEVICES

In prnciple, most flow controllers are
usually variable flnid resistors whose resis-
tance depends on some externa: parameters
such as pressure or temperature. These
controllers often involve moving parts and are
thus subject to wear. As a genera} sule of
thumb, an element that employs deformable
parts is generally more reliable and longer
lasting than an element that uses moving
parts.

-3 C)m- ~»-[ [ e 2P
A h A A

Outpuls from
vibrating reed
frequency

sensors
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Figure 23-17. Double-reed Frequency Sensor®
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Figure 23-18. Test Results for Double-reed
Frequency Sensor®

One type of temperature-controlled vari-
able fluid resistor is shown in Fig. 23-20%.
Silicon rubber has an unusually high coeffi-
cient of volumetric thermal expansion. As the
valve body and the O-ring increase in
temperature, the O-ring expands and de-
creases the clearance between itself and the
tapered needle screw. As the clearance
decreasas, the fluid resistance increases. The
lateral position of the tapercd needle screw
can be adjusted so that the valve shuts off
completely at any desired temperature, Thus,
as temperature is increased, resistance in-
creases until, at some predetermined tempera-
ture, the resistance becomes infinite.

A typical curve of flow vs temperature for
this type of resistor is shown in Fig. 23-214,
A constant pressure of 20 psi was applied to
the element. The tapeied needle screw was so
adjusted that the valve shut off completely at
approximately 65°C. With this design, fluid
flow varies linearly with temperature over a
relatively wide range.

A patented adjustable, laminar-flow vari-

23-14

Dicphragm

1 ~==Fluidic output
signol

Figure 23-19. Flueric Moving-part Detector®

able fluid resistor consists of twc flat plates
sealed by O-rings, Fig. 23-22*. Resistance is
varied by varying the spacing between the
plates.

Spacing of the plates can be controlied by
temperature-responsive  elements,  Fig.
23-23(A)*, when used in conjunction with
the variable fluid-resistor. Here the dimen-
sions of the inner rod and the casing vary with
the temperature changes, varying the spacing
between the two plates. An example of this
resistor circuit is shown in Fig. 23-23(B).
Output pressure depends on the resistance of
the adjustable, laminar-flow restrictor. Twpi-
cal relationships of output pressure and
temperature for this device are shown in Fig.
23-24*, Both plots show significant ranges of
temperature variztion over which the output
pressure varies linearly with temperature.

23-6.6 PNEUMATIC SWITCHES

Historically,

pneumatically

operated

Figure 23-20. Temperature-sensitive Fluéric
Resistor”
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Figure 23-21. Flow-Temperature Characteris-
tics for Resistor Shown in Fig. 23-20%

switches have been used extensively through-
out industry and have the potential for wide
applications in hybrid flueric circuits. In
principle, most of these switches include a
membrane or other ilexible part which is
deflected by applied pressure to actuate
electrical contacts. Some of these switches,
even though insensitive to external shock and
vibl;ation, sense pressures of 0.5 in. water or
less®.

23-7 TEST AND EVALUATION

An initial effort in any new flueric design

"‘AMCP 706-206

Temperature- Supply
sensing Pressurc
H element
f
i M Fixed
; g Rasistor Output
Mo Pressure
{ 1
kIR Temperoture-
3 sensitive
: Laminor- Flow
! Fluid Resistor
; o
{ Varigble fluidic ==
Boxin ~*— resistor =
BB z
Inpet -—Ou!pul

Figure 23-23. Temperature-sensitive Flueric
Resistor?

knowledge of the effects of scaling down a
large model to one of greatly reduced size.
Furthermore, in his evaluation of the
breadboard, he *vill most likely condi.ct static
as well as dynamic tests. He should be aware
in the dynamic tests that even a short tube,
such as a pressure connector, can add a
significant shunt capacity as the frequency is
increased ard thus alter circuit response. Due

0
problem is usually made with a breadboard ’
setup in which various parameters of the
:ircuit easily can be changed. At this time the
use of pressure and flow meters and special 75
test equipment will aid in the development. /
Once a circuit design is developed, it most ‘3 \Hiqh_m,,u,e supply
likely will be scaled down to a size that will 5
not permit further measurement. Because of ? 101
this, the decsigner must have a thorough €

. Low-pressure supply
65—
% ; i i
Signul Qutput, psig
Input Output

Figure 23-22, Adjustahle Laminar-fiow Flueric
Resistor®

Figure 23-24. Output Pressure-Teriperature
Characteristics for Circuit Shown in Fig. 23-23%

23-15
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‘to the- nonlinear Behavmr of most flueric:

circuits; .an- analytlcal solutzon to system
desxgn, at the present ‘time, has: not been ‘as
pmctlcal as ihe cut-anid-try. method. As fluid

technology -develops,. however, it is-hoped-

that: much of the woik bemg -done ‘will be

documcnted in- the: form of handbooks and’
textbooks which might. then faclhtate the:

-design. process. -
2371 FLOW METERS

‘Fluid flow can be recorded as volume flow
‘per .unit time, or mass- flow per umt time. If
the. ﬂuld is compre551ble, the flow is usually
corrcctedeto SCFM. units (standard cubic feet

©oper mmute), generally ata reference-level of

'14.7 psia and” 59°F5

There are two -types. of fluid flow of
iriterest to the- flueric - designer: laminar. flow
Vand turbment flow. Laminar flow is character-
ized by flmd partlrles .in- a tube moving:in
'straxght paxallel lines down the tube. Turbu-
lent-flow is charactem.ed by an unpredmtable
tumbhng, chuming flow as the fluid pro-
gresses- down the tube. If the Reynolds
number of the flow in-a tube is below 2000,
the flow will be laminar; if the Reynolds
nuraber of the flow s above 4000, very
prchably-it will-be turbulent. The Reynolds
number R, may be determined by

R .
R, ‘%"‘,, dimensionless (234)

-where-

y= mgan velocity of the fluid, ft/sec
-d =-tube diameter, ft

» = kinematic viscosity, ft?[sec

“For air, » is:1.57 X-107*. The flow laws for the
- laminar and:-turbulent regions are well known,
but i tie {ransition region the flow is
comy m and no known- law describes the
fluid

uu. it

An eigpro&ssion for Reynolds number which

23:16

-is more usefui for flueric circuitry.is

Q‘ . . Py
R, =-— , dimensionless.

(23-5)
A }
where
Q . = actual weight flow, ib/sec
ngyid-
o, ——%’; = referencé weight flow, Ib/sec
g = .sea level chelo'ration due -to:
gravity, 386.4.in./sec?
u = fluid- (dynamxc) vxscosm',
lb-sec/in.? -
d = Ltube,diamgtéf,—jﬁi

Thus for each:size of tube- and’ for-a given-

fluid, there is a definite reference current If
the actual fluid current through the fube is
less than 2000 -times th1s rcference current,

the flow iz'in the lammar region, If the actual-
current is greater than 4000 times- the~

reference current it will be: turbulent ﬂow
Between these values:is the transition- reglon
Fig. 23-25% -shows a plot -of tube-diameter

versus. flow for air -and -water constructed:

from Eq. 23-5. The fluid viscosities used were

By = 26 X 10° and g, . = 1.46-X 107,

Similar- figures can be easily construcxed for.
any working fluid-if. the viscosity-isknown. -

The product -of flvid pressiire -and ﬂow is
power

H=kPQ
where. '
H = power (see note).
= a factor
P’ = fluid pressure, lk‘)/ft'f
Q = flow, ft3/min

Note: When k = 1, power is in ft-1b/min. For

f

@6

pronon
[EERTE]
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‘Figure 23-25, Flow Regions for Air and
. Water in Round Tubes®

power in watt, use:k = 0.5645 when air
is the fluid.

Fig. 23-26° shows the air power, in watts,

-of various size no.zles with rectangular cross:

section as the pressure-and flow are varied at
constant tersperature. -Exit is to the atmos-

‘phere. Fluid power need-not be converted tfo.

1.0 ——
S af 0" OFN
| °e - P-PSIG S
i o4l Lomine-Flon oy POWER = 0.5645 PQ (WATT)
f : o =6F
i , o .02%.08
% o2 5,1 NOZZLE
N e -(INGHES)
'§ [LX] o %_: ?
e
e} 0 L= : SRR
’ N nh 2 4 6 § 10 l?.'\'l# ®
il Region ‘SUPPLY PRESSURE F.PI5-
aoj?og/ 2 4- € n:gr - i - ll : 'o = =
) Air Flow ,1b per sec 3}
tA) AR T
2
1.0 - ?: st
[ ot / 7 EJ -
6: tominar- Flow g 4
o Region o
T < |
) Z K
Fot 2 forx
_‘.'A' '0 : 'Y . »l>i,_
§f°"f' 0 02 08 06 038 10 12
ol FLOW Q, CFM
oot Figure 23-26_Air Power Expended inTypical
: Turbalent-Fiow -Rectangular Nozzles
:90;—'- Hegion -
R Ty o S ) watts unless some form of electrical analogy is
Waler Flow, b por e desired. In some types of applications the
(8) WATER product P, Q (P, is absolute. pressure), is

used as a measure of fluid current. This-term
commonly is called-throughput.

A wide-variety -of flow meters is-commer-
cially available. Many of them place.-a known
fluid resistance .in the flow stream and
monitor the pressure drop across it. Others
use rotating cups and vanes whose rotational
velocity- can be related to flow rate. Some of
these latter types-are in reality volume meters
from which a-Q-can be calculated.

Another type is an electrical flow. meter

23-17
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Alterngling - -Thermozouple
Voltoge _ ); N Qutpul

Héoter

Thérmocoupie- junction

F/gur.. 23-27. /ndlrect/y Heated, Single-
ther/racaup/e Flow Meter”

shown in Fxg 23-277. In this type of a
thermocouple thh an adjacent ‘heater is

placed in the ﬂow path. Output of the

-thermocouple can:be-related to-flow rate;i.e.,
for a fixed heater. current, voltage output will

decrease for an increase in flow since the fluid-

will capture more heat from the heater-
thermozouple ‘bulb. This type must -be
‘Calibrated with .z..given ﬂmgi and a. similar
fixed geometry. For a given flow, output
_readm@ will -change if the fluid-temperature
changes. To eliminate this, a compensation
thermocouple can be integrated into the
circuit as shown in Fig. 23-287, Thermo-
couple C is the compensating themmouple
A-and B are heated, C is not.

-Changes in- the-ambient temperature of the
flowing fluid affect all three thermocouples.
Since the output.of thermocouple C opposes
-that of the other two, temperature-fluctua-
-tion effects of the flowing fiuid are cancelled.
The compensation is so effective that no
-correction need be made for fluid tempera-
tures from 40° to 200°F when measuring the
flow of air. Instruments of this sort are
commercnally available. The circuit. of Fig.
23-28, although normally used as: a-steady-
state flow meter,-can measure flow fluctua-
‘tions up to 10 or 12 Hz.

'23-7.2 VELOCITY METERS

When fluid flows-in a tube, the velccity -is
not constant along any radial line,-but usualiy
‘varies from zero at the fube walls to
maximum at the centerline. The shape of the
velocity profile is a function of the surface
roughness, fluid viscosity, and diameter of the

Thermocouple
A

Thermacouple &
I P Thermocouple
8

Alternoting. t
Voltage - é
- 1, " +

Figure 23- 28 Three-thermocoup/e Compen-
sated Type Elow Meter?

tube.
turbulent flow; a different velocity profile
exists. In ‘many cases, Wwith laminar or
turbulent flow, the designer is interssted in an
average velocity that can; be-assumed uniform
-over the cross-sectional ‘area of. interest, .so

that flow fate .can be relited to-this velocity-
and the area. through which 1t Jdets.

The ba,sic:p'ri,nciple of the'ﬂgw—meieis just
described
veloc1ty, but most velocity meters employ .a

hght weight metallic film.or. thm -wire. These-

-are known -as -hot-wire or hot-ﬁlm anemor-
eters. They work-on the followmg principle:

A hot wire (or. film) in a-moving fluid stream-

loses heat energy-to-that stream, if the stream
is at lower temperature than the wire. The
amount of heat loss and resulting temperature
drop -of the wire depend on the temperature

and velocity -of the moving fluid stream.
Resistance of the wire changes: with the

temperature. Energy loss or-temperature of
the wire can be monitored, and is a direct
measure of the velocity of the fluid.

‘Due to the -small mass of the sensing
clement (S-micron tungsten wire, 1 mm long
response is fairly fast and velocxty ﬂuctu-

ations to -60- kHz .are possible: This is far
above the frequency range of interest in most
flueric circuit-designs. To eliminate the fragile
-nature of tiny wires of brittle materiais,
‘metallic film deposits on cylinders of quartz

or .glass are -the -heart of :the hot-film
ancmometers. With the introduction-of these
types, fluid velocity measurements -from
150 m/sec (a- maxisnum for hot-wire types) to

-above.500 m/sec were realized:

can be used to measure fluid

This applies to: laminar flow. With
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Figure 23-29. Stretched-metal Diaphragm
Pressure Meter”

Under. conditions ‘of thermal equilibzium,
the rafe: of heat loss from- the wire must be
equal -to- the electrical-power supplied to. the
wire. A useful empirical equation has been
developed as follows

I=A+B)", A (23-7)
where
I = current supplied to wire or
film, A

A, B,.and n = constante

v velocity, mfsen

The values of 4, B, and n are determined
empirically to give the best fit to- the
experimental data w1thm the desired velocity
range. This formula is known as King’s Law.
The value of n = 0.5 fits the hot-wire case well
when the probe is operated in atmospheric air
and the velocities lie betwzen 1 and- 100
m/sec. For a hot-film. prol'e in the same
velocity range, a value of n = 0.33 gives a
better fit to the experimentsl data’.

The anemometers can be instrumented
such that the current through the elementis
held constant, then the voltage across the
element -is related to fluid velocity; -or the
current is-vavied such that the element always
remains at a fixed temperature, thus-heater

AMCP 706-205

current is related to flow velocity. For a
thorough discussion- of ‘the instrumentation
employed with anemometers, consult Ref. 7.
23-7.3 PRESSURE METERS

Nd problem exists in the measurement of

steady-state or static pressure -because many

gages are commercially available. These
measurements .can be made on. extremely
small devices such.as those typifying flueric
¢fements. It is in the area of -measuring
fluctuating pressures within small orifices and
channeis that problems arise, primarily
because the gage must be physically small
with low inertia. Smce flueric devices have
frequency charactenstlcs that could_extend to
1000 Hz or more, an adequate gage must have
a frequency response to at least .several
thousand hertz. The-gage should not have.an
acoustical resonant point within the range of
interest, and its mechanical resonance fre-
quency should be: hxgh

Excellent piezoelectric gages with the
required frequency response are availabie for
transient pressure- measurements. They are

-available in very small size and often can be

mounied directly in.a flueric element flush
w1th some internal wall. These gages however
are_high-impedance devices, and are vibration
sensitive. Furthermore, they have a low
frequency cut-off, and cannot be used to
measure either a steady-state or a slowly
changing pressure. Cfince the gage is a
high-in,pedance device, it requires a-preampli-

fier reasonably close-to the gage.

In applications where a preamplifier is
prohibited, an electrical pressure gage with
low intemnal impedance is desirable. Such a
gage,-using a stretched metal diaphragm as the
pressure-sensing element, has been developed,
as shown in Fig. 23-29" This gage is small
angi can be mounted in & very small volume.
However, it must bs connected by a tube to
the region in which the pressure is to be
sensed. In high-frequency measurements,
correction must be.made for capacitive effects
of the tube. A typical calibraticn curve is

23-19
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-Figure 23-30.-Calibration Curve of a Typical
Pressure Gage”

shown in Fig. 2330, This plot shows that
the linearity over-the indicated pressure range
is very good..

_ A-recently develcped pressu;e,fmeter uses a
‘heated filament mounted inside -a:very small

-ceramic tube. One-end-of the tube isattached

1o a reference pressure while the other end is
‘connected. to ‘the pressure to be monitored.
The cetamic tube is sized so that the flow
velocxty through-it'is a direct function of {he
ference ‘between -the pressure being moni-
tored and the reference pressure.. The hot
ﬁlament measures-the velocity, which in turs,
-gives a measure.of the pressure dxffe.ence

The reference.pressure is set slightly lower
or slightly higher than the ex*reme of pressure
fluctuation expecteu‘in-the monitored source.

-One- advantage -of holding the reference

pressure higher “than the  pressure being
measured is that gas is bled into-the system
being monitored rather than out of it. Since

-the reference -pressure can be filtered, dirt is-

kept out of the pickup tube. Flow from the

-reference aiso can be kept at a constant

temperature. If gas is bled into the system
being measured, pressure measurements will

not be affected by fluctuations. in the
" temperaturc-of- the measured source..

2320

A typical inside diameter for the ceramic

tube is 0.002'in. This diameter is so small that-

very little disturbance is- mtroduced into the
region where :pressure is- ‘bein 1g-measured. In

applicationrs. where this- small ‘amount is

importarit, -another tubeé .and-a valve can be
installed adjacent to the pressure-measuring
{ubs, and ad:usted so that as.much fluid-is
bled off by the second as is mtrodaced by the
first. Frequency response of ﬂus -type pressure
gage, which is comparable thh ‘that of the

‘hot-wire anemometer, extends-into she kilo-

hertz range..
23-7.6 FLOW VISUALIZATION

In device developinent, knowledge of the
actual flow -paths of the fluid -th ough the
devices is often- usefui. Theése paths can be
determined by wat2r-flow. tables, smoke
utilization, and optical tcchniques.

23-7.4.% Water Tabie

In this technique, the device-to be studied
‘is built to ascale, usually many times its actu-
al -size, and water is pumﬂed through it. The
flow paths of-the water give-an.indication of
the flow paths through the actaal device. Dye
usually is added to the water supply, and the

flow paths may be photographed for per-

manent record as the dyed water proceeds
through the element under test. Since the

fluid behavior of the free surface-of water and-

air are similar, a knowledge of the behavior of
the typiczl ﬂuenc device in-the water table
may he used as-the basis for the scaled-down.

-design of a device in another fluid. Water

tables' are useful in new element design
because the geometry of the element can be
changed readily. For example, the shape of
the channel walls can be changed casily since
they usually are made from a soft malleable
material such-as lead.

Water tables-are expensive to construct. A
less expensive method is to pass smoke

through a transparent plastic mode] of the

device under study.

o

o iy T o
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23-7.4.2 Smokn

When 'smoke is ‘introduced :in the inpu*

mnozzies of a transparent' .model,. the flow.
patterns. 6f the smoke, and hence the flow.

‘pattermn:of®, the: :flvid-within- the.device;. readily
are seen. Smom can be  made.by vaporizing

rkeroscne in-.a smolxe generator' producinga
‘smoke white i in-color, With time, however, the
‘kerosene droplets condensé.and-collect on thef
-sides, ‘of ‘the: dev1ce under- ‘test. ‘In most
instances; this: co)lectmn is ot enough to
disturb the - expenment .Commercially avail-
‘able smoke-generatmg machines- produce a

lire whxte :smoke. In - -some: of these, ‘the

‘smoke is generated by ox1d1,.mg mineral oil

and mixing it with carbon d10x1de.

23243 Opts_cglzTechmquec: '

‘One ‘of ‘the. most .Common.-optical tech-
niques is. the- 9hadowgraph It:is the simplest
and cheapest to-employ for.flow visualization.

‘With ‘this method, light is passed through-a
‘transparent model normal to. the fluid flow
-impinging on..a. photographxc p]ate on the
-opposite side. The resultant pictures represent
the rate of change. of the density gradient in

space normal to -the transmitted ligt. ‘Since
this method: répresents the-second derivative

-of density, it is.insensitive to uniform density-

_ .gradients. Consequently, its usefulness for
-visualization-is-restricted to:suddenly -chang-
:ing:conditions-(such as-in-turbnlence or.shock
ﬂfronts -in -supersonic flow);>therefore, quanti-
tative analysis- seldom is made with :this
‘technique.

Another optical technique, the Schlieren

‘method (based on Toepler’s theory), requires
moie costly -and precise equipment than the

shadowgraph, With this method, the resultant
picture representc the density gradient and

furnishes detail in more “gentle” flow than
the - shadowgmph It generally is considered-

the most sensitive:-of all optical:methods, and
thereby offers: much use for visualization.

:Care must be taken, however, in-interpreting

the ‘flow characteristics, in ‘that a single

Tt s

pictirc of -a. density gradient cin be
mzsleadmg unless proper .malys:s ‘be made
Quantltatxve analysis becomes ‘more pructical
for- Schheren netliods than.the. shadowcraph
especlally 1f the flow:i is two. dxmensxonal

Asothier optxcal techmque the intérfer-
ometer (Mach-Zehnder type); Uis. the. inost
expeénsive, most-precise, and most. dlfﬁcu*t to;

-adjust. This method is- considered favorably
“becauseé of its. ability to. record -density

dlrectly, therefore, quantitative amlys.s be-

‘comes- relatively -simple. for :two-dimeisional
_problems. .

In consideration of all- facmrs involved, the

'Sr'hheren method ‘has recexved the greatest

application. A- relatWely mmple des;gn ‘of this-
system can -be constructed, -capablé of

-permitting (1)-Wide-range" sensitivity, (2): 1he

usé of color to. enhance contrast; : ;and "(3)
snnple adaptation to a- shadowgraph or an

interferometer-of. the polanzmg or diffraction

grating type.’In addition, the Schiieren system
is more companble for the restrictions

ixmposed upon the field of ¢overage anid. the

mechanical requirements of the test section
than the mterferometer Also; a preliftinary
cysiem can be set up using readily available

‘optics such -as photographic ‘lenses. A

thorough descnptxon of these methods is

-given in Refs.-8-and 9

2375 FREQUENCY METERS

Measurement of fluid oscillations can be
accomplished  with a hot-wire_anemometer-or
a-sensitive -pressure transducer. The hot-wire-
anemometer-has the advantages-of very small
size, and thus minfmum obstruction to flow,
and has excellent response. Unfortunately,
considerable care must be nsed in handling
these anemometers. Calibration is time-con-

suming, and thie output is a fourth power

function,
23-75 SIGNAL.GENERATORS

A low-frequency signal generator can be

2321
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Roleting
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Supply
Downsireom orifice /

Figure-23-21. Wobble-plate -Type Signal
Generator?

obtained-from a variation of the flapper valve;
.a wobble-plate attached to a rotating shaft, as
shown in Fig. 23-317. Shaft rctation varies
the distance between the surface of -the
flapper, or: wobble-plate, and the downstream
-orifice. This changes the resistance of the
.orifice and:the pressure within-the.volume.

‘The lower frequency liinit of this type of
signal generator is .zéro, or a -steady-state
-pressure. The upper limit depends- on
wobble-plate speed-and-the frequency charac-
teristics of -the flapper valve-itself. Response
of the flapper valve drops off with frequéncy
-due to the reactive-capacitance-of the volume
and the resistances.-of the upstream -and
downstream orifices.

Smce the- simple wobble plate is dynami-
cally unbalanced, it produces undesirable
mechanical: -vibrations. This fact limits.-the
upper frequency available from this type
signal generator. This limitation can be
overcome -partially -by- use of a-circular-cam
Fig. 23-327. Since the cam can be balanced

/ Circulor com
, Rototing shoft

"Figure 23-32. Circular Cam Signal Generator”

2322

dynamically, higher speeds can be obtained. A

variety of output-waveforms can be obtained-

by varying the cam shape.

An electrically-driven flapper provides for:

easily changeable output. wave shapes and
higher frequencies. The. flapper part of the
valve is attached to the voice cone of a
loudspeaker, Fig. 23-337. Since the speaker

cone can be driven from-an electrical-signal

generator, a wide variety of output-wave
shapes can be obtained by varying the shape

of the electrical-input signal. This type of
signal generator is very versatile and-useful in.

laboratory development work.

Pressure oscillations can- also be -provided-

by piezoelectric -elements. -In this ‘tvpe of

signal generator, ‘the elements are mounted in-

a cavity. When excited: electrically, the
elements- distort-and- create-a.pumping action.
This pumping action excites-the chamber, and.
a tube connected to the chamber produces a
varying-pressure output. These generators can
produce-pressure -oscillations from 206 Hz to
between 5,000 and 10,000 Hz. The upper end
of this- spectrum is welll beyond the
requirements of -most flueric work. The
pressure variations available from piezoelec-
tric generators ar: small, at ieast -in the
pressure ranges of interest .in. {lueric -‘work.
The variation in cutput is a function-of the
electrical power applied, the bias-pressuse
level (the supply pressure applied to the load),
and the volume of*the attached load.

Loudspeaker

Fluidic sigaal oul \ﬂ
Electcicol input slgnel: 7

Figure 23-33, Loudspeaker-actuated Signal
Generator?
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-CHAPTER 24

COMPONENT DESIGN

The timer package is composed of a
number of individual elements connected
together in a modular fashior. to fit within a
specified volume. For example, present flueric
timers-have-as components a power source, a
stable oscillator, a counter circuit, and an
output transducer.. The operation of each of
these as an entity must be thoroughly
understood as well as their operation when
integrated in ‘the timer assembly. 7he
par~graphs that follow discuss some of these
elements with the emphasis on their use in.a
milita,;y timers -or timing circuits. Standard
terminology and symbols are used?.

24-1 ‘POWER SUPPLIES

All flueric elements require a:continuous
flow of fluid through them during-the period
of time that they are functional: Thus the
source of power for a fiueric timer_ becomes a
most basic component and ‘should be
considered carefully before a supply source is
decided upon. Also present devices ope:zate
mainly on “flow™ rather than “pressure”. To
achieve isolation between clements, “venting”
or “blecding” -is employed. These conditions
necessitate an excess of supply fluid.

It is completely feasible to use almost any
type -fluid as-a source supply for a flueric
device. Some examples- of tested fluids are
air, gases, water, oil, and process fluids. /it
present, air is used more widely than any of
the others.

There are ptimarily three distinct way: of
obtaining a power source:

(1) Use of environmental fluids (ram air,
water, etc.)

(2) Packaged supplies

(3) Evaporadon of liquids, sublimation of
solids, and gas liberated from chemical-

reacticns.

Ram supply appears to-be a logical-choice

for timer circuits for missiies and projectiles,

and for objects which have a relative motion
with respect to their environment. In military

projectile applications, the utilization of ram-
-air has certain advantages and disadvantages;
-namely:

(1) Advantages:

(a) Inherent safety because the system

-.cannot be activated until the projeciile is.

airborre..

(b) No internal power supries needed;.

‘therefore, a savings in -weight, volume, and-

cost.
{c) Unlimited supply of-source fluid.
(2) Disadvantages:

(a) Coniaminants in ram air (dbt, water;
ice) can make the system inoperative.

(b) Filtering to eliminate contaminants
causes an increase of weight, volume, and
cost.

Packaged supplies, on the other hand, offer
several desirable features, and are being used
in missile timers, primarily because-the timer
can now be a complete package, independent
of environment and motion with environ-
ment. One serious drawback is its limited

24-1
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supply. If -wé consider bottled supply fluids,
ave-can cite the following disadvantages:

(1) Additional weight, volume, and.cost
(2) -Limited fluid supply

(3)- Pressure variation

(4) Supply Icakage intclerable.

.A summary-of the advantdges and disadvan-
tages- of environmental ‘and bottled gas types
of power supply is shown in Table 24-1.

Power supplies in the third cate-
_gory = evaporation of" hqmds étc. — are pri-
marily poténtial ways ‘of generating a. fluid’
‘but at-present have not been employed i inany
military timer application.

24-1.1 RAM AIR POWER

The fluid streaming -past a missile;. pro-
jectile, or vehiclé which moves. thiough“the
atmosphere or water provides a direct source
of power without transduction for flueric
-systems.. The movement must: be_fast-enough
S0 that there is sufficient ram pressure- to

TABLE 24-1

COMPARISON OF FLUID POWER SUPPLIES

Environmeatzi Supply

Adventages Disadvantages

‘Less weight, size, and ‘Contamirants fron en-
cost vironment can clog.
_svr‘ m-

Inherent fail safe -Pump required for
-stationary systems

Unlimited supply Filters required

Any fluid, liquid or gas

24-2

operate a flueric system. The stagnation &
pressure is obtained from- Fig. 24-1 from
altitude, air speed, and air temperature data as’
follows:

(1) Read -the stagnation pressure in stand-
ard atmosphivres from-the graph for a certain
air speed and air temperature “(use the
standard- :temperature from the- 1able above
35 5000 ft):

(2) Multiply the stagnation préssure in
standard atmospheres by the standard-atmo- ‘
sphenc pressure 'in pounds:..per .square mch B,
correspondmg -to-the proper altitude trom the
table .

‘Effective. velocities can be qwte low for.
specxﬁca.ly desxgned systems. US Army.
Harry Dlamond Laboratcries in cooperation
with’ Army Avxatxon Laboratones ‘has de-
signed a -flueric. ﬂow ‘Separation mdxcator
which is ‘a stall sensor for a-wing. The dev;cc
indicates flow separation down to 35 kt, with (
effective pressures at-the instrument as low as
2 in.-of water. '

Ram air power supplies have many-
advdntages for fluerics:

‘Bottled Gas Supply

) Advantajes -Disadvantages
Pure source tuid Additional weight, volume, and
cost: )
Operate in any en- Limited fluid supply

_environment.
Tailored for precision Supply.leakage intolerable
circuits

Pressure regulation required

Limited to gases
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(D Safety There is no -power until. the
Projectile acluevcs a predetermined velocxty
Itis completely inert-during storage.

‘(2) Reliability. For example, the .power
supply unit can be sealéd until it is firéd. in a
projectile. When the projectile is fi red, the
scal is. automatlcally opened:. Before ram-air is
used, rain drops and particles can be rf;mpved
‘by a centrifugal separator.

(3) Less \'feigh't and space. No fuel-supply
or high-pressure.tanks are:needed.

(4) Less- pressure regulation. At ‘high
velocltr's, the flow can bes choked tolimit
‘pressure recovery.

o (5)'Long'tetm storage. Completely.-inert.in
storage.

Electrical-power also ¢an be supplied by a
fluéric_generator -which is driven by ram-air.
The generaior has no rotating parts.-However,
it doés.have a diaphragm-which flexes-at a
very low stress level. Ram air also can-be used
to drive-a pump?.

24-1.2-PACKAGED PNEUMATIC POWER
SUPPLIES

Packaged -supplies are usually metallic
containers with auxiliary- equipment—such- as
relief valves, filters, and regulators—from
which.a gas emerges to-operate downstream
flueric elements. The gas-within the- paclfage
wmay be generated from the combustion o
-solid or .liguid propellants, or a bottle ,may
have been charged with an irert gas such-as
air, nitrogen, or argon at a high pressure.

The types using the combustion of
propellants ‘usually are classified as steady-
state supplies. With these, ideally, one wislies
to supply a guantity of gas at a fixed pressure
(no change with time) and temperature: By
virtue of a chemical reaction, the gas
temperatures- of steady-state supplies are high.

244

.in-the-gas.generator-may .
far-as-the flueric tiner is concerned because it

This: fact necessitates flame resistant: con-
tainers, and heat and. crosion rssistant
downstream hardware.

Containers- that. are charged initially with:
ati- inert: gas under prescure: -are classifi ed-as
transiept Supphes With these a fallroff of
pressure with. ‘time occurs.. However, -‘with
transient supphes the deslgner caii- almost

guajantee a -particle-free fluid at. ambient’

temperature, and filtering -may ‘be unneces-

26:1,3 STEADY-STATE SUPPLIES
~241.2.1 General

The steady-state supplies (gas generators)--
are devices producing. gas in -a controlled’

‘manner?, The supply may be consxdered .as
either a constant-rate or constant-pressure
source. -

The orime advantage of this type of gas
generator lies in its ability: to deliver a-
‘maximum_of power for a given weight and:
volume. 'The gas- in most cases is generated: by
the reaction of a pyrotechnic mixture:
Efﬁcxenoy is maximized- when- the Zascs can
be used at high temperatures. This advantage

makes it more expensive.

In-some applications lower femperature gas:
is-available because the flueric ~ircuits can be-
operated by waste gas from- other systems-

such as a servo-control system.

of prime ‘importance in the-design of gas
generators is provision for furnishing the gas
at-the time, rate, -and pressure required for
operation of the flueric system. This provision
is.met in most cases by control of the shape,
size, and ‘weight of the- propellant grain .used.
to supply the gas.

be a-disadvantage:so:

.

L
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24:1:3.2 -Solid-propelisnt Gas Gonerators

Solid-propellant” gas generators occupy
little volume, are ‘light in weight, can be.
controlled easily for quick initiation or
termmatlon of -the- -generating action, and can
suppl ¥ 'gas at steudy-state conditions. The
properties of the :propeliant to be-considered
are:

(1) ‘Burning rate of the propellant
{2) Equiliorium:combustion pressure

(3) Temperature dependency of oumning
rate and equilibrivm combustion pressures

{(5): Characteristic flame températute.
The: most commonly used® ‘types of

propellants are double-base or -composite.
Nitrocellt lose and nitroglycerin are.-compo-

mnents of the double-base propellants. The-
composite types contain an oxidizer and a-

reducing-azent or fuel. Ammenium nitrate in
a butyl-or acetate bmder is an example of a
coraposite propellant.

Both--double-base- and composite propc;-

Jants are:presently-used as gas generators, butr

-are-not-consideyed-ideal materials.- Composite.
type propellants provide the lowest burning
rates and are cooler burning. As disadvan-

tages, composite propellants require pressure:

regulation, burning rates are dependent on
temperature, ignition is difficult .at low
pressure, and -gases may -contain solid
material, .

Nitrocellulose and nitreglycerin-have higher
‘burning rates, e7d also higher burning

temperatures. Unlike the composite materials,.
-the burning rates of double-base propellants.

are-less dependent-upon grain temperature.

Fig. _'24-24 shows a gas generator in its
simplest form. It consists of a section of

AMCP 705-205

CAP

__CASE
INHIBITOR

PROPELLANT

IGNITER

NOZZLE BLOCK ———
‘RELIEF VALVE -

RUPTURE DISC

/F" TﬁR AND
REhULATOR

L‘.Jl\surm

Figure 24-2. Basic Gas Generator

cylixz.driéél czsing, capped at both enés, and
contains. a2 single grain of -propzllant which
completely fills the case. Gas is allowed to

emerge through a nozzle in-one end: after the,

zrain s -initiated by -an igniter. Various
auxiliary-equipment such as a filter, regulator,

and.relicf valve are-needed to cperate the unit

successfully.

With restricted, ond-buming gains the
supply time is a direct functiva- of grain
length and burning rate. The amount of gas
genera‘ed is directly proportional to burning
rate, burning surface-area, and density of the
propellant. The mass flow rate of the unitisa
function-of the exit orifice, chamber pressure,
and characteristic flame tenperature. @i
addition,; the chamber pressure-is-a function
of the ratio of burning acea to exit area. In
designing a gas generator, the mterdeggndence
of these variables should ‘be considered to
provide a satisfactcry unit.

The volume for steady-state supplies can be

expressed in terms of the mass flow rate,
propellant density, and operating time as

24-5
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Pp
where . el
Vv = supply,contaiper,volum;,};i:3“
w, = prqpéll:ant gas flow rate, Jbfsec
t = burning time, sec
b = propellani density, b/in.?

The- containér volume in cubic feet is
plotted in Fig. 24-3%, using a Py of 0.053
Ib/in:3, against required flow. w, in pounds.
From this figure it is -seen that the
steady-state  supplies occupy sma’‘er-volumes
than-do the transient or-bottled gas suppiies
when:the flow rate is equal..

24-1.3.3 Chemicai Gas Generators

Gases may ‘be produced frem chemicai
reactions or chemical decomposition-of liquid
oxidizers and reductants. The gaseous-prod-
ucts may be complex mixtures of CO, H,0,
N,, -CO,, and" many other gases. Some
examples of combination -fuels are -nitro-
methane, nitric acid-aniline, and hydrazine
hydrate-ydrogen peroxide. Nitromethane
and -other monopropellants can te decom-
posed into hot gases by increasing the
temperature and- pressure of the reaction.
Nitric acid-aniline and hydrazine hydrate-
kydrogen perioxide are self-igniting -(hyper-
golic).- Other gencrators depend upon chemi-
cal decomposition of compounds through the
use of catalysts, such as sodium per-
manganate, calcium permanganate, and potas-
sium-chromate to produce hot gases.

Gas-generation by chemical decompositicn
presents_several ptoblemns. Fuels and oxidizers
usually are highly reactive and extreme-care
must -be taken in storage, transfer, and

246

-compressed  gas

- B [
e e i R i ¢ e AR P

reaction iritiation. The chemical compounds
have rather short-shelf lives and therefore will
not conform to the usual military require-
ments. -

24-1.4 TRANSIENT SUPPLIES (PRESSUR:-
IZED BOTTLES)

Bottled supplies ate the most reliable-and

simplest of packaged power supplies. Some of

the factors affecting the selection of a gas for
these supplies are:.

(1) Safety in handling

(2) Toxicity

(3) Critical temperatures and pressures

(4) Purity

(5) Con.ssive properties

(6) Noncondensible content

(7) Dew point

(8) Availability of the gas.

The most common gases selected are air,
argon, and nitrogen. -Because of leakage

problems, compressed gas bottles should-te
charged- shortly Fhefore use. Leakage rates-of

‘bottles produced to commercial toierances

may be too high for long-term-storage. For-a
given minimum mass flow ¢ is known that
systems require greater
volum:z and weight for the tanks, as compared

‘with other-packaged systems. Both mass flow

rates and.storage-tank pressures decrcase with
time after initial use. Therefore, the bottle
must cany a greater-supply than is necessary
to provide the minimum mass flow.

With transient supplies, the voluine re-
quired -to-supply gas for a given time, pressure
ratio, and-flow rate is given as®.

(

Y
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- 12 RT, w,t i3 (24-2)
— -
Piin ( "‘“")
Pt
where
v = supply container volume, in.?
R = universal gas constant, ft-1b/1b-°R.
T, = gastemperature, "R
t = time required- to supply the gas,
-sec
w, = required flow rate, Ib/sec
P, = minimum pressure to supply a
flow of W, Dsi
P .. = initial tank pressure, psi

Maximum- flow will occur when the-velecity
-at tue throat.is Mach I. This will take place
when the pressure ratio is-equal to orless than
-critical.

If-air at 70°F is the fluid considered-and P,
is taken as 30 psi {to guarantee supersonic
flow since vent is to -the atrmospherc), the
container volumes for -various P, Vversus

. rmax
requircd flow w, ¢ is plotted-in Fig. 24-3.

Usually the minimum mass flow rate w, is
-specified along with the time duration f to
supply- this flow. Since space is at a premium,
the smallest practical volume should be
-considered. This will necessitate using tanks
vharged to high pressures, and usuaily
supersonic rather than subsonic flow will
occyr in the supply nozzle.

24-1.5 STORAGE CONTAINER DESIGN
In the interest of safety, foremost in a
dssigrer’s mind should be. the ability -of the

‘container to withstand the:maximum pressure
without rupture and the incorporation of a

24-8

relief valve in case the pressure inad-
vertently is exceeded. Safety factors between
1.5 and 4 usually are incorporated, and a
minimum wall thickness of 0.1 in. is-specified.
Steady-state supply cortainers shculd be
fabricated from a good grade of stainless steel
that is flame resisi.nt, but transieai con-
tainers have been made successfully from mild
carbon steel. Typical design shapes for
contajners are shown .in Fig. 244%. This
coniainer is somewhat idezlized to aid
analysis. and is composed of a c¢ylindrical
section with two end cans of hemispherical
shape. The ratio 2/d.(length-to-diameter) is a
useful quantity and is denoted by:S. When S
equals 1 the container reduces to.a sphere.
The container may be analyzed in terms of a
uniform maximum principal stress (tension'in.
hoop or hemispbere). ‘or on the basis of a

" -uniform ‘wall thickness: If the uniform stress

is used, theory shows that the cylindrical
section thickness always should be -twice as
‘great as -the cpherical section thickness.
Junction ‘stresses are neglected, assuming
-smooth transition from.one thickness ito the
other.

The container extern2l volune, thickness,
and weight-as a function-of S for each design
type can ‘be expressed as shown on Table
24-2%. If a wali thickness less thay 0.1 in. is
calculated, the designer-should use a thickness
of 0.1 in.

For the uniforia stress condition, by
combining and rearranging the vslume and
‘weight equations, a weight to vohime ratio as
a function of S can be expressed as

W, 168 ~3Y\
-t = : . 4,3
V k (BS-—I) (24-3)
where
k P'"‘”F’p°
0

and other terms are defined in Table 24-2.
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(B) UNIFORM THICKNESS DESIGN

Figure 24-4. Two Examples of Idealized Container Designs* ¢

Eq. 24-3 shows that the best shape is a-

sphere for which S =1 (since S can never-be
less than 1), and ¥',/V = 1.5°k. This gives the
miniraum v eight fo volume ratio. As S is

ircreased from 1 to oo, W /V increases from

1. Sktoamaxxmumof”Ok

For the uniform thickness design

(24-4)

It is-seen that this.expression. approaches 2
k as S approaches mﬁmty, but remains greater
than 2 k for practical values of S. Since the
container thickness &, was used .in the
development of the-uniform thickness desizn,
Eq. 24-3 is not valid forS= 1. AtS=1, W. /V
should equal 1.5 k as was true fer the: umfonr
stress -design. Eqs. 24-3-and 24-4 are. plotted
in Fig. 24-5%. The: dotted- curve for the
uniforn thickness design should be used for S
between about 1.5 and 1. For values of S

24-9
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TABLE 24.2°
EQUATIONS FOR CONTAINER DESIGN

Uniform Stress (4, =26} Uniform Thickness (5, — 5 )

_ nd® nd? i 7 -
v qas ) v =T as—1y ’
12 12

h =ft>n:xd7 A .__Pinaxd
€ 20 20

A =anexc{,

4o

STV S

P nud® P puds C
i _"max¥c"? - = maxe"C Y
W, =T s W, =-mexe

[4 40 20

V' = extemal containzr volume, in.?

Q.
i

= external cortainer diameter, in.

(%
"

2/d ratio
2 = total length;:in.

Wc = unntainer weight, ib

A max = maximum expected internal pressue,.
-psi

= material density, Ib/in.?

0 = maximum alinwable stress in tension,
psi(includes any design safety fagtors).

h,  * .cylindrical sectior thiciness, in,

.. h =-hemispherical seciion thickness, in.
h = thickness of uniform design, in.

‘Now:-1fh, orh is<.01in., 438 h = 0.1 for minimum desig,

24-10
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greater than.5, the difference in the weight to
volume ratic for the two curves does not
-exceed 10 percent of their mean-value.

'24-2 GSCILLATORS

Thie basc oscillator in a flueric timer is-of
utmost importance since it determines the
precision. of the overall timer. ldeally the

‘oscillator fggquency 1aust not be sensitive to

the  variations in ‘temperature or supply

- pressure-and-it-must function in:the following
" environments:

(1) =65 to+160°F (225 deg F spread)
2) Spinup to-30,000 rpm
-Oscillators have been constructed using

four different sources of oscillations:
(1)-feedback, (2) torsion bar, (3) sonic, and

30—

e UMIFORM TH'CKKESS

20

UNIFORY, STRESS

1 i 1
R -8 10 12
Sx l/¢

NE

Figure 24-6. Weight-to-Volume Ratio vs
‘Length-to-Diameter-Ratio for Cylindrical Tunks
With Hemispherical Enc Caps* ¢

AMCP 706-206

(4) half-adders. Each of these- oscillators is
discussed. See also Ref. 6.

24-2.% FEEf)BACK OR RELAXATION OS-
‘CILLATORS

The feedback type of oscillator is advanta-
geouc-since its frequency can be controlled by
adjustments and modifications of the feéd-
back- path configuration in addition ro design
changes in the os:illator amplifier; ie.,
setback, splitter locat:an, nozzle width, etc.

Reéi. 7 -gives detailed results on. three

‘velaxation caciliators (désigned to beinsensi-

tive: to -both-temperature and suoply-pressure
vasiations) using 'R-C-R feedback looks. One
specially tailored oscillator. achieved a1
percent frequency change over a pressure
range of 6 to- 30 psig. and a frequency
variation of less than 1 percent over a
temperature range -from 77° tc¢ 175°F at 10
psig. A similar oscillator at a pressure input of
10 psig did not excecd * 1% for a temperature
range fram —55° io0 175°F.

A tyiical relaxation oscillator is shown in
Fig. 24«7. This model used a fized

Figure 24-6. Relaxation Oscillator®

24-11
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capacitance volunie of 0.366 -in.3 -with the
restsiction. at R, being- variable. Best results
were obtained when R, -was 0.01 in. wide
with the addition of two small adjusting
scTews placed in the R, line to control flow
into the feedback loop. Adjusting screws
were set to obtain best tempcrature and
pressure. insensitivity. Experiments illustrated
that a-fair degree of temperatuie and pressure
insensilivity .could. be obtained by .a critical
choicz of the R;-C-R, parameters. Of the
two, temperature insensitivity -was considered
miost-important, and it should.be noted that
above models .worked over a temperature
range of - approxxmately 100 deg E. Ref. 7
gives a mathematical treatise op the condi
tions for pressure and temperature-insensitiv-

ity.
24-2.2 TORSION BAR OSCILLATGR

Ref.. .8 discusses-an oscillator that. devxates
somcwhat from a_true flueric: devxcc in‘thata
mechanical vibratine-element.is employed. A
torsion- bar occillator is shown-in schematic
form in Fig. 24-7%. It consists of a cxrcu]ar
torsion -bar fixed at one end with the other
end free to rotate. A flat plate aftached to the
free end of the bar not only provides the
inertia for the system but is the element
driven by the air flow across it, thus
furnishing the pressure pulses necessary -to
drive -a"-counter. The air flow between this
plate and the upper stationary plate produces

<«——AIR FLOW

— (INPUT)
N

VIBRATING PLATE \—TORSIQH BAR
(FIXED AT-ONF, END)

Figure 24-7. Torsion Bay Oscillator! ¢

24-12

a lift on the plate due to Bewnoulli’s effect.
This rotates the leading edge of the plate

toward the upper plate until the lift is spoiled:

due to the .loss of air flow. The restoring
torque of the torsion bar then rotates the
pressure plate back toward and beyoad its

-neutral position. The cycle.then is repeated at

the natural frequency of the spring-mass
system. The oscillations of the vibrating plate
produce sxgnmcanf pressure ﬂuctuat‘ons in

the throat of the device: These are picked up

via tubing_and fed to a fluid counter circuit.

Since the physical dimensions of the
osciliator elements are affected only- slightly
by temperature variations, the natural fre

quency of ‘the vibrating plate remains

relatively constant over-a wide temperature
range. It is -for this :reason -that good

frequency control can be-expected using such
-ahybrid system.

24-2.3 SONIC OSCILL.ATORS

“The sonic -oscillator, s seen in Fig. 24-8°,
also depends-upon feedba k for its operation.
However, in this case there is an unrestricted

tube replacing-the circuijt-elements. Pressure

waves propagate through: this tube at sonic
velocity, controlling the frequency of oscilla-
tion. Since the sonic velocity varies directly as

‘the. square root of the-avsolute temperature,

the frequency of the sonic oscillator will vary
in the same manner~increasing at higher

‘temperatures and ecreasing at lower:temper-

atures.

The frequency of coscillation f of the sonic

Joscillator is?
a 1
=—+ — Hz (24-5)
f 22 T: 3 H ( 5/
where
a = sonic velocity in-the operating fluid,
ft/sec
‘2 = length of tiie feedback passage, ft

¥
E]

SAMSUNG EXHIBIT 1028, Page 403




Downloaded from https://www.everyspec.com

LEFT OUTPUT -—-\

RECEIVER~

- SRS

AMCP 706-206

/—-F\lGHTOUTPUT

| CHANNELS

RIGHT CONTROL
NOZZLE

SUPPLY FORT

POWER-JET
NOZZLE

TR TR——-p—

\—,-FEQ)BACK CIRCULATION LOOP

Figure 24-8. Sanic:Oscillator!®

T, = amplifier switching time, sec

One method: for providing temperature
-compensation for the sonic oscillator is the
use of a temperature sensitive element (an
orifice, slide etc.) to vary the impedance of
‘the sonic delay line as the:temperature varies.
A conic oscillator with such mechanical
‘temperature compensaiion is shewn in Fig.

24-9. The position of th::slide (the degree of

obstruction) in the lin: is controlled by a
temperafure sensitive element. Changing the
position of the slide in t¥e line varies the

impedance of the’ feedback-line which changes-

the switching time T, (see- Eq. 24-5).

An advantaze of th: scheme is that
relatively large slide movement is required for
small frequency -changes. Thus large dimen-
sional tolerances are permitted, and the

-scheme lends itself to miniaturization, and-

permits close matching of the oscxllator

temperature haracteristics. The disadvantage
is that the temperature can-be compensated.
-:only- over-a nairow -range.

24-2.4 HALF-ADDER OSCILLATORS

Another type of oscillator uses the
half-adder element (exclusive -¢r, and) with

the addition of a feedback loop. The element.
is a two input -device skown in Fig.
24-10(A)%. If either inputs. C, or C, are
present (but not both), the output of the
device is at port O, .- However, if both-C; and
‘C, are preseut simultaneously, the output is
at O,.1f now, see Fig. 24-20(B), power supply
'ﬂuxd is applied to input C, and feedback
from ontput port-C, is applied to input C,,
the device will -osciilate. The cyclic action
ccmtmues for as long as fluid is supplied to
<G.

The frequency-temperature characteristics

2413
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Figure: 24 -9. Temperature Compensati g Schemegfqr:Sqnic Oscillator! ¢

of the -half-adder oscxllator nas frequency-
reversals. as the temperature is increased.
Frequencv variations -occur with changes ‘in-
supply “pressure except at the specific
temperature  where -frequency CTOSSOver
occurs.-At this temperature complete i insensi-
tivity to pressuse is-observed. This suggests
that. element geometry plays an important
role in establishing the frequency-temperature
characteristics of flueric -oscillators. In fact,
theoretical studies indicate that for any given
oscillator there exists a region of temperature
insensitivity. By proper ‘sclection of feed-
baplg-lgn; dimensions and-operating pressure,.
this region can be shifted to one at which:
-operation is desired. Unfortunately, -both:
theory-and experiment-indicate that tempera--
‘ture *sensitivity is obtained at-the expense of

enecific

—~FEEDBACK CIRCULATION

R~ SPRING

dih

pressure -sensitivity. Ideally: for military
applications, a self-compensated (ie., no
moving parts) flueric oscillaior. would be most
desizable. This is especially: rue for those
systems. reqmred to operate in an extreme
environment:such as high spin:

24-25 VIGH-PRESSUKE, LOW-FLOW OS-
CILLATORS

A hxgh-pressure, low-flow (HPLF) osciliator
is snown in Fig. 24-1119, Al HPLF devices
are based on colinear source and receiver
nozzles. A jet leaving the -source nozzie
impinges on the receiver port, causing increase
in receiver pressure. When the receiver
-pressure rises above a critical value, there is a
sudden- change in flow dxrectxon as flow is
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Figurs 24-10. Development of an Oscillator from the Half-adder Element
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Figure 24-11..HPLF Oscillstor* ®

2xpelled from the receiver. A wave front is

_produced by the two- opposing flows. As the.

pressure-drops in the receiver, the wave’ front
moves toward the receiver nozzle There is an
audlble snap and a change of flow direition
when the wave front contacts the receiver
nozzle. The receiver pressure begins to rise,
and the procoss repeats. '

24-2.6 -DES!IGN- O‘ OSCILLATORo FROM
THEORETICAL CONSIDERATIONS

Sisice the time base oscillator of the-fiueric
timer ‘ficust function accurately in. a given
envircnment, a great deal of atteition should
be given 1o its design. In the design, we shouid
be cognizant of ‘the following requirements-
for 2 time base oscillator:

(1) Temperature and pressure insensitivity.
within-its working limitati¢ns

(2) Small size

3) Functionat with respect to- its down-
stream components (insensitive to lcading).

(4) Rigid construction.

As_discussed earlier, fiueric oscillators can
be fabricated with 2 rcasonable degree -of
temperature aad nressure insensitivity, at least
cver the milita'y operating range. At present,

however, -an os.illator cannot be designed-
directly fror: theoretical considerations, and-

snust undergo a series of experiments to
.achieve the fYinal model because of the

24-16

_mnnf hoat ween:

résqlts, mdxcate that the variables
-considered. -arc extremely important,

complexity'of the equations to be solved. For

‘example, Ref. 11 discusses a fluid. oscillator
-employing. distributed parameters- as -the

fesdback -Joop- (ducts: of constant .cross
section).. The theoretical frequercy vs temper-
_ature re]atxons.up fora physxcal model usmg a
feedback line 12 in. loag, 0.027 in. in
dxameter, and operating-at 50 psig is as siiown
in Fig. 24-)2'*, This- curve ‘was -generated
ing the equa*mn" presented.in ‘Ref. 11- Tne
th-o;etxcal T, . (point.around which maxi-
mum temperatureé insensitivity is to be
expected) is-approximately —196°F for this
model. However, when: an cxpenmental
sodel-was fabricatéd and:itested at 50 psig the
curve of Fig. 24-13'T was. obtained with
T .5 An- the tange 125° to 225°F. The
dissimilarity was explamed as follows:

“The. temperature region at which the
f'equency peaks is shifted appreciably from
the -theoretical .curve; however, error is to-be
expected because of the many vanables not
taken into account; these ‘include the
variations of Mach number with position, the
capacitance of .the amphﬁer itself, the
switching time of the- amplifier, and the

monlinear -effects due-to tle waves being of

large amplitude.”

-Apparently, complete use of al' variables in
their-proper manner was too complex to be
investigated- at ‘the time. The large disagree-
theorctical: and experimentai
not
, and
apparently additional study is required before

v e "vv‘

it--is. possibie -to precisely design oscillators

solely-from theoretical considerations.

24-2 FLIP-FLOPS

24-3.1 GENERAL

The -simplest fluid device is the binary
flip-flop-shown in Fig..24-14. This is a digital
device that has two stable modes; one with

e e o =
[T
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Figure 24-12. Theoretiai/ﬁPerfc'rmanée;quve for Feedback Oscillator
Employing. Distributed Parameter Ducts

the stream attached to the right wall with
output at O, .and one with the stream
attached to the-left wall with output at O,*,
Flipping is accomplished by introducing a
control pressure at C, or C, of sufficient
magnitude to satisfy the entrainment charac-
teristics of the:stream. The stream tiien moves
to- the opposite wail at which- time control
flow can be remeved and action is stable in
the new position. Load vents are provided for
stability and 1solation. Thus, the device can be
looked at as having an “on™ and “off”
position. Elements can be *stacked” or
“staged” to produce binary counters similiar
to electronic logic circuits and many of the
control elements that are possibie with
present-day-electronic circuits,

A

*Stream attachment it a fundamenta) principle sometimes
i referred to as the COANDA effict. It is well covered in
« mazny references ' 717 and w Il no*, be discussed here.

A more refined configuration of -a flip-flop |
element is- shown in Fig. 24-15. This ﬁgure
‘portrays the fluid flow in a schematxc manner
while the -unit is in operation. Also in this

figure, relative sizes of-the physical features of

the device are indicated as multiples of the
nozzle width. Use of the nozzle width as a

scale factor_permits scaling up or down of the
element at” will. At the present time nozzle

‘widths of -0.010 jn. are in common use.
Smaller sizcs-to 0.004 -in. or smaller may be
-used but the problems with particle entrap-

ment are increased.

Fig. 24-15(A) shows:the flow pattern with
the outputs unobstructed, and FFig. 24-15(B)

shows the flow pattern with one oufput
partiaily blocked. The outputs are almost

completely -decoupled; blccking one ontpui
has only a cmall effect on the opposite output

-and keeps full piessure on the load. Because

there is ample gain, devices designed in this

manner easily may be staged and such a unif
‘has been found capable of switching-as many

as 16 others with a pressure recovery as high

24-17
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Figure 24-13. Performance of Experimental Oscillator

as 50 percent. Similar designs provide for even
‘higher rates- of pressure- recovery, but with
somewhat lower gain.

To maximize. the effect of the side. walls,

is desirable to -have the nozzle of the- po.ver
jet deep with -relation to -its width giving a
-high aspect ratio. It is-also_desirable to. bring
the sidewalls in close to the strcam to
maximize their cffect ‘thus- glvmg a high gain.
1If a wide range- ok operation-is desired, it can
‘be- achieved -at the sacrifice -of some gain- by
moving the sidewalls back from the stream.
The minimum aspect ratio for operation-of a
wall interaction amplifier is about 1. The
optimum aspect ratio for minimum flow is
-about 1.75.

24.3.2 TYRICAL PERFORMANCE CHAR-
ACTERISTICS OF A BISTABLE
FLIP:FLOP

The element of Fig. 24-16 is a schematic
representation of a 5-port flip-flop, for wiiich
performance characterictics: may- be de-
veioped. In the following-discussion assume
that these conditions can be.met:

(1) Supply pressure at port 1 (P,) can be
varied over some-given finite range.

(2) Control pressures P, .and P; can be

24-18

opened to the atmosphere -or by orifice
restrictions, and auxiliary supply can also be
controlled independently.

{3) Port pressures ;. to P; can be
‘easured.

(4) Flows Q, to Qs can be measured,

() Elements can be loaded by cﬁl'ice
restriqtions in ‘their output ‘iggs;

The real element will. have soine finite
‘oLtput restriction diameter (of onflce) ‘we
will call. d and the nozzle-will in general ‘be
of rectangular cross section- Qb We can define

an -equivalent- ‘circular area of dxameter d,

stich that

/42 172
- (d )= b; d, i)

is a constant for a given nozzie size.

We can now define a loading parameter d, /
d, where an increase in .this ratic 1s
,synonymous with less restriction in the
output legs. We.will consider stable output-to
port 4, with control ports-open' fully. If we
take measurements of flow and pressure at
ports 1 to 5 for various-size -output onﬁces,
‘we will generate typical -curves as:shown-in

(24:6)-

b ay
T | '
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“LoAD VENTY

" .Figure 24-14. -Bistable Flip-flop

Fig. 24-17'%. These curves will be identical

-over -a rather large input supply pressure
-1ange, thus it is valid-to use:normalized flow
-and:pressure values. There will be two distinct
orifice sizes (or output loads) do, and d,

between which useful operation and gain-will

be realized. Diameter dp, is found at the
intersection of the Pg/Py and P4/P; curves

while d,, is at the intersection of the Ps/P,

and-P;/P; curves. Note-that since P, is open-

to- atmosphere or zero gage pressure, the

‘P;/P; ratio is zero. Due to symmetry, if we
‘were to flip the flow (by increasing (P¢) so

that output is at P, and repeat the above,
identical curves weuld-be obtained, and all we

need-do is reverse the roles-of P; and P4 in-

Fig. 24-17 and supstitute P, for Ps. Ior this
rlevice the following may: be defined when
output is at Py :

AMCP-706-205

{B) PARTIALLY RESTRICTED OUTPUT

Figure 24-15. Wall Interaction Fluid Flip-flop

24-19
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Figure 24-16. Five Port Flip-flop Schematic

Pressure Recovery Rp = P[P,
Flow Recovery R, = Qu/Q

Efficiency N

(Rp) Ry)

Pressure gain Gp =
Py — Py
Ps (to switch) —Ps

Flow g;un GQ =
Q4 — Qs
Qs (to switch) — Q;

Power gain GT = (Gp) (GQ—)
The gain as a function of loading will decrease
in loading typically as shown in Fig. 24-1814,
The best operating poin: is where N is a
maximuin,

Ref. 14 gives detailed test results on alarge
vistahle element constructed at US Army
Harry Diamord Laboratories. In this example
the nozzle dimensions were 0.12 X .0.36 in.
(thus 4, was 0.234 in.). The elemient -was
tested over-a pressure range of 5 to-45-in. of

24-20

water (C.18 to- 0.62 psi) and the output
channels measured 0.36 X 0.36 in. without
-orifices. The ratio (dy, /dy, },%2s observed at
a point where.d, = 0. 3725 in. and’ (do ,d,, J
was found.at a-d, of 9.338 (average value .
These values were-obtained with zero control
port flow-(open tc atmosphere). At a do of
0.348 ir. best results were obtained where:

Pressure gain-= 3.0
Pressure recovery = 31.5%

Efficiency = 43%

The preceding example indicates the

manner in-which-the performance characteris-
tics of a- typical bistable flip-flop smay be
determined. This: type of performance mea-
surement and- analysis -aiso presents another
technique. that may be useful in -the
development -of “flip-flop elements..-Using the
empirical design approach, the designer-can.
build a large-scale_model, test it to obtain the
response curves as described in this paragraph,
then using a linear design reduction factor
scale it down-to the desired miniature size.

24-3.3 ADDITIONAL REFINEMENTS

The addition of -a concave cusp -in-‘the
splitter region-can result in a high-pressure,
high recovery, high stability, flip-flop as
shown in Fig: 24-19'°. A vortex is established
in the cusp region. When output is-at-O,. the
vortex rotates clockwise, helping to maintain
flow to O;. When_output is at O, a vortex.is
established on the opposite direction. thus
supporting output to O,.The vortex increases
the stability-of -attachment of the supply jet,
giving high-pressure recovery. However,.flow
gzin and cwitching time ar. degraded. With
this amplificr, if one output (i.e., O)) is

corapletely blocked off, .flow will commence:

at the opposite output. If the block is
removed, output is again obtained at Oy since
the direction: of the vortex (whichk has not
been altered) returns the supply flow to its
original path.
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of C.1 msec or less is illustrated in Fig.
“24-201°, This component.uses a fluid-dynam-
ic.vhenomenon known-as the edgetone effect.
'quer proper supply conditions, oscillation
wir' occur between the cusp of one output
port and the splitter wedge. These oscillations

a small control flow- shifts this action to- the

-the splitter wedge.
24-4 COUNTERS

Par. 24-2 on oscillators discusses various
methods in-which a stable series of pulses can

(do|)—-’—0PERATOR—1-(d°2

-Switching in a-high.speed flip-flop capable-

remain in a- dynamxcally stable condition until-

other side, at which time oscillation occurs
‘between the -cusp on -the opposite port and:

’JUTPUT L.OADING (do ,/dn) —*RATIO INCREASING

Figure 24-17. “Typical Opera ting Curves

be produced with some degree of tempzrature
and pressure insensitivity. This paragraph
covers the function of countérs which,
coupied” withi-a stabie osciliator and an output
sensing device, forms the heart of the flueric

‘timer system. If stable osclllators could be

constructed -such that .their period between
pulses was the time- interval desired, there
would be no nezd for a counter syetem
However, since timer apphcatlon may be
concerned with time durations_ in the interval
of: 0.001 to- 200 sec, only the very shortest
period timer-could be -obtained by coupling
ditectly to an oscillator. If we consider thata-
useful pressure- dxsturbance is -obtained in- a
positive as- well as negative pressure wave,
then to obtain a period of 0.1 sec we would

24-21
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-Figure 24:18. Typical Parformance Curves-

need an oscillator working at 5 Hz; considered
a low, unstable, and uncontrollable fre-
quency. Also, since we would like to trigger
our - txmer at time zcro, andlor charge- txme

man@atory

Therefore, any digitally sequenced- and
controlled system will employ some form-of
counter network. The:complexity of these
counter networks vasies, depending upon the
needs of the controlled system. Types of
counters include binary counters, binarv-
coded-decxmal _counters, gray code counters,
nonsequcntxal counters, etc. Normally ina
timer the counter design will be. matched- {0
the. apphcatlon, the result generally wil be a
unique counting and- sequencing network
which uses fewer components and performs
the- prescnbed task more adequately than the
pure binaxy-form.

24-4.1 BINARY COUNTING

“The-binary counte: is the most-widely used
counter type-in both electronics and fluerics.
Table-24-31€ is a truth table for a three-stage
binary counter. The fable shows that the
cundmon of each stage in the counter at time

‘n plus one” is dependent only upon the
condition of that stage at time “n™ and

24-22

Oulput Oviput
-Port 9y Port O3

“Selitter L2
Interoction
ragion

I

Figure 24-1Y, "High-stability, High-pressure-.
recovery, Wall-attachment Amplifier °

whether-or not the adjacent stage of lesser-

significance (the stage to the right in.the truth
table) switches from a ore” time to a “zero”
dunng :the transmon from-time “n™to time

n-plus one”. This logic can be mechanized-in
‘Tmany ways.

A signal passing through a single ‘bistable
flip-flop will have its frequency halved, and
‘time period-doubled.

Example: An oscillator workingat 1000 Hz
coupled to a 3-stage binary counter A, B, C,
-provides.the foliowing time periods:

Frem A 2% ;C"O =2 msec
From & 4X( ! ) =4 c
Trom 1000 mser,
. 1
FromC  8X (1000) = 8 msec
Fromn 1
t 1 (_,___.) - )N .
stages 2" X | 1000 2" msec

A more general examule of binary counting
is shown in Fig. 24-2;. This figure shows how
N stages can be interconnected and the
available outputs of each stage. Note that all

Pl

o byt o o A A ”
AT IR AR R A A R LRI TR RN S I MR i et
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Figure-24:20. Edgetone Amplifier?®

-stages are -coupled. to- a.common supply S
. delivering ‘manifold pressure and the O,
-output feeds the ingaut of the next stage. All
0, outputs.are available-(or simply vent) at
slightly less-than-S duie to pressure loss within
‘the element.

The fluid counter operates due tc the same
-pressure differential that holds the stream-of a
bistable amplifier- against the wall'S. The.
entrainment- of the strean lowers the pressure
‘between the stream and the -wall, This low
pressure-induces a $mall flow from the higher
ambiext pressure on the Oy side of the stream,
around-the-loop to the low-pressure adjaceat
to -the wall-on.the O, side (sec Fig. 24-22).

‘This flow is- too small to .switch the stream.
When a fluid pulse to te counted is inserted at
-the "bottom cf “the ioop; ‘it joins the smaii
induced flow -and provides sufficient flow:to
satisfy the -entrainmeuat. and switches the
stream to the O, output. When the pulse flow
ceases, the low pressure is now adjacent to tke
‘wall on the O, side of the counter. A small
flow is now induced froni-the ‘Thigher ambient
_pressure on-the O, side of-the coynter-to the
lower pressure adjacent to-the wall cn the O,
side of the counter. Thenext pulse inserted at
the bottom cf the loop joins the induced. flow
_and switches the stream back to the O; side of
the counter-where the: pattern repeats.

AMCP 706205

“TABLE 24:3:

“TRUTH-TABLE: FOR A THRE!: STAGE.
‘BINARY’COUNTER.

State s:fm )
Timen . _Timea +1
-Count C-. .B A C. B A
0 9 6 o0 0 1
1 0 0o 16 t 0
2 0 1T 00 1 1
3 0 f 1% 0 O
4 1 o 01 0 4
-5- 1 0 1T 1t 1 0 .
-6 1 1 e 1 1 R
b 3 1 - 1 -0 -0 0

One also should realize that in the ﬁnal’

_timer. design, a means of r:settmg the couiter
-to.zero, as well a3 ameans of varying the time

set over a period- -of- perhans .1 45200 secin
0 Isec intervals may. e desired. Some of”
ﬁ‘ese pro‘s‘cms are discussed in par. 24-i0).

2442 BINARY COUNTERS IN SLGW-
RESPONDiNG SYSTEMS -

‘In-a very. slow responding éystbm, the state
of :the counter-may be simply decorded-and
used directly to- generate the appropriate
function. For example, if it is desired to close
a contactor at count five of the counter state

shown in tabular- forin in Table 24-3, a set of

n}mIpAND .cr OF mnn .;.;ué Aeex -pars.
24-5.1 and 24-3.2) may be Lscd to decode the
emtenw of five:- (10’ ABC)-in: tlie -counter.
The decoding circuits then may be ‘used to
close the contactor.. With the gating. so

-arranged, each time the ﬂ‘untgr -reaches five,

the contactorwould close.

2414;3 BINARY COUNYERS IN FAST-
RESPQNDING SYST EMS

When tiic counter is being used to control
systems or circuiis which respond - almost as’

24-23-
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Nth . .
STAGE FREQUENCY-= t/5
Fs OUTRUT ’
?
.
Nih V A
STAGE
3rd 3
STAGE, FREQUENCY=f/," = f/g.
P OUTPUT
Py é
‘ B " 2nd .
3d STAGE FREQUENCY= f/o“= t/a
¢d  p o OUTPUT >
STAGE S 2 g g
] 7
% % 7
- I - —
STAGE FREQUENCY = f/2
2nd  p OUTPUT 7
STAGE 5% % 7 % % % %
INPUT FREQUENCY =
Ist
STAGE Pj - ;
5 INPUT ﬁ ?
0o 0]
STAGE INPUT f , 17 11
FROM OSCILLATOR TIME
Figure 24-21. Stages of Binary Gounter
24-24
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Figure 24-22. Details of Fluid Flow in‘a Counter

fast, or even faster, than the counter itself,
other characreristics of the couater operation.
‘must be taken into account—such as the
‘transient condition generated by the “flutter”
-of the counteér. During these periods of
transiency it ‘is highly probable that false
states might be-decoded, thus imposing a new
condition on the. desigr. of the counter. These
_problems can be eliminated :by-dividing- the-
_pariod between state changes into at least two
-phases: a.counter change phase and a system
control -phase. Complexities added to the
-circuit by these-new conditions include the

‘necessity for developing two-phase clocking.

systems, -usually accomplished by higher

‘speed counters: or the use of one-shots

-operating dir.ctly off the oscillztor:
-24-4.4 DEC'MAL COUNTERS
A-simple counter, one step more complex

tasn the binary counter, is the:counter that
returns to zere prior ‘to- reaching the

maximum:possiblz count. An éxample of this

type of counter is the binary-coded ‘decimal

counter._It is designed to count to nine, then:

return to zero, and is used widely to provide
cutput control for decimal display systems.
Tible 24-4'¢ js a truth table for ‘the

binary-coded-decimal BCD counter. Note that-

i
TABLE 244

8CD TRUTH TABLE

State State
Timen Staten+1
Count DC BIA D C BIA
0 e 000 0007
1 00091 0010
2 0010 001 1
3 60611 01300
4 0100 - 01071
5 at1o0r1 0110
8 0110 011F
7 01171 1000
8 1000 1001
9 1001 000Q-0
24-25
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this ic not the only possible design for a base
ten counter. Tables 24-5'¢ znd 2466 are
other  possible combinations of sequential
counters which can serve-the same purpose as

the counter of Table 24-4 with the simple

exception that different decoding matrices
would be used to decode the appsopriate.
states.

24-4.5 NCNSEQUENTIAL COUNTERS

One interesting variety of nonsequential
counters is the Gray code-counter discussed in

‘Ref.. 16, which- changes ‘only a single bit when

E33

cl;qngtng to an ‘7 plus-one™ state. Because
each- change of state -expetiences only the
change. of a single bit, .all of the transient
change problems mentioned earlier as .n-
herenf in other counter -designs are -elimi-
nated: Therefore; the number of phases can
be reduced to one. Table 24-7'¢ shows a

Gray code sequence-for.a counter designed-io-

generate the control sequence for the flow.
diagram of Fig. 24-2316,

The simplicity of such a Gray code design
is demonstrated by the set-reset equations for
the counter. They are:

TABLE:245
‘EXCESS THREE BCD TRUTH TABLE

s

‘s"_'ia', Siste-
Tima n Timen +1
Ceunt D C B-A_ D C B A
o 00 11 0100
k3 0100 01 0 1
2 0 5 0- 1 0110
3 g 1 1+ 9 0 1 1 1
4 G 1 11 100 0
5 1000 1 001
-€ 1 0 01 1 0 7 0@
7 1010 10 1 1
8 10 11 1 100
9 1100 00 1 1
24-26

Set A: (clock pulse)* (C+ B« Start + CB)

Reset_  A: (clock puise)(delay com-
plete) °(C-B + C*B)

Set-B: (CA)«clock pulse)

Reset B: (AC) «clock -pulse) + Malfunction

Set C: {(B+A)«clo¢k pulse)

Reset C: (Failure) {Monitoring) + off
Set Monitor: (C+B)

Reset-Monitor: c

For the-convention of bars over the letters,
see par. 24-5.1.

245 LOGIC CIRCUITS

Logic-circuits are made up-of a combina-

tion -of elements such as:flip-flops connected
so thata meaningful output can be obtained. It.

was already stated (par. 24-3.1) that the
flip-flop element can have:two stable modes,

either “on” or “off”’. These-can be so chosen:

TABLE 236
EXCESS FOUR BCD TRUTH TABLE

State State
Time n Timen + 1
Count D C BA D €C BA
0 109 0 1 0 1
1 01 0 1 0110
2 0 110 01 1 1
3 1 1 1 5000
4 1 00 C¢C 1 0 0 1
5 100 1 10180
6 1t 010 1011
7 19 1 1 1100
8 1100 i1 01
9 1 1 0 1 0100

A o
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TABLE 247

'\'RUTH TABLE FOR GRAY. CODE COUNTER
FOR MtCHANIZlNG FLOW DIAGRAM' FOR
THE ¥YPICAL SEQUENTIAL CONTROL
SYSTEM OF FIG. 24-23

Counter State Counter State-

“Control Timen Timen+1

idad‘ﬁép

“State A 000

GtateC- .

State G 101 1

-control

C 8 A CcB A’

% U 1 un
zonditional when
start button depressed

01 1 un
conditional upon next
clock pulse-energize
starter

0 1 0 un
conditional upon next
clock pulse after de-
“lay tast for maifune-
tion

0 0 0 un
conditional upon mal-
furiction '

Stats B. 0071

°
-i
.3

State E iio0 11t un

conditional upon next
clock-pulse ignition on
0 1 uns
oondittwl upon next
clock pulse Fuel'on-

0 0 -un
conditional upon next
clock pulse after dulay-
initists svetem moni-
*oring

Stats H 060 00O
conditional upun fail-
ure or-off signal

to represent a- “true” or “faise’™ statemgnt

dependent on whether- “positive” or “nega-

‘tive” logic is chosen, respectively.-By viriue of

the bistable action, an element will remain in
ons state until acted upon by some external
pressure, thus -the concept -of
“memory” is inherent in each bistable
element. The paragraphs that follow discuss

AMCP 708-205

the-action of some -logic elements that are
reﬁrxemvnts of the simple fhp—fiop element
frorz which logic circuits are constructed. A
familiarity with Boolean algebra will aid in
understanding -the notations used. Appeadix
A lists the more important-identities associ-
ated with Boolean algebra.

24-5.1 -OR/NOR ELEMENTS

“The:OR/NOR element is a bistable flip-flop

) ORNAL OFF TURN . OFF
STATE A @: 2.
- TSYAmTRUTTON | .
TA
STaTE 8 DEPRESSED.
ENERGIZE STARTER |
STATE © : :
DELAY
A HAS SYSTEM
STATE © (WALFUNCTIONED 2
STATE E © IGNITION.ON .
STATE F FUEL ON
STLAYN
TINITIATE sysTEM |
STATE ¢ MONITGRING
RORNAL
STATE H " SPEED ORALL

MONITORING
60

Figure 24-23. Flow Diagram for a Typical
Sequential Control System*®

24-27
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that will solve-thc following Beoléan equa-
tion, A + B=C which is to be mterpreted asC
equals A or B; i.e., Cis‘true if either A or- Bis
true. Obviously,. xf both A and B are not- true,
then C is false. Th.s is_portrayed most. easxly
by-means of “truth. ‘table™ shown in- Table
24-8“5 Hexe, the -1’s-represent true values
.and:the 0’s false va]ues. This relanons‘up is
called an “OR” relationship. When it i5 used

ina system using fleuric components, it is

called an “OR” elcment, circuit, or gate. Then
C “being the ~omplement of C, funr'tlons as
-the-NOR element..

’Ih@ OR element can contain more: than
two inputs, thus we could write A+B+C=
D for a-3 input device.

‘Applied to .a two-inpui. fluidic device we
may - interpret the preceding logic as follows
(see-Fig. 24-24(A))' ¢

(1) Used as an OR element. An output is
-obtained at C if a contro! input is-present-at
either A or B, or both :No output is obtzined
at Cif no control flow.exists at A and B.

(2). Used as a NOR-¢lement. No output is
.obtained at C if control flow exists at A or B.
Flcw ‘out of C only:is present if A and-B are
simultaneously -absent -(off). OR/NOR -ele-

TABLE 248

“TRUTH TABLE-FOR-A"SINGLE OR/NOR
ELEMENT .

:l)‘
o

L
0
1
1
1

“am00
-0 - D
OO =

. OR NOR*
*NOR = not OR

24-28

SUPPLY supPlY

IMPUTA ~ awnput AN L
INPUT 8 mdoane E B =as .
¥ nPUT 8- \ .

NoR OR NAND -AND
< ¢ T <
{A) OR -NOR {8) AND —NAND
Figure 24-24, Symbollc Logic
Representation* ¢

ments-may be staged. to-fornin working -logic
circuits, but usually-are combined with other
logic elements such as. ANI)/NAND and will
be-discussed. (NAND means “notand”.).

— pera o

'24:5.2 AND/NAND ELEMENTS

“The noumal AND/NAND -element “js:like--
wise 2 bistabie ﬂnpt‘op with two -output
poits, a supply port aud two input perts. It
will sclve-the following relationship:

A-B=C

W

which means that Cequals A and B. That is, T
is true only when-dboth A and B are true. The
truth table for the AND/NAND element is
shown on Table 24-9'¢. C is the NAND
functior. of the element.

- —
- o

TABLE 249

TRUTH TABLE FCR A SINGLE
AND/NAND ELEMENT

A B L <
0 0- 0 1
o 1 0 1
1 0 - 0 1
1 1 1 c

AND NAND®

*NAND = not AND

SAMSUNG EXHIBIT 1028, Page 419
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Applied to a flueric -device we may
interpret. Table 24-9 as follows (see Fig.
24-24(B)):

(1) Used as-an AND element. An output is

obtairied at C only if control flow cxists at A

and B simultaneously. No outpat is obtained
at C if only A or B are present or neither is
present.

(2) Used as a NAND element. Output is
obtaineii at C at ail times, except when inputs
at A and B are present simultaneously..

24-5,3 COMBINED LOGIC ELEMENTS

As an example of a digital system using
logic elements; consider the following (assume
that -we have two sets-of three variables with
“their complements):

Call them (A, B, C)and (D, E, F). The first
set"is-varying in-some-manner. We would like
to arrange the-second set manally to a fixed
combination. ‘When the. first:-set is exactly
equal-to the second set; i.e., when A-and D
are the same,.B-and E are the same and C and
F are the same, there will be an cutput. With
this given information, the following truth

* table is made:
out- out- out-
A D put B8 E put C F out
0o 0 1 00 1. 00 1
01 0 01 0 901 C
10 0 10 9 10 0
1 1 1 1 1 1 11 1

The overall output is true only when: each
combination is true. We-may write (including
the implements)

Overall output = (AD + AD)«BE +
BE)«(CF +CF)

See Fig. 24-25'¢ for a circuit arrangement
to provide this operation-and Fig. 24-26!6 for
the flueric equivalent of this circuit.

AMCP 706206

{ OVERALL
; / ourpur

KOTL THE LOGIC
SYNBOLS FOR OA.
ANO AND GATES:

Figure 24.25. Circuit Arrangement
for Comparison-Circuit* ¢

The problem cdul¢ have been sol:e? by
using only-OR/NOR gates and making use of:
DeMorgan’s taws. This solution is-presented in
detail in Ref. 16 (pp. 7-8):

In using-combined logic-e'ements, there-is
an easily -defined: relationship between the
OR/NOR elements -and the AND/NAND
elements. In order-to construct a system using
logic components; logic: levels -must -te
defined. It makes-little difference which level
is chosen as the “true” level. In digital control
systems, howcver,.-a name is assigned- for
either chioice. If the higher level jis chosen-as
the true level, the entire system -is called
“pusitive logic” system. If the higher levelis
chosen as the false level, then the system is
calied a “negative-logic” system. By higher
and lower Jevels we mean the following: for.a
fiueric system we may choose: the two
outputs of a bistable switching element as A
and A. These ontputs are, alternately, flowing
at some rate, or not flowing. If we decide to
use the posiiive logic scheme, we may call the
flow condition the.greater-level and-define it
as the true condition; then, the nonflowing
level is the false condition. It may be just as

24-29
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AND

o.»
v
v
S
I
)

N, —
R
F; . 1. oL
T . \?____ovemace
5}‘ ’ T ouTsur
4\ LAl
g4kl )
F-|)'\ . NOTZ AVAILABILITY-OF BOTH-Of; NOR, ANy
T ANO-NAND OUTPUTS

Figure 24-26. Flueric Equivalent
.of Fig. 24-25'6

convepient, if not: niore-so’in some: sitvations,
te teverse these roles. Note from -the truth
tables-for the AND and OR-circuits that if the
logn, levels ave reversed, :the OR -circuit
becomes the AND circuit and the AND circuit
’oem'nes the OR.circuit.

24-6 “RESISTANCE ELEMENTS

There are several different types of
resistance elpment“ which may be used in the
ﬂucqcs gystem:

(1) Tube resistors are -small lengths of
appropriate cross section having a length
séveral-times their width. These elements are
sometimes called capillaries.

(2) Orifice resistors are' essentially thin
disks laving a restricting hole placed normal
to thefluid flow in the passage.

{3} Porous mietal resistors are slugs-of a

intered-porous-metal placed-in the passage to
resist-fluid flow.

“ Vanable -resistors- may be a sevies of
tapped resistors of the types Jesc_r;oeq or-they
may-be centinuously variable as, for example,
a needle valve: A special category of variable

resistor is the settable resistor which may have

its restriction- varied by tcols, but once having-
been:set becoines-a fixed resistor..

24-6:1 TUBE RESISTORS

Tube resistors.can be fabricated-from glass,
metal; ceramics, ‘epoxy, -and like materials.
Typical resistors have the characteristics
indicated by 'thé solid lines’in Fig. 24-27%7,
obtained with -air .at a- fixed -disunarge
pressure. A straightline: with-a stope of 45 deg
on this loglog -plot -indicates linearity. Tubg
resisiém have the ad‘vantag» of lnezirity,‘b,ut

Txibgi resistors zan b,é,: flattened :té alter
their cross-sectional area (and shape) and their
resistance. (Fig: 24-33 shows-a crimping tool

-
s
/
/(
E FLUID AR . 7 S,
& 7
a "/ /-
. ’ /
o
b4
Q
w
o«
=
n
“
(3]
-4
a
/
R TR R WL T TR ISR O SR O B
T35 & ¢ 8§ A g -2 35 €386 ¢y

FLUID CURRENT, LB /SEC

Figure 24-27. Pressure.vs Flow
for Etched-glass Resistors*”
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to be-used-for this purpose.) ? yrical linearity
curves for flaticned tube resistors are shown in
Fig. 24-2817 for air discharge at fixed output
pressure,. Fiattening tends to decrease the
slope below 45 deg. Tubes or capillaries are
chosen for the resistors because of theijr more
nearly linear characteristics in-comparison to
an. orifice- resistor. The resistance of a
capillary tube of rectangular cross-section can
be approximated by the expression-

AP 8m:f 0@

R=5 =@ * sop @7

where.

R = resistance of capillary-channel,
‘Tb-sec/in.’

AP = pressure differential across capil-
lary, psi

0 = {low rate, in.3 /sec

T8 = viscosity, Ib-sec/m*

g = length of channel, in.

b = width of channe), in.

h = depth of channel, in.

p = fluid density, slug/m3

FEach parameter in the equation will be
iffected by temperatuse changes. Thus,-one
expects- the resistance of the capillary-to-vary
with temperature. Theoretical analysis and
experimental resuiws indicate that the resis-
tance of a-capillery cube fabricated from high
temperature epoXy resin increases with an
increase-in-temperature, *

*The viscosity -of ideal gascs increases dircctly with the
square zoot of the absolute temperature. For reai gases, the
viscosity usually changes at a rate soruewhat greater thun
this becausc of the effects of molecular attraction which are
asumed zero for idcal gases.

= FLUID AIR P

SS?S
hY

PRESSURE DROP, P!
..

Wt 2 RN e ] 34 26 8 0
FLUID CURRENT, LB/SEC

Figure. 24-28, Pressure vs Flow-
for: Flattened tube Fesistors' 7

24-6.2 ORIFICE RESISTORS'

An orifice resistor is simply a thin disk with
a restricting-hole placed normal to fluid flow.
Usually a coupling or adapter is- provided so
that different size resistors can be substituted
at a given -place in the flow line. Diill jig
bushings-available in a variety of sizes-also can
be used. These bushings are usually -short
tubes, avallable with a collar on one end:
Since the bushings are precision dnlled
reproducible resistances easily can .be cb-
tained. Fluid orifice resistors are available
commercially. Dirt and contamination are
cleaned more easily from crifice resistors than
from tube or porous metal types.- Orifice
resistors .are cheaper to fabricate than fube
types but are nonlinear as shown in Fig.
24-29'% where R po is the effective. resis-
{ance.

24-6.2 POROUS-METAL RESISTORS

Although normally used as filters, sintered
porous metal parts can serve as fluid-resistors.

24-31
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'PRESSURE ,-#51¢

FLOW., CFN

Figure 24-29. Resistance of an Orifice*

Metals- that can be: powdered and sintered
mclude monel, brouze, stainless steel gold,
-and silver. A-wide variety of- shap@s:—guch as
-cones, plates;-and cylinders—can be produced
‘where required-by the application.

Porous-metal resistors: are--ionlinear, -but
the pressure -vs ﬂow curves have long
-straight-line sect\ons Typxcal plots:fcr water
and hydraulic. fluid: aré shown (in Figs.
24-30'7-and 24-3137;

Porous-metal’ resistors are not cleaned as
éasily as orifice or tvbe resistors. However;
they. can be- cleaned: by scrubbing, back-
flushing; or-chemical-cleaning: One exceilent
method:is ‘to: backﬂush while: the element is
unmexsed in an ultrasonic -bath. Surfaces of
porouv-metal resistors: must be handled with
care and protected from dirt-and -miéchanical.
injury. ‘Porous-metal resistors cannot bé
pluggf'd by a sifigle dirt particle as can onfice

or tube:types. Instead; the dirt settles on the-
-porous metal surfuc:-and does not change.the

resistarice -appreciably. An accumulation of

dirt is requited to plug a porous-metal

resistor..-
24-6.4 VARIAELE RESISTORS

All resistors discussed thus-far have fixed

24-32
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‘Figure 24-30 Flow of- Water Througi-a
Porous-metzl Resistor'”

resistances.. In .circuit development, ‘variable
osistors also are needed. Tapped resistors
easnly -are fabncated bty interconnecting exther
orifice or tube resistors, ani supplying taps at
the points- of interconnection. Care must :be
exercised when using such-esistors to ensure
‘that unwanted capacitances are- not intro-
duced. Cne disadvaitage of tapped-resistors is

that their resistance is not centinuously

variable.

The. traditional varizble fluid: resxstor is
simpiy a valve. The needle valve is th.e most
widely used. type in flueric-circuit develop—
ment. It offers the convenience of fine
adjustment in flow over wide ranges. Needle

-valves have been constructed with only one

degree- of taper, producing extremely fine
control of tlow through the valve (see Figure

24-321¢), If only steady-state conditions-are
considered, an entire circuit can be: developeu
with needle valves as the- only resistors.

‘How:ver, since these valves: are nonlfinear, jt

may b2 necessary to-replace many,-if: not-all,
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~Figure 24-31. Flow of Hydraulis-Fiuid
Through a Porous-metal-Resistor! 7

-of the valves with fixed linear resistors before
the smalk-signal behavior of the circuit can be
studied.

A commonly used laboratory technique for
this substitution is to adjust the needle valve
until the proper values of pressure and flow
-are obtained. The valve is then removed and
its rosistauce measured. Next. a2 piece of
copper tubung is substituted for the valve in
the resistance-tnsisuring circuit and the
tubing flattened with a small Fand vise until
its resistance equals that of the valve. The
flattened-tubing fixed resistor is thea instalied
in -the circuit in place of the valve. With
-comipressible fiuids, it may first be necessary
‘to measure the resistance of the valve and
then fabricate the fiattened-tube resisicr
while maintaining the same values of up-
stream and downstream pressure as in the
circuit under developnient,

A valuable device Lias been dewalopad {or
solution of the circuit balancing protlem: the

AMCP 706-206

Figure 24-32. Needle Vaive With-1-deg
“aper Anglz' 8

setiablc resistor. A crimpable resistor is
insizlled in the circuit in the nonzestrictive
fuperimped) condition. A terminal-crimping
teol (Fig. 24-3319%is used to izduce the
resistor cross-sectional area until ihe desired
downstrearn flow or pressure readings are
attained.

24-7 CAPACITANCES

A {luid capacitance is simply = ténk of any
geometry into whi# “Je fluic may flow and
be stored for a time, thes discharged. Any
tank or container which is safe at the
maiimum pressure ased is suitatle for a
capacitor, Since the pressures are wually low,
-the problem can te sclved easily. In American
Engineering units, ¢anacitance can be defined
as volume per unit pressure, and the units are
ft* ib. As in electrical circuits, fuid capaci-
tance will effect-a phase shift such that flow
will lead pressure by 90 deg. In a-cizcuit. the
fluid capacitor corresponds to the eiectrical
capacitor to ground. It cannot duplicate the
action of an electrical in-line capacitor since it

24-33
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Figure 24-33, -Grimping Tcol Placed Over
Resistor Tube!

favors direct current flow. Since.pressure is a.

function of flnid density and temperature for
a fixed -volume, capacitance C can 1é

-expressed-more basically-as

C = "p';; , ft¥=sec?/lb (24-8)

V = volume, fit3
p = fluid density, Ib/ft®

a = locai speed of scund in fluid stream,
ft/sec

Eq. 24-8 is particularily applicable in RC
fiuid -oscillators where it has been substanti-
aied-that the oscillaror frequency is normatly
both temperature and pressure -dependent.
Although it is difficult to determine either
anaiyticaliy or experimentally the variation:of
capacitance with -temperature, there are
indications -that the =zffective capavitance
increases with rising-temperature.:in any case,
it does not appear that-effective-capacifance
decregses with rising temperature. Thus-if an
oscillator can be designed such that its
frequency i approximatad by

k

=% _ (24-9)

where X = proportionality constant’

24-34

:then its frequency of oscillation should (\v
decrease as-the temperature increases. This is.

in.direct contrast to-the usual assumption of
‘inCreasing frequency prcpomonal to the
-square root of the absolute temperature.

24:8 TURBULENCE AMPLIFIERS
24-8.1 GENERAL

Turbulence-amylifiers make -use of the fact
that an interacting control jet can vary the
degre\, of turbulence in the main jet, and thus
vary oufput ﬂow or pressure"‘ Consider 2
stream-of flaid -exiting from-an input nozzle
as shown in Fxg 24-34(A). At low velocities
flow is. laminar and, “if properly -designed,
output pressure-may be only: slightly below

input pressure. -As ‘the sujiply ‘pressure -is

increased, output pressure is increased.
Continuing the pressure increase (and stream
velocity) a point then-is reached where the
flow is-{urbulent -zhead-of the output receiver
(Fig. 24-34(B))’ and. the output pressure is
reduced. Cnce total turbulent flow has been
attamed further ingut pressure increases.
output pressure. These- stages are shgwn on
Fig. 24-35. A-B represeunts laminar flow; B-C
is-transitional region from partial turbulence
to -complete turbulence; and- C-D represents
total turbulent flow.

. A control flow jet—introduced at right
angles and close to the input nozzle, Fig.
24-34(C)~can increase the degree of “turbu-
Ience and: the shape of -Fig, 24-35. Smce we
desire small changes in- control jet pressure to
effect lorge changes in oufputspressure (high
gain), initial design parameter should be
operational around point B, Fig. 24-35-i.e.,
natural turbulence should just start near
output receiver with zero comtrol pressure.
The addition of a small_control pressure thien
wi! increase greatly turbulence and cutput
pressure, see Fig. 25-3618,

e e e Yo %
- Ve e -
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INPUT FLOW
—

OUTPUT
(RECEIVER)

ﬂ CONTROL JET-OFF

(A).LAMINAR FLOW, CONTROL JET OFF

_ ouTPUT
INPUT —_(RECEIVER)

[—! CONTROL JET OFF

(&) TURBULENT FLOW, CONTROL JET-OFF

OUTPUT
INPUT /_,/% (RECEIVER)

CONTROL JET-ON
{C) TURBULENT FLOW, CONTROL JET O

Figure 24-34. Stages of Operation—Turbu-
lence Ariglifier

24-8.2 DISTURBING THE MAIN JET

Small dizt  vbances cause the point at which
the stream goes turbulent to shiit toward the
input tube. Disturbances can be introduced
into the larsinar stream by other fluid streams
Aimpinging on th. main jet, intrusion of a
mechanical agent, or by acoustic waves.

The greater the distance between the input

AMCP 706-205

CONTROL OFF

OUTPUT PRESSURE

INPUT PRESSURE

-Figure 24-35, input-Qutput Pressure Rela-
tionship for Turbulent Amplifier
With Control Flow Off

tube and output tube, the greater -the
sensitivity of the device; i.e., the greater the
effect of jet disturbances. However, the
maximum allowable velocity of the laminar
stream decreases with increasing distance
between the tubes. On the other hand, the
Jower the jet velocity, the lower the output
pressure. ‘The selection of a supply pressure
and a distance between the tubes represents a
compromise between sensitivity and useful
outpui.

Theoretically, turbulence amplifiers can be
any size, but in practice, there are upper
limits. Commercially available dewices are
used for control rather than power purposes,
and they have jet diameters of about 0.03Q in.
Distance between supply and output tubes
ranses from 0.375 to 1.5 in. In a turbulence

amplifier of this size, high sensitivity to sonic .

disturbances begine at about 1 3-in. separation

24-35
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0154 Supply pressure
> —— 0.5psia
. '.
? —0.2psla
g ¢
: g
1Y) S .
0 0.02

-Iapul-Control Pressure, psia

Figure 24-36. Typical Output Pressure vs
Control-Input Pressure for a
Turbulence Amplifiert

‘between supply jet -and. output tubes. When
the device is operated.in the acoustic mode,
frequency sensitivity varies with the separa-
tion. Acoustic sensitivity. of these devices is so
‘high that they can be -triggered by a mouth
whistle at a distance of 300 ft.

_The most commonly used turbuience
amplifiers are designed to be disturbed by a
jet of air projected -perpendicularly to the
main:jet. In practice, several jet inputs can te
used. The number of possible inputs is limized
only-vy available space.

An input signal also can be introduced
mechanically by moving a small object, such
as-a wire, into the jet s’tream preferably rear
the input jet orifice. This arrangemeiii cai-e
used as a basis of a mechanical-flueric
transducer. A small, pressure-actuated dia-
phragm also can be -defiected into the jet
stream to produce turbulence. Another
manner in which the main supply can be
made turbulent is through-the electrophozesis
effect. A pair of high voltage electrodes
positioned across the main supply-as shown-in
Fig. 24-37'° can develop an “electric wind”
that-can disturb the main jet.

2436

Figure 24-37. Turbulence Created by
Elecirophoresis Effect*®

24-8.3 INHERENT ACOUSTIC RESPONSE

Acoustic waves are dxt”ﬁcult to shield and,
in fact, are generated- by flueric devices
themselves. If acoustic -amiplifi catxon is not

wanted, the acoustic sensxtmty of the

turbulence amplifier should be low so that

only flueric amplification is obtained. T}us~

can be- ach1eved readily in-any.given ampuﬁer

design- because the distances between input-

and output ports at which -sound sensitivity
become- significant is usually much greater
than the distances required-when fluid jets are
used- as the disturbing input. Most turbulence
amplifiers used for contrcl purposes are
operated in the range where ‘they are not
acoustically sensitive. These amplifiers usually
are used-to sense or respond to a control flow
that is directed at approximately right angies’
to the main laminar input jet, and the
distances between input and outpui elements
are heki:to a minimutn.

24-8.4 CASCADING

Since the output of a turbulence amplifier
is a pressure, this output can-be used to drive
the control -jet of a second -stage. Thug,
turbulence amplifiers can be cascaded. Some
care is necessary, howeves, since the sutput nf
the amplifier never drops completely to zerv
over the-practical operating range. Thus, if the
output of one unit is directly coupled to a
second, the second stage -must be unre-
sponsive to small signals frem the first,

From-Fig. 24-35 the required characteristic
can be obtained by operating the firs¢ stage so

- e e = o
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that its-output lies- somewhat to the left of
the peak B, Actually, the amplifier can be
designed to operate considerably to-the left of
B,.and a large range-of relative unresponsive
action can be obtained.

Another approach is to provide a jet stream

‘with sufficient stability that-it is undisturbed
by the range of the inpuf and can be ignored.

24»8.5 ‘OVERDRIVING

When -turbulence .amplifiers are: used in

‘high-speed- circuits, care must be ‘taken to

avoid -overdriving since -the resumption of
laminar flow after very strong turbulence is
somewhat delayed. When a control signal is
turned off;" the fluid streami has to ‘become

12mirar -again before full output pressure is-

regained at.the output port. This effect can be

-observed readily in- the output of oscillators.
‘The effect on pulse- circuitry is shown-in Fig.
24-33!8, Note that the recovery time is much.

greater than-the initial reaction time.

In digital circuitry, this behavior is
particularly important where-a given device is
turned off, and thus has- a low output
pressure. When a negative signal is applied to
the turbulent amplifier-in-an attempt to turn

r\-‘——-———!nwl signol
J Y v .

0 et Time

! { \ r : Output signo!
0 -
0

———  Time

Pressure
—

[~}

Pressute

Figure 24-38. Output Pulse for a Positive
Input Pulse' ®

AMCP 706-206

it on, it is ineffective if the input signal pulse

is too short, ‘because the amplifier does not

have time to build up a laminar stream. This
effect is shown in Fig. 24-3918,

24-85 PRIMARY USES AND TYPICAL
SIZES OF TURBULENCE AMPLI-
FIERS

Although the turbulence amplifier can be
used in proportional applications, its. primary
use is in logic circuitry. It is partivularly
useful in this case because -a turbulence
amplifier can drive up to ten or more
secondary units. Furthermore, the- turbulerice
ainplifiers are isolated completelv, asd a
single amplifier can have 2 iarge number of
inputs. Again, the limitation is one of physical

‘room in which to place the multiple inputs

zather than-any theoretical limitation.

The turbulenice amplifier performs a logical
NOR ‘function.. A NOR function can be used
as the basis fcr all other logic functions-such
as AND OR,and counting circuits.

Amplifiers have been constructed with
power gains of 40 to--80. If some acoustic

sensitivity can be tolerated, pressure gains of
1000 can be obtained in 2 single stage. With

' T r- Togat signal
I * | \_

e Time

’l

B 'hm

Prassure

Pvcsxun

Figure 24-39. Output Pulse for a Negative
Input Pulse* 8

24-37
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this_sensitivity, the air currents produced by
even-small blowers can be- detected by open
amplifiers many feet from their source.

In digital applications jet sizes can vary
over a wide range, with typical supply tube
diameters ranging from 0.010.t0"0.70 in. For
diameters larger -than this, the length of
straight supply tube required to obtain
laminar flow becomes so long as to be
impractical.

By use of a typical supply tube diameter of
0.030 in. an amplifier can operate with supply

pressure of approximately 0.15 psi- and

produce an output of 0.075 psi with a no load
flow of 1.2 X 10 Ibfsec. If a control
pressure of 0.01 psi is used, the control flow
would be-about 5 X 1076 Ib/sec.

24.9 QUTPUTS

It is obvious that in order -for the flueric
timer to serve a useful purpose, some way
must ‘be found to use the energy output from
the low-pressure fluid signal at the end of the
set time. In designing a military timing
system, the difficulty of the design problem
stems from the conflicting requirements- of
the pneumatic signal sensitivity that must-be
combined with sufficient ruggedness to avoid
premature operation. A convenient cxample
of the design problems that must be solved is
found in the case of a flueric fuze for artiliery
ammunition.

The-usual output function of a mechanical
time fuze is the relcase of a spring loaded
firing pin. Sincz spring preloads of 5 to 7 1b
are common, a significant output force is
required to trip the pin. It appears that the
signal or actuation pressure from an end-item
sized flueric timer will be something less than
I psi. Several investigators have constructed
functional, low pressure transducers; however,
in most cases these devices require more
volume than that necessary for the entire
flueric circuitry package.

24-38

24-9.1 BALANCED PISTON OUTPUY DE-
VICE

-Onc tvpe of output -device uses the
balanced -piston principle. Applying this
principle to an output mechanism results in
the device shown in Fig. 24-40%. Since there
is clearance between the spool lands and the
cylinder walls, pressure supplied to port i
enables the spool to ficat in a centered
posifion. A bleed passage through the spcol
-prevents pressure from building up behind the
right-hand land thus eliminating- premature
operation due to pressure unbalance. Upcn
the elapse of the set-time, an output signai of

I psi is delivercd to -port 2. This sigaal,

although small, upsets -the equilibrivm and
causes the spool to move to the left. As soon
as the trailing edge of the right-hand land
passes port 1, the full supply pressure acts on

the =xposed: piston area and results in a-

significant output force-sufficient to-perform
work of fairly high magnitudes.

Compared” to passive type devices, this
device requires a continuous air supply
throughout the timing cycle. Power consump-
tion can be reduced by keeping the spovl and
cylinder clearance to an -absolute minimum.
Also the balanced spooi is sensitive to
external shock and vibration. Sensitivity to
external loading along a given axis is reduced
by addition of the counterweight. Any
loading in the horizontal dirsction, such as
projectife acceleration or deceleration, would
act cqually on the spool and the counter-
weight. Hence, the net torque about the
balance arm pivot remains zero, ie., the
system is still in equitibrium.

For ammunitior vnd-iten! use, a suparate
gas bottle capable of providing 20 psi for 180
sec might serve as a power source. A more
desirable approach would fiave the ram-zir
driven pump supply the device. In any eveit,
although this balanc ed-piston scheme mzy not
prove to be entirely satisfactory from a power
consumption standpoint, it does sutisfy ine

iv
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SUPPLY PRESSURE

\-Buzl—:o HOLE

PORTi

1 V777777

e—=—BALANCE ARM

/ 7

i 1 |+—-COUNTERWEIGHT

PRESSURE SIGNAL
FROM FLUERIC TIMER

Figure:2440. OuputMeckanism—PBalanced Fiston Type

requirement for extreme sensitivity to alow
level flueric couniter-output signal.

24-9.2 BELLOWS-ACTUATED

X OUTPUT
TRANSDUCERS

An output transducer used in a study at

“Picatinny Arsenal is shown in Fig. 2441121t

consists of a smal! ten-convolute bellows, an
adjustable contact, -and contact lgads. The
bellows are 0.090 in. in diameter with a wall
thickness of 0.0006 in. One end of the
bellows receives the output pressure of the
timer and the bellows elongate to close
electrical contact. The transducer functions
satisfactorily up to 100 Hz. The adjustable
contact is set to between 0.004 to 0.006 in.

gap to- be operable at o'tput pressures near 2
psi. The nominal linear travel of the bellows
at 2-psi-was-determined to he.about. 0.012 in.
The ‘placement of these transducers-is shown
in Fig. 244212, No change- of response was

-noted-when -the assemoly was spun about-an

axis through the cenfer of the timer at
rotational rates up to 150 rps. The arrange-
ment of the -contacts is such that initial
setback rorces tend to increase the-contact
gap. Thus, unschedulzd contact closure would
occur only due to deceleration forces such as
those produced by impact.

In another application, the output interface

consists of a bellows-actuated rotary switch as
siiown in Fig. 24-431?, The bellows switch is

24-29
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INCHES

]

BELLOWS

BELLOWL
ADAPTEFR:

Figure 24-41. -Bel'ows Transducer for Fluid Timer

made symmetrical to promote balancing and
to lower the sensitivity to inertia forces,
which would tend to operate the switch
prematurely. Lateral support aud damping are
provided by plastic tubes surrcunding the
bellows. Also the bellows are designed to be
stacked solid when not pressurized. This
prevents any displacement in one directinn
and permits elastic preloading to be used to
iimit any inertia forces that might cause
displacement in the other direction.

The present switch requires two output
signals from the output logic circuit as shown
in Fig. 24-44(A4)'°. Here the output circuit is
built from three NOR gates; the output signal
is on only when A and B are in. In order to
obtain fast response of the output interface
switch, with its associated volumetric capac-

24-40

ity, the third NOR gate used in this circuit has
a larger nozzle (0.010 in.). Fig. 24-44(B)
shows the output pressure flow characteristics
of the third element that drives the bellows
rotary switch.

24-9.3 THIN MEMBRANE

In another program, a pressuze actuated
switch was developed to close contacts with
pressures as low as 0.5 in. of water
(approximately 0.02 psi)*?. The only moving
element is a very thin swretched membrane
0.75 in.? in area on which is held one
movable contact. The oilier contact is
adjustable to actuate closing over a variation
of output pressure. The switch is shown in
Fig. :4-45{A)?° along with a view of the

_.overali timer unit in Fig. 24-45(B). After
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specification test procedure, iacluding tem-
perature  (-65° to '165°F), shock, and }
vibration- with a change in. pressure of less
than 0.5 in. of water required-for closing the
normally open contacts..

| 2416 SETTING METHODS

The requirements for the setting mecha-
nism are: (1) small sizé, (2):provide a
decimal readout, (3) ruggeduess, and (4) set-
table in increments to- provide. sufficient
-accuracy. The function of the setter is to
program the air flow between the output
channels of the binary stages comprising the
flueric counter and. the input (i.e., control
jets) of the decoder:-circuit. Fortimers having:
‘binary stage setting ports, the setting ;
‘mechanism programs the air delivered from. \
the common setting manifold to each stage.

e s - > - 5=

-

Some proposed setting devices have:
incorporated punched tape with a geared §
driving system or entirely geared arrange-
‘ments. Printed on the tape is the decimal

AR o = s N ke et Anitn S o 1o oo SOy ey Wit - S o
¥
i

SPRING LOADED ELECTAUAL CONTACT

Figure 24-42. Location of Transducers on
Timer Body

[

v e e

assembly and test, the switches were encapsu-
lated in epoxy, and no further adjustment was

‘ . . H . FULL SIZE VIEW
; possible. or- required. These switches were
: .demonstrated to operate for-billions of cycles
with less than 15% change in the pressure
, necessary to effect closing. One package of six Figure 2443, Bullows Actuated Rotary
. switches was subjected to the complete Swiich

2441
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WHICH ACTIVATES BELLOWS ROTARY SWITCH

Figure 24-44, Output Interface Civcuit for Flueric Timer

equivalent of tne set time corresponding to
the binary coded number. Set time is
displayed through a window -on the timer
housing. Although the concept of tape setting
is-attractive and natural for a binary to digital
converter, Zlifficulties may arise when one
attempts to package such a device within the
available space. For example, the tape length
must be sufficient to provide for the
maximum time and the tape must be capable
of being driven in either direction, ie., up

24-42

scale or down scale. Also the device must be
rugged enough to withstand military oper-
ating environments. in an attempt to
overcome sume oI these possible limitations,
intermittcar gearing should be considered.
The apparent advantages of this system are
ruggedness, positive two-way drive (no slip
clutches, etc.), and compactness.

The feasibility of this scheme was demon-
strated at Frankford Arsenal by the bread-
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{B1=SANDIA FLUID TIMER

Figure 2445, Pressure Sensitive Switch
Used in Fluid Timer

board device shown in Fig. 24-46%. The
mounting plate is 8 in. square. As shown in

Fig. 24-47% each housing contains a station--

ary cylinder with three equally-spaced indinz

‘tubing holes; a-thin-walled sleeve with twelve

holes arranged in a hinary type sequence
which is free to rotate about the fixed
cylinder; and a- spring-loaded shoe carrying
three m-line hose connections. When bread-
boarded, the sieeves are interconnected by an
intermittent gear train. A, digital counter is

Figure 24-46. -Flueric-Timer Setting Device
Using Intermittent Gearing

geared to the input shaft of the first sleeve,
providing a-decimal readout of the set time.

The slecve hoses are positioned in such a

-way that each 45 deg of sleeve rotation opens

and/or closes the air pacsageways between the-
fixed cylinder and the shoe (Fig. 24-482). The.
intermittent- gear ratio between each sleeve is
8 to 1. Thus 8 revolutions of the first sleeve
are required for one complete revolution of

the second sleeve. Or one revolution of the

first sleeve indexes the adjacent sleeve 45 deg.

To explain the operation of-this device, let |
-us take a-gpecific example, Suppose it is de-

sired to set 50.0 sec into the unit. Since a
4 to 5 gear-ratio (veduction)-exists betwes

the digital counter and the input shaft, for a
setting of 50.0 sec, 62.5 turns are rcquired of
the input shaft. Referring to Fig. 2448, 62.5
turns, starting” from the all--blank position,
would program 44.8 sec on the 31d sleeve, 4.8
sec on the 2nd sleeve and 0.4 sec on the Ist
sleeve. ‘The-4th sleeve would not have moved,
hence remains blank, The sum of the
individual sleeve settings equals the total or
desired time of 50.0 sec. If this device now
were coupled to an eleven stage wsounter
circuit and an eleven input. NOR. decoding
circuit, upon the first coincidence of zero

24-43
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Figure 2447. ‘Housing Assembly—Flueric Timel; Setting Device

-signals from ‘binary stages 3,5, 6,7,8and 9
-an output signal from the decoder could
occur 50 sec after the initiation of the. timing
cycie.

To make this setting arrangement suitable

JALSLEEVE
o ] 2 BINARY -
&) .8 S 8 .7 STAGE Na .
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o o o o ! :
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Figurs 24-43. Sleeve Hole Locations

24-44

. counter circuit and the decoder circuit

for artxllery fuze application, it mus be
redesigned -to it within the fuze contour®?.
Fig. 24-492 -indicates the- ‘location and shape
of the geared setiing mechamsm. Notice that
the setter ‘is positioned between the- binary
“This

FROM QAY BOTTLE

Figure 24-49. Flueric Timer Packaged for
Artillery Fuze
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1is a-natural location since the function of the

settei.is to’ interrupt the fluid sxgnals between
the binary stages and the eleveir-input- de«.oder

circuit,

“This miniaturized setting device consists of
four mtemuttently driven gear wheels of
approxxmately 0.5 in. pitch diameter sand-
wiched between two parallel metal- plates.
Each gear wheel hub contains the r@qmrﬂd
twelve th:ough holas and in function-replaces
the sleeves of:the breadboard.unit: The plates

3erve not.only to- support the gearing, but act
as “manifoids to permxt connecting -the ﬁ\ud,

circuit to the device. Setting is ac,comph‘s‘hed

‘by rotating an internal ring. géar that drives,
-via a-common idler gear, the first sctter wheel
.and the digital rcadout counter, The large ring
-gear would be fixed to the upper portion of
‘the fuze body while a readout wirdow-would

be located in the lower or stationary portion
of the fuze.

AMCH'706-206

An exanmiple.of a flueric timer developed at
chatlrny Arsenal employs pur: ched cards to
set ‘time intervals. ‘between 2 and 200 szc.in-
increments o 0.1 sec. A sketuh of the timer

-assembly is shown on Fig..24-501?, This unit

contains .five dividing-stages, twelve counter
stages, and an cutput stage. With an oscillator
working at 640 Hz, the- 17th -stage would
provide a pulse to the output stage (19th) at
the rate of 640/2!7, or 0.0048828125 pulse

per sec, or approximately 200 sec pulse

separation. This is-the maximum time-delay if
the: oscillator frgquency not changed. The
counter stages-are presettable. by inserting:an
encodéd card into the timer which, upon
receipt of a “preset pulse”, initially sets a_ *“9”
or-a “1” into each stage dependent on the
time lapsed desired. Thus if the minimum
time delay ‘is desired;. which is-1/640 sec, the
first- 17 stages would preset fo “1’s” as shown

in. Fig. 24-51(A)!2, the last stage to-a “97.

Upon initiation of t}[e first pulse from the:

FEATeITTT oy lﬂmﬁ—ﬁm?

ge‘wur pnm'

Figure 24-50, Fluid Timer With Card Preset

24-45
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{oscrLATOR}:

(C) SETTING FOR 7.5 SEC
-Figure 24-51. Preset Stuge fcr an-18 Binary Field.

oscmater, the first-seventeen stages would flip
tO “0’

-delay errors ace neghgxble This is shown- in
Fig. 24-51(B): For maximum- time delay the

, the -output stage to a “1” which
would proude the output pulse-in an elapsed
‘time of 1/640_sec, provided. propagahon time-

coded card initially would preset all “0’s”
into the 18 binary :field. If an elapsed time
between these extremes is required, some
stages: zmtlally would be preset to.“0’s” and
others to “1’s”. Fig 24-51(C) shows the initial
preset-for an 2lapsed titme of17.5 sec.
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CHAPTER 25

"PRODUCTION TECHNIQUES.

Techniques for fabrication. of flueric
derces are not difficult. In fact, the most
useful -techniques are weli-known. However,
the fact that the performance and characteris-

tics of a flueric devize are-related closely to its,

geometric shape can lead to problems.

Although models- have been: constructed
which ‘have adjustable parts, in- most in-
stances, a change in a geometric shape orina
dimension resuires the fabrication of a new
device.. Then, when a satisfactory design is
attained; the problem of reproducing the
design in production units arises:

Foremost among the considerations is the
choice of material to use in the:-production
urdts. Flueric devices are subjected to both
structural and hydraulic forces. The material
must have sufticient strength to- withstand
these forces without undue distortion.

Surface hardness of the material als must
be considered, particvlarly if the fluid carries
abrasive particles. Wear of the component is
especlally critical in nozzlss and at the sphtter
in stream-interaction devices. Other factors,
such as -operating temperature and type of
working fluid, also enter into-tle selection-of
a material.

The problems of quantity manufacture
differ somcwhat from thee *f a development
labosztory. In  the laboratory, ease of
fabrication is desirable to permit.rapid change
in designs. Longterm properties of the
material, such as wezr, are uiten not as
important as workability of the material.

Some of the production techniques dis-
cussed in this chapier are suitable for mass

production. of flueric devices, while others are
useful only in development work. They are
mentioned here with the thought-that at some
time in. the future the -processes may be
feasible on a productiun basis.-For additional
guidance on producibility, see Ref. 1.

25-1 MATERIALS
25-1.1 GENERAL RﬁouiREMEms

Matﬂnals for {lueric devxces should oe
dimensionally stable, capable of being formed
with precision (nozzles with dimensions of
0.010. in. -or smaller may be required), and
suitable for sealing. Due to the critical
dimensions of fiuid elements- and the trend
toward miniaturization, 2 marteriai must be
selected that does not drastically change its

physical size and shape when-exposed-to the

intended-working envircnment. The environ-
mental conditions may require that the
designer consider chemical, thermal, and
moistuze effects on the device. Also the
decigner should consider strength, weight,
size, cost, and shelf life.

A-material must be chosen so that precisely
sizcd and 1eproducible elements. .an be
fabricated. Also, since present fluid devices
are built from laminates. a material must be
chosen-with its seaiability (between layers) in
mind. Leaks in a complex fluid timer are
difficult to locate and will cause the unit to
operate erroneously.

25-1.2 SUITABLE MATERIALS
Flueric devices are presently fabricated of

materials of three general types—plastics,
metals, osnd ceramics. These thiee provide

25-1
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TABLE 25-1 K ’
SUITABLE MATERIALS FOR FLUERIC DEVICES e
PLASTICS METALS CERAMICS
Thermoplastics® Tharmosetting®®  Suitable Suitable
a. Most suitable: a. Most Suitable:  steel glasses
~ acetals, nylons, melamines copper cf"lf'des
polycarbonates, phenalics aiuminum nitrides
ABS nickel oxides
. magnesium {base
b. Usable But b. Sl:ghtly Less metals and alloys)”
Less Desirable: Suitable: B
acrylics epoxies,
polyethers polyestars,
polypropylenes silicones
polystyrenes ureas
vinyls
fluorocarbons
c. Not Suited: c. Used Mostly
~ cellulosics for Coatings:
-polyethylenes alkyds

peclyurethanes

*Softened or resoftened by heat; then formed; no chemical change.
**Initial molding by heat and/or pressure~after set chamical change occurs and further shope

change difficult or impossible.

properties required for each application. Also,
any of these may be used in combination with
each other to extend their usefulness. Table
25-1 lists materials of each type; Table 25-22
gives the general characteristics of plastics,
metals, and ceramics, and consequent applica-
tion considerations.

25-2 FABRICATION

Various processes have emerged in werking
with plastics, metals, and ceramics. These are
discussed in the paragraphs that follow.

25-2.1 PLASTICS

The processes generally used in fabricating
plastics include casting, thermoforming,
photoetching, injection molding, compression
molding, jet molding, and transfer moling.
Typical comparisons with reference to eco-
nomical quantity of production are shown in
Fig. 25-12.

252

25-2,1.1 Casting

This is a rapidly developing process.
Starting from a two-componeni catalyst
system in liquid or paste form, the two '
components are mixed and Imnediately ne
poured into a mold. The process can be
conducted at ;oom temperature and with low
moid pressure, and is suitatle for complex
precision parts. Types of thermoplastics used
include methacrylates, polyesters, nylons,
acrylonitrile, and epoxies.

The epoxy casting process produces a
one-piece unit quickly and at low cost. With a
suitable master unit, the design can be
changed quickly and easily. The basic process
consists of making plastic duplicates of an
item, with the intermediate step of a rubber
mold. The item to be duplicated is placed
within a suitable form, which may merely
consist of blocks of wood or metal arranged
on a flat surface to contain the liquid rubber.
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GENERAL CHARACYERISTICS OF MATERIALS AND .
CONSEQUENT APPLICATION CONSIDERATIONS?

Characteristics:

X
-4
2

Metxs-  Ceramics

Dimensianal stability
Precision formability
Seal integrity and
durability
Strength .
Chemical resistance
Thermal resistance-
Moisture resistance
Weight
Processability
Cost per element
E =-Excellent G = Good

mmrmmm oo omm

Applications:

Suitzble for Applications
Materisls  -Involving or Requiring:

mo |
mm

06w me@mm
oo mmmEe ™

F < Fair

Not Suitable for Applications
’ Involving or Requiring:

Plastics Mild environmental con-
ditions
Low cost
Law weight

Metals High thermal shock
Mechanical shock
High precision

Cerarnics  High chem:cal, thermal,

High mechanizal, thermal, and
moisture resistance

High procision

High dimensional stability

Low vreight

High moisture

Very high dimens:onal
stability

High thermal shuck

-and rnoisture resistance  Mechanica' shock

High precision
Very liigh dimensional
stavility

The liquid, a silicone rubber compound
(RTVY) that vulcanizes at room temperature,
then is poured over and around the master.
Use of a- vacuum chamber at this time is
hetpful in removing bubbies of entrained air
from the rubber. (Another <‘echnique for
removing entrained bubbles is o work the
rubber with a very fine stream of high-
velocity air that puncturzs the bubbies.) The
rubber penetrates gurice well into the surface

detaile of the master. Vulcanizing time,
depending on mold temperature and the
curing agent used, ranges from a few hours to
40 hr. When wvulcanized, the mold is
sufficiendy flexible and elastic to be removed
from the master without great difficulty or
deformation. The mold is exarnined after it3
removal from the master, and “flash” is

* trimmed off. Modifications may be caned

into it at this time. When the mold is fully

253
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Narufacruring
Method

scroll s:-in?
and Brilling

Thermoforming

Casting

Photoetch'ng
Transfer Molding

Jet Molding

Injection Molding

Comprescion Molding

Figure 25-1. Comparison of Plastic Forming
Processes for Fabricating Economic Producticr
Quantiéies?

prepared, the epoxy compound is poured in.
‘Bubbles are removed from the epoxy either
meachanically, with a pick or brush. or by
means of a vacuum. After the epoxy has
cured, the piece is removed from the mold.
Here, agair, the elasticity and flexibility of
the rubber allow pieces to be removed which
have no draft. With little or no further work,
the resulting piece accurately duplicates the
desired featnres of the original item, Cace the
optimum geometry is found, the process can
be used to duplicate units indefinitely and
with considerable uniformity and accuracy
from copy to copy. If ithe mold becomes
damaged, second and third generation moldz
can be made from the epoxy pieces with little
or no loss of detail.

As a material fo: use in flueric devices,
epoxy has several desirable properties. It can
be machined if necessary; it can be perma-
nently bonded to other epoxy pieces, such as
cover plates, or to itself if a unit should be
broken; and it can be made with different
degrees of softness and flexibility in each of
several jayers.

25-4

25-2.1.2 Thermoforming

This process uses a thermoplastic material.
Heat and pressure, or vacuum are used to
force the material to conform to the die
contour. The process is suited to large planar
flueric elements where precision and decail
requirements zre r:ot too high.

25-2.1.3 Photosensitive Plastics
DuPont has develuped a photopolymer

plastic: (Templex™™) that is being used to
form flueric elements. Because of the speed

.and simplicity of the process, it is especially

useful for breadboard experimental work,

where the designer must know quickly the

eftect of small design changes. For large lots
better methods are available. The process
centers on the fact that the photosensitive
plastic when exposed to ultraviolet light

becomes inscluble. The unexposed part

remains soluble in dilute aqueous sodium
hydroxide spray. The process is shown in Fig.
25-22,

This process offers several advantages:

(1) Construction Ease. Three-dimensional

Ultravioles Liqht

Film Negative
Photopolymer
Bonding
Suppoi ¢
{A) Exposure
Unexposed Exposed
Photopolymer Photogolymer
{Soluble) {insoludle)

MM

{B) Cross seclion ofter Washout

Figure 25-2, Photoetching of Photosensitive
Plastic?

—

-

SAMSUNG EXHIBIT 1028, Page 442




Downloaded from https://www.everyspec.com

_Plastic Material

AR

TN //ﬂ/%////ﬂ\\’
‘\w‘ '@“(‘(“\
2007 //////ﬁ////////i/// /I///'\

1\ b4
TR

%

S Screw

Figure 25-3. The Screw Method of Injection
Molding®

piastic. configurations cen be made from-

two-dimensional black and white copy.

(2) Speed: Once -the negative is- prepared,
procescing requires about 20 min.

"(3) Smcoth Side Walls. An uneven surface
can disrupt laminar flow.

(4) Simplicity. Both material and-special-
purpose machinery are available and, because
no unusual skills are required, in-house
manufacture is possible.

(5) Precision. A mean side wall taper of 2
deg can be maintained.

Several limitations also should be noted:

(1) Opereting Temperature Range. Present-
ly limited to approximately —i80° to
+200°F.

(2) Aspect Ratio. Cannot exceed 3:1.

(3) Sensitivity to Moisture and Some
Chemicals. The results of long-ife experi-
ments to test dimensional staoility and other
critical features are being determined.

25-2,1.4 Injection Molding
Injection molding is a process for forming a

granulated thermoplastic material into a
complex, precision-finished part at high

AMCP 706-205

speeds ond with little material waste. The
process is similar to. the die custing of metals
in some respects. Injection molding mually is
accomplished by the plunger method or the
screw method. The screw method, shcwa in
Fig. 25-3%, uses a continuous screw to
transport the granulated- material from the
hopper, through 4 heating chamber, and into
the mold. The movement of the screw
thoroughly mixes the constituent resins,
plastics,-aud fillers as they are being liquefied
at temperatures-that range between 250° and
500°F. The choice and-control of tempera-
ture are important; for, while increasing
temperatures facilitate the raovement of the
plastic into the mold cavities, -too high a
temperature may degrade the material. 'Ihe
mixture is forced at pressures-of 10,000 tc
20,000 psi through a systen of chaunnels into
the -mold. cavities. Cooling channels keep-the
mo.d temperature below the fluid point of
the plastic. After the part has solidified, the
mold opens to eject the part and then closes
as the cycle is repeated. The operation usually
is entirely automatic to this stage. Little
finishing work is necessary other than
“degating’” to remove the excess materiai that
solidified in the channels between the nozzle
and the mold -avities.

The plunger method uses a ram to force the
material into the mold. This technique is not
as satisfactory a< the screw method because of
occasionally incomplete mixing of the mate-
rial charge, somewhat higher heat required,
and the increased complexity of the plunger-
type equipment. Roughly 80 percent of new
injection molding machines purchased are of
the screw type. The use of multicavity dies
allows simultaneous production of many
identical parts which may weigh only a
fraction of an oance. Since thermoplastics can
be remelted, the excess material can be
reprocessed. Manuracture of multicavity dies
for injection molding is a costly and
time-consuming process. Therefore, injection
molding should be used for fluevic device
components only where the design configura-
tion is fixed and large quantities are required.

25-5
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Figure 25-4. Compression Molding?

25-2.1.5 Jet Moiding

This process .is used with thermosetting:
‘materials and-is-an adaptation-of the plunger-

method of injection molding used with-
thermoplastics: The feature-of this method-is
to-use controlled heat so that:the granules of
the themmosetting material become “‘soft” but
‘the material does not “set” or polymerize
-until some time later when-the mold is filled
-completely. These critical controls make the
process some ten-or twenty-times longer than
injection molding.

25-2.1.6 Compression Molding

A die for compression molding is shown in
Fig. 254%. A fairly precise “charge” of
-thermosetting. resin is placed in the mold
cavity, and the top mold is brought down ¢
induce pressures of 2000 to 4000 psi (or
greater) on the mold. The temperature—typi-
cally between 250° and 375°F~and pressure
are held until poiymerization occurs, then the
part is removed.

Compression molding is a high-pressure
precess most advantageous for the forming of
identical parts of relatively simple design from
thermoset materials. Compression molding is
more economical for high volume than small
lot production. The operating cycle—a func-
tion of the material, part thickness, and
size~may be a minute or longer. Tolerances
can be held t> £0.005 in. per linear inch

25-6

Press Head )
Press Platen (
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VA Press Rz
/(j} . ia fae
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Figure 255, Transfer Molding*

where necessary. Like other molding tech.
niques,: close tolerances specified bui not
actually required inciease the cost -of the
finished- part. Excess flash nreated betwecn
the top-and bottoin -molds must be remnoved
from the-molded patt. The scrap rate,-whicn
is sometimes 30%, is higher for compression
molding™ than for injection nolding mainly
because- thermoset rejects and flash cannot be
remolded. Compression molding requires
more complex machines and more highly {
skilled operators than the injection process. )

25-2.1.7 Transfor Molding

In the transfer process (Fig. 25-52) the
molding material is placed-in a chamber calied
a transfer pot usually located above the
closed, heated molds of the machine. Mold
hieat and plunger pressure cause the thermo-
setiing preform to plasticize enough so-that
the material flows-throush the runners-intc a
meld cavity. The fotal time of pressure
application may be as long as one minute,
After the material has been cured, the mold is
opened and the finished part ejected without
cooling,

5-2.2 METALS

Fabrication processes for metals include
conventional machining, powder metallurgy,
die-casting, chemical machining, electroform-
ing, electrical discharge machining, and
electrochemical machining,
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25-2,2.1 Cgy:ventional Machininy,

The most commonly used processes include
milling and engraving (pantograph). There is a
definite lower linait of size to which these
processes can be used, and-they are not usable
for the microminiature elements that have
begun to appear. However, these processes are
suited for laboratory breadboard construc-
tion. By using the pantograph method, a large
scale master of the element is generated, then
a model ,s accurately milled-in Bakelite, using
a pantograph engraver with a lower limit tool
diameter of about 0.1 in., which a.;0 becomes
the channel widtn limit.

In conventicnal mecchiring, if a separate
unit is made to incorporate each design
change,-a great many hours of valuable shop
tume is used. In addition, successive units may
vary slightly in those dimensions that shouid
have remained unchanged. While not often
serious, such changes add an unknown factor
to the analysis of test data. To assure that
only the desired dimensions are changed,
sometimes only one unit is built. This unit is
then tested, disassembled, modified, reassem-
bled, and retested. This process takes less
shop time than does the construction of
separate units, but only a limited nismber of
variations can be made on one unit. In
addition, if the desired configuratios is
passed, it is usually not practical to ““back up”
and re-examine it. In any event, thz number
of ccmbinations possible in such a study
makes any process that mvolves meachine
wotk on ecach unit probibitive in both time
and n:oney.

25-2.2.2 Powder Metaliurgy

Powder metallurgy is a technique that
produces finished parts of uniform density
and high strength, starting from powdered
metals. Typical metals are copper, tin, lead,
zinc, nickel, and iron. The technique 1s
suitable oaly for relatively high production
quantities (1000 units or more). The process
consists of a sequence of powder blending,

AMCP 706-205

pressing, and sintening. Blending produces the
desired mixture, then cold pressing between
20 and 30 tons produces a “‘grzen state” item,
which is still fragile. Sintering i» the next stage
which is performed in an oven at high
temperatures, but below the melting points of
the metal powders. Sintering provides a strong
chemical bond and “‘recrystaliizes” the
pcwdered particles. The atmosphere of the
furnace usually consists of inert gases that
prevent the sintered material fiom oxidizing.
Powder metallurgy requires certain special
design considerations. First, thin parts and
nasrow, deep sections should be avoided: the
former may break and the iatter may prevent
complete formation. of the part. These
lunitations may make the process unsuitable
for flueric clements with high aspect ratios
and  for delicate splitters. The tolerances
permitted in the direction of pressing should
be grcater than those at right angles to
pressing. Dimensions perpendicular to the
pressing direction can be held to about
+£0.0015 in./in. Slots and channels must be
tapered to two or three degrees to allew
ejection of the part from the die after
compacting.

25-2.2.3 Die Casting

Die casting is a process that forces molten
metal alloys into metal dies to produce
complex parts. Thi: technique i> a rapid and
relativzly inexpensive method. of producing
large quantities of precision metal parts.
There ace actually four principal methods of
die casting. plunge:, air injection, vacuum,
and cold cihamber methods. The first three are
examined in the paragraphs that follow.
Selection of the proper method is determined
primarily by the kind of alloy tc be cast and
the production quantity desired.

For all these methods, section thicknesses
are also a function of the type of alloy used.
A practical minimum is 0.040 in., and
maximum sections up to 0.5 in. are possible,
although problems with shrinkage are likely.
Tolerances attainable vary with the type of

25-1
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Figure 25-6. The Planr;er Method of Die
Casting?

alloy, -but a_ figuie of *0.004 in./in. gives a
rough -order of magnitude for linear dimen-
sions: -

‘Excepv for finishing, secondary, cperations
usually- are not. required for die. cast parts. In
all instances, however, flash and cores must be
separated-from the ﬁmshed zpart. Mechanical,
chemncal -electrolytic, -or electroplated fin-
ishes- -may be used where they are required for
proper. performance of the flueric elements.

A discussion of die casting methods
follows:

To
Yacuuma—

ann

-Valve

Movablefd
Plate

Figure 25-7. The Vacuum Method of Die
Casting®

25-8

(12 Plunger Method. As its name:implies,
the plunger method (Fig. 25-6%) uses a
piunger to force the molten metal alloy: into
the open die. The-plunger moves vertically in.
a vessel imme:sed. in a large metal pot
containing the molten-metal. Molten- metal is
zllowed to flew from the pot into the vessel
during the upstroke: of the plunger. On the
downstroke the metal.in the vessel is- forced
into the spout -through the ‘nozzle, and into
the die cavity. When the metal in the. die
hardens, the plunger iepeats the-cycle. The
die is opened and-the.casting is ejected during
the plunger unstroke. '

(2) Air Injection: Method. This :method
differs from the-plunger meihod. in that air
pressure of 300 to 600 psi, rather than a
piunger, is used to- force the metal- mto the.
‘die, -and the whole v&ssel rather than. the
plunger, moves t!uough an upstroke -and 2
downstroke. The air injection method is well
suited to production -of aluminum -alloys,
although low melting point alloys may. a'so b=
used.

The vaceum process (Fig. 25-72) offers

_certain improvements- of particular interest to

the designet of small fiveric elements and
circuits. Thin walls, important for miniaturi-
zation, can be achieved with the vacuum
process. Wall thicknesses of 0.030 in. are
common, and 0.018-in. walls. are obtainable.
Improved surface-finishes reduce the need for
additional finishing operations after casting.
Lower porosity throughout the casting
increases the part tensile strength .and
hardness.

A partiat vacuum is maintained in the
injection chamber and die cavity. The plunger
then forces the molten metal into the-partial

vacuum of the die cavity. After solidification, .

the vascuuin is rcleased, the parf ejected, and
the piston withdrawn -for another cycle. The
vacuum process can produce parts as rapidly
as conventional die casting methods, but. at

the higher cost of maintaining a partial

yvacuuny.

o
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TABLE 25-3
TYPICAL SURFACE DIMENSIONAL TOLERANCES*® IN
PHOTOETCH PROCESS?
Metal Thickness, in.
Metal 0.001 0.005 0.010 0.015 0.020
Copper &
Alloys 0.0005 0.002 0.003 0.005 0.005
Steels 0.0005 0.002 0.903 0.005 0.005
Aluminiim ,
Alloys 0.002 0.005 0.005 0.005 0.005 !
Molybdenum 0.0005 0.002 0.003 0.005 0.005 i
Titanium 0.0005 0.002 0.003 0.005 0.005 i
Mickel 0.001 0.003 0.005 0.065 0.0075 !
*Tolerances * {in.} ;
25-2.2.4 Chemical Machininy that are important to the manufacture of !
flueric units. A specified amount of materjial !
Two general types-of process are included may be uniformly removed-fron the surface
-under chemical machining: photoetching and of a metal pzrt to leave a complex pattern.
chemical milling. Each is discussed: Parts, once masked, may be etched simulta-
neously in numbers that are limited only by
(1) Photoetch Process. This process is the size of the etchant bath. Chemical milling
being applied to metal sheets 0.020 in, thick does not change the structure of the metal
or less and is becoming more and more
important in fabricating laminar flueric
elements. It works on the principle of LIl 1. Master drawing from
employing chemicals to “etch” away exposed cugtomer sp\w?”cﬂ“om
metal areas while 2 photographic technique _l r
“masks” out other areas that are to remain
unchanged (Fig. 25-8%). This process has been e
used with the following metals in order of 2 ‘;’;:'{;,,:'.,,h.cm,l '“’
increasing difficulty: copper, nickel, carbon Reducec -
steel, stainless steel, aluminum, titanium, and . N
molybdenum. Efching rates vary from 0.005
to 0.003 in./min, and dimension tolerances 2. photosensitized, cossed
increase with increasing metal thickness (sze patierns in etchant
Table 25-32).
(2) Chemical Milling. This process is Slots ¢ Holes Sharp Gorners
similar to photoetching in that both processes r=b/2
use etchants to remove the metal. However, G]
chemical milling uses tape or paint rather than cﬁ‘_ Ezo
the photographic method to prepare the 130 r'=bl4
metal and is suitable for thickes parts. It can b= Metal Thickness

be used for almost any metal (see Fig. 25-92). .
Figurs 25-8. Photoetching Process and Design
Chemical milling has several advantages Considerations®

25-9
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_Magkant cut here
Metal is saten back first ‘for the

under raskant equal greatsr depth
itc depth of cut, of cut,-
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Figure 25-9. Chemical Milling, Showing the
Effect Upon the Workpiece?

‘being etched, nor does the process-set up
internal  strasses.  Finally, operating and
cverhead costs are often lower than those for
other-metal-removal techniques.

Chemical milling also has limitations. The
process is relatively slow: to etch a 1/8-in. slot
requires from 40-min to 4 hr, depending upon

-0-C

-Source

I I £

Overcut

Taiie Dielectric Fluid

Workplecs

Figure 25-19, Eiectrical Discharge Machining
Arrangement?

25-10

the etchant and material, Secondly, improper
masking may not-be obvious until after the
etch has been made. Finally, the process
presents some design problems. Undercutting
is- unavoidable and must be taken into

account in design. The resultant rounded

corners may have an undesirable effect for
fluid flow. There is 4 limit to miniaturization,
umposed by masking techniques, beyond
which chemical milling cannot be used.

25-2.2.5 Electrical -Discharge Machining
{EDM)

“This method of metal removal employs a
spark discharge between ithe tool dnd ihe
workpiece. EDM is: -particularly useful for
complicated designs’in-hard, brittle metals. A
typical -EDM system: is -illustrated- in- Fig.
25-102. The tool, which is the cathode, is
shaped in the form- of the desired cavity. The
workpiece is the anode and is submerged in a
dielectric fluid. Typical equipment operates
with high currents and a potential of
approximately 80V across a gap separation of
about 0.001 in. An- intense spark -occurs
across the gap. The -spark vaporizes a_small
amount of metal-from-both the tool-and the
workpiece. The DC source is pulse-modulated
up to 100,000 pulses: per sec and the-gap is
adjusted to maintain a constant voltage:-drop.
Metal is lost from both the tool and
workpiece but less is lost from the -tool.
Ratios of workpiece. penetration to tool-wear
vary-from 3:1to 7:1.

25.2.2.6 Electrochemical Machining (ECM)

This is a deplating- operation in which the
cathode tool and anode workpiece are
immersed in a flowing elcctrolyte. A DC
current passes through the circuit, and the
deplated metal is cerried off in the electro-
lyte. Metal removal rates vary from 0.1
in.3fsec for a 1000-A-unit to 1 in.3/sec for a
10,000-A unit, Typical potentials maintained
wcross-a gap (0.001 to 0.003 in.) are 4 to 10
V. Typical electrolytes are sodium chloride,
or sodium mitrate at flow rates up to 200
ft/sec.
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Figure 25-11. Electroforming®

Compared to EDM, the ECM tecknigue-is
‘to be preferred when: (1) lot sizes -are
comparatively large and on a continuing
schedule; (2) the volume of metal to b«
removed is large, (3) a good finish, relative to
cutting time is required; (4) the area of
engagement between workpiece and electrode
is large; (5) three-dimensional contours are
required; (6) the contour of a cut is critical;
and (7) erosion of the electrode would disturb
tge form.

T

25-2.2.7 Electroforming

Thig is an electrolytic plating technique for
manufacturing metal parts. It is similar but
not identical to electropiating. Electroforming
can be used to procuce very complex forms
with excellent tolerances, but it is expensive,
limited to a few metals, and economically
more suitable for small production runs. The
electroforming process requires a core that
duplicates the cavity or inside dimensions of
the part to be produczd. The core is placed 1n
an electrolyte bath, and metal is electro-
lytically deposited over all surfaces of the
core at a constant rate. When the required
amount of metal has been deposited, the core
is removed from the bath and separated froin
the metal deposited on it. The metal deposit
then becomes the finished part having the
internal dimensions of the core and a

AMCF 706-205

thickness dependent upon the metal de-
posited from the bath (sce Fig. 25-112).

Cores for electroforming arc made from
metals or nonmetals and can either be
expendatle or reusable, depending upon the
design of the part. Plastics, plasters, waxes,
stainless steef, and aluminuin are possible core
materials and can be dissolved by suitable
chemicals without damaging the part pro-
duced. The eiestroforming baths are similar to
those used-in electroplating. Only a few types
of metal-can be electroformed: copper, silver,
iron, nickel, and chromium.

Electroforming techniques with-expendable
cores offer new design possibilities for the
manufacture of complex, planar, and axisym-
metric flueric subassemblies and complete
units, in one picce and without interconnec-
tions or parting planes. The possibilities for
iaking unusual and miniature configurations
appear to be limited only by the ability to
fabricate cores. Miniature parts from 0.030 to
0.20 in. in-diameter, 1/8-in. long,-and with a
wall thickness of 0.001 + 0.0001 in. have
been produced. Thicknesses may vary from
0.001 in. to about I in.

25-2.3 CERAMICS

Three general processes «i fabricating
ceramics may be used: photoetching, ultra-
sonic machining, and clectron beam machin-
ing.

25-2.3.1 Photoetchad Ceramics

A process developed Ly Coming Glass
Works in conjunction with the US Army
Harry Diamond Laboratcries uses a photo-
graphic technique with a thin sheet of silicate
glass that contains a photosensitive ingredient
such as the cesium radical, CE*®. In the
presence of ultraviolet light, the exposed glass
ansorbs the radiation, creating a print
constant in depth. Post heating to 1200°F
creates colloidal particles in the exposed
areas. When dipped in hydrofluotic acid. the

25-11
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Figure 25-12. Cross Section of Typical
Channel Etched in Photosensitive Glass®
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exposed-areas are etched away 20 to 30 times-

faster than the unexposed glass. With this
process, the sides of a channel have a slope of
less than 2.5 deg from the vertical, Fig.
25-123. The channel is then, for all practical
purposes, rectangular.

Typical nozzle dimensions for devices built
by this technique are 0.020 by 0.080 in.
Nozzles as small as 0.005 by 0.002 in. are
accurately reproducible by. the metirod. These
nozzle-widths are comparable to the diameter
of a human hair.

Depth of the etching easily is controlled.
With a 0.040-in nominal depth, variation in
depths across a plate can be kept within 0.002
in.. Across 1 single element, tolerances can be
kept-within 0.00! in. Tolerances on holes and
channel widths up to 0.25 in. can be kept
within 0.001 in. Up to 1 in., widths can be-
kept within 00602 in. Up &t £ in,
center-to-center distances can be maintained
within 0.003 in.

Good surface finishes are attained by

etching. A typical finish for a wall is 125 pin.
The bottoms are considerably smoother, 20

25-12

uin. being a typical value. The larger value of
125 pin. appears to be low enough to assure
proper device performance.

Certain precautions are necessary in design-
ing tiie pattern to be optically reduced. For
example, nozzles should be designed at least
0.010 in. longer than the desired finished
length because they etch from both ends. To
produce a sharp splitter, the wedge must be
designed with a radius on. the end so that
when the etching process is finished, the
wedge has-just-eroded down to a sharp point.

Narrow channels and small: holes present.

problems. A fresh supply of acid cannot be
maintained at he etchiag surface and erosion
1ags behind the expected rate.

When the-flueric circuit is etched, a covered
plate must:-be sealed onto it. Various gaskets
have been tried but have been-abandoned in
favor of sealing with an epoxy-cement. For a
more permanent seal, a glass cover plate can

- be fused ento the etched base:

The glass etching method gives exceilent
reproducibility. The technique has been
developed to the point where variations in the
etched base plates have a smaller effect on the
device or circuit performance than does the
effect of assembly variations.

These fluidic -elements offer advantages of
high dimensional stability, no moisture
absorption, good shock resistance, and operat-
ing capabilities to temperatures of 1000°F.
The process is summarized in Fig. 25-132.

25-2,3.2 Ultrasonic Machining

Ultrasonic machining is used o work hard
brittle materials, including ceramics. The
method is based upor the concept of minute
particle removal by fine abrasive particles
traveling at high velocities. The pattem
eroded is identical to the shape of the tool.
The tool is held very close to the workpiece
and vibrated at 15,000 to 30,000 Hz with an
amplitude of 0.001-0.005 in. Between the

e - v e S 7 P Sl B . g e -
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~ Figure 25-13. The Photoetching Process for

Ceramics and Some Examples of Etched
Photosensitive Ceramic?*

tool and workpiece is a slurry containing the
abrasive, such as boron carbide or aluminum
oxide. The tool, made from cold-rolled or
stainless steel, wears only slightly. No pressure
is exerted on the workpiece by the tool. A
typical setup is shown in Fig. 25-142,

AMCP.708-206

25-%,3.3 Electron Beam: Machining-

Electron beam machining focuses a stream
of electrons in a bundle about 0.001 in. in
diameter with a cross-sectional ‘density of 10°
W/in.2 on the workpiece and vaporizes the
material it impinges-upon. Removal-rates are
small (about 0.1 mg/sec) and only relatively
small cuts are economically feasible. The
process makes possible the production of
quite -precise and fine cuts of -any desired
contour in any material. Fig. 25-15% is a
typical-setup. The two major limitations are
that (1) a racuum of about 10°* mm of
mercury must be .maintained” within the
chamber, ard (2) X-ray shieiding must be
used. However, the capability -of this process
to cut _07005 -in. channels separated by 0.01C
in. may-be very important for microminiature
devices.

25-3- SUMMARY

As indicated, flueric devices canbe formed
{rom a variety of materials that are selected
by the-designer on the basis of performance
properties. When production is -considered,
the economy of each process also must be
weighed against other factors before 2
decision is made. Looking to the future, it
appears  that metals and ceramics will be used
more often than plastics. Also, since the
advent of microminiaturization, the require-
ments will be for processes that can fabricate

Transducer

Excitation Coil
L

}.—-—-Transducfer Cone

Tool Con2
To )
Oriver Unit /' Cutting Tool

Abrasive Slurry
Workpiece

Figure 25-14. Ultrasonic Machining?
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TABLE 254

COMPARISONS OF VARIOUS FABRICATION T".CHNIQUES FOR FLUER!C DEVICES?

Quantity
Requirements

Low Medium  Hign

Plastics
Casting E G F
Thermoforming E G F
Shotoetchirg E G G
Injection M)Hlding P F E
Compressicn wiold-
ing P F E
Jet Molding P F E
Transfer Molding P F E
Metals
Powder Metallurgy P G G
Die Casting P F E
Chemiczl Mzchining G E I
tlectroforming G F P
Elec:rica! Dis-
chaig: Machining P G G
Electrochemical
Machining F G G
Ceramics
Photoetuhing F G G
Uitrasonic
Machining P F ]
Electron Bearmn
Machining P P G
E = Excellent G=

complex procision parts of small size. Such
processes include the photoetching tech-
niques, chemical machining, and electron
beam machining. These processes are also
economically sound for mass production.
Table 25-42 compares the various techniques

25-14

o o s it P——

s

Element Desiyn

Com- Miniatur- Rulativa
plexity ization Accuracy Lconemy
G F G F
r P F F
E G G G
G G G E
G G G E
G G G E
. G G E
G F G F
G G G G
E E E F
E G E F
G F G F
G G G G
E E G G
G G G P
E E ] P

Good F = Fair P = Poor

with some indicatior: of the characteristics of
each process. This table is oy no means
absolute but serves as a rough appraisal of the
merits and limitations of each process
according tv present state-of-the-art fluid
element fabrication techniques.
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Figure 25-15. Electrcn Beamn Machining®
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PART SIX — MISCELLANEGUS TiMING DEVICES

CHAPTER 25

ELECTROCHEMICAL TIMERS

-Electrochemical timing devices are simple,
small, low-cost items capable of providing
delays from seconds to months.

These timers are somewhat similar to the
corrosion delays used in early bomb fuzes. In
the corrosion defays, the delay period is
controlled by the time required for acid to
dissolve a baffle and trigger an output’. Ai
constant temperature, the chemical action on
which the delay depends is quite accurate.
The Germans reported an accuracy of 3% for
the thrust cutoff in V-2 rockets. However, the
reaction is very temperature sensitive, and
there is no opportunity for temperature
compensation in these devices. Therefore, the
delay times obtained are not accurate in
military applications where uniform operation
is required over an extended temperatuie
range.

While several electrochemical timers have
been investigated for miiitary applications,
cnly the silver clectroplating timer is in
current use. This timer is convenient and
reliable, and is therefore considered at length.
Mention is also made of the soiion and the
mercury timer. For other, less common, 2and
experimental electrochemical systems, see
Ref. 2.

Because advantages and disadvantages dif-
fer for the various timer types, they are listed
separately for each timer in the paragraphs
that follow.

26-1 BASIC CONSIDERATIONS
26-1.1 ELECTROPLATING ACTION

The operation of electrochemical timers is
based on Faraday’s first two laws of
electrolysis which- state: (1, the amount of
electrochemical decomposition is proportion-
al to the quantity of electricity passed, and
(2) the amounts of different substances
deposited by a fixed quantity of electricity
are proportional to their chemical equivalent
weights. Mathematically, Faraday’s two luws
are expressed as®

E r _

W= —_;j,’at,g (26-1)
F

where

W = weight of deposit, g

£ = equivalent weight of substance
deposited, g

F = Faraday’s constant = 96,000 C/g

equivalent weight
S Idt = total number of coulombs, A-sec

Hence, when a solution is electrolyzed, the
number of electrons received at the anode
must equal the number delivered 0 the
cathode. The ions arriving at the cathode are
reduced (i.e., they obtain electrcns) and those
ions arriving at the anode atre oxidized (i.e.,

26-1
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3
ELECTROLYTE
CONTAINING
SILVER SALT

— AMODE ~
SILVER PLATED
MOBLE METAL

" WORKING ELECTRODE"

~ CATHODE - _
SILVER CASE-

Figuié 26-1. Silver Plating Action-

they forfext -electrons). Elﬂctrochemxcal Sys-
tems that obey these laws are called
coulometric, and devices: that use -these
prirciples are called coulometers.

We here-are concemed specifically with the

silver system, shown diagrammatically-in Fig.

26-1. It consists of a-silver case forming the
cathode, a silver-plated anode of noble metal,
and an electrolyte solution of a soiuble silver
salt. The anode is cailed the working
electrode, the cathode. the reservoir elec-
trode. These terms are needed because cell
operation is reversible. As a inatter of fact,
the revervibility makes the electroplating
system attractive as a timer. Operetion is as
follows: to start, the working clectrode is
unplated and the timer is set by passing a
known time integral of current through it.
During the timing cycle, the working
electrode, now the anode, is deplated of its
silver.

During the timing cycle, cutrent flows
thrcugh the ccll to convert silver metal to
silver ions-at the anode (Ag - Ag + €%, The
ions then move to the cathode to renlace the
jons that have been reduced there (Agt+ ¢ ~+
Ag). This deplating operation is preferred over
plating because-of its well-defined end point.
During tinung, while silver-is being removed
from the anode, cell impedance is low. The
cell voltage drop will be about 0.01 to 0.1V
depending on cell temperature and other
factors. When all the silver is expended, the

26-2

"RESERVOIR ELECTRODE”

impedance rises rapidly and results in a sharp
increase in voltage to about I V. This voltage

step -can be Used- as- a circuit trigger.. The-
electrolyte obeys Ohm’s law -like metallic
‘conductors, except under abnorma! condi-
tions—such as very hign voltage, very high'

frequencies, or strong concentration polariza-

‘tions.

.Since the chemical actlon s reversible, the

timer can be run-down, recharged and rérun.
This 2peat action is ideal for testing and‘

quality assurance purposes.- However, theie-ic

a limit to the number of successful repeat—
cycles for some types of cell. After many
cycles the timer becomes inaccurate. Thic is.
because of the exhaustion- eflect -commor:-to-
au, electrochem;gal systems. "’h\, revembﬂxgy—

difficulty develops when the- eléctrochemical
oxidation-reduction process is: disturbed by
the “microscopic” early depletion of cations
in-a localized area. An overvoltage in this area

then leads to the -gensration of mdrogen and-

other side effects. Although: this process
occurs for only a very brief time, perhaps
only a microsecond in each cycle, the action
is-sufficient 10 lead o a general deterioration

in the timing interval after a few cycles. On-

the other hand, 2 large number of good runs,
as well as temperature independence for the
timing cycle, is claimed for some of the newer
czll-tvpes,

The ampere has been defined as that
amount of current which, flowing for 1 sec,
will- deposit 1.118 mg of silver for each
coulomb of charge. (This is why electroplat-
ing timers are called coulometers:y This same

1.118 mg of silver is deposited-at-0.5A for 2

sec or at 310 uA for 1 hr. The general
relationship, in customary units, is

t =7C' yhr - (26-2)
where
t = time, hr

)

C = coulomb capacity, uA-t»

N
."’

oy oA
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Figure 26-2. Bissett-Berman E-Cell®

CASE {RESERVOIR ELEZTRODE)

I=current, pA
26-1.2 THE ELECTROPLATING SYSTEM

The electroplating system consists of three
. parts:

(1) A battery and its circuit which deliver
a constant direct current. Batteries are
affected by ambient temperature but varia-
tions in their output can be controlled by
temperature-compensated electronic circuits.
A uniform current is a prerequisite for
accurate timer operation,

(2) An electroplating delay cell in which
the constant current causes a chemical (silver)
to react (be deplated) at a known rate (see
par. 26-1.1).

(3) A detector that senses the relative
progress of the reaction, usually the depletion
of one of the chemicals (silver) from one of
the electrodes.

Detection can be accomplished in several
ways. In electrical readout the change in
output voltage is sensed by means of a
suitable detection circuit, in mechanical
readout & motion results that can activate a
switch or plunger to perform the desired
output; visual readout permits the observation
of a change in appearance, such as color of
electrolyte or position of components. Mili-

AMCP 706-205

tary timers with electrical and mechanical
readouts are described in the paragraphs that
follow. Visual readout has not been used in
military devices but is described in pars. 264
and 26-5.

Note that electroplating systems integrate
the product of current and time. The cuzrent
need not be continuous but may be
interrupted in which instance the cell still
“counts” the cumulative product. Therefore,
these devices can be used both as coulorneters
and as integrating accelerometers in which
current is a function of acceleration.

26-2 ELECTROPLATING TIMER
ELECTRICAL READCUT

WITH

26-2.1 PRINCIPLE OF OPERATION

When a constant current is passed through
the electroplating timer (preset coulometer),
it deplates silver from the working ciectrode
onto the reservoir electrode. The increase in
voltage drop across the cell at the end of
deplating is used for electrical readout. The
principle is described in detail iz par. 26-1.1.

26-2.2 CELL CONSTRUCTION

Coulometers are manufactured commer-
cially by Gibbs* and Bisset-Berman®, the
latter calling its device an E-Cell. The E-Csj}
has been used in several military applicatiors,
such as bxoviding the delay in the Antiper-
sonnel Mine, BLU-54/BS>7.

Cell construction is illustrated in Fig.
26-2%. The cell consists of a silver case (the
reservoir electrode), 1/4 in. in diameter and
5/8 in. long. The working electrode of gold
over base metal is held 1; place by two plastic
disks that serve both as seals and electric
insulators. The case is filled with electrolyte
containing a silver salt in a weak acid®.
Electrical leads complete the cell. Cell veight
is about 0.1 oz.

The cell illustrated is a single-ancde cell,

26-3
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Figure 26-3. Operating Curve of Coulometer
&t Constant Current®

permiiting a single time delay. When more
thar one delay-is desired, several-anodes of

different sizes. may be combined in-the same-

urit®. The deplating of each anode results in a
sharp increase. in output voltage. A dual anode
cell'is-useful because of> the common military
requirement for two different time delays.
For example, a mine may- require-an arming
delay of a few-minutes and a seif-sterilization
delay:of several days.

The pewer requirements of E-Cells is low
and accuracy of the timing interval is-within
+4%. One exception to this accuracy is for
short-delay setting after long storage.

26-2.3 TIMER DESIGN

The design of an eiectropiating timing
system, like that of all other multicomponent
systeins, requires recpeated consideration of
the characteristics of each component until a

LOAD

F-@_‘
°<-—.~

i

TIMING CIRCUIT

DETECTOR CIRCUIT

=
H

——de - e e ] e
e

Figure 26-4, Coulometer Detector Circuits

264

consistent combination: is-achieved. The first
element, a source of constant DC current, is
not discussed. in this-‘handbook. A special
battery may be required. if this power is not

available from-one of the circuits of the main-

system. Depending on the desired delay,
current levels-vary from about a microampere
to a milliampere.

The second element is the coulometer

itself. Described in par. 26-2.2, it is available

in a large variety of ‘models and timing

intervals. Before a specific cell can be
selected, consideration- must be-given to the
output detection circuit,

The output signal of the coulometer is a
change in voltage. During the timing interval,
the- voltage -is low, see Fig. 26-3°. Upon
coinpletion of anode deplating, the voltage
rises rapidly thus indicatirg the end-on the

timing interval. One way to detect this voltage-

rise is by use of the simpie detector circuit
shown-in Fig. 264°. The:performarce of this
circuit is made clear by considering’its three
phases of operation:

(1) While the cell deplates, the run voltage
Vp is below the activation voltage of the
transistor. Since the cell therefore is drawing
practically all the current, the equivalent
circuit consists of just the cell plus its resistor.

(2) During the rapid transition to the
high-voltage state, the current level through
the cell is reduced as the transistcr base starts
to take current.

(3} When operating at the stop voltage V,
the cell draws a very small residual current /g,
which in most cases is negligible compared
with that drawn by the transistor. Thus, the
equivalent circuit is ecsentially the original
circuit without the couviometer.

Typical voltage-current characteristics at
varicus operaticg temperatures are shown in
Fig. 26-55. Fig. 26-5(A) shows the maximum
running (deplating) voltage and current while
Fig. 26-5(B) shows the stop voltage and its

i
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Figure 26-5. Typical Coulometer Voltage-current Characteristics®

-associated current. The stop voltage V; is
associated. with the activation voltage thresh-
old of the transistor in the detection circuit
while the stop current J; is the residual
current passing through the cell at that
voltage. Since most circuits offer stop voltages
of about 0.7 V, stop currents are about 1 uA.
More sophisticated detection circuits can be
considered to achieve othe: desired effects.

Given the required time delay and selecting
a power source with a constant current in the
microampere range, the designer obtains the
capacity required from Eq. 26-2. The
microampere-hour rating defines a particulas
coulometer.

Experimental solid-state types of coulom-
eter are currently being developed!®. Both
the electrode and the electrolyte in these

(1) Advantages:
(1) Good accuracy (within = 4%)
(2) Good miniaturization
(3) Simple ana inexpensive
(4) Wide variety of timing intervals
(5) Very low power requirements
{6) Good shock and vibration resistance
(7) Operation over miliary temperature

range

SILVER ANODE
VELEGTROLYTE

types are iopic pastes like those used in \ \-s;wen CATHODE
solid-electrolyte batteries. Operating in the AN
same manr.er as the liquid-electrolyte device, —.:'—\ -=AV
they are small, rugeed, and accurate within - [°°°° N —_
5%. —, Usgoely —= __
\ - 20

26-24 ADVANTAGES AND DISADVAN-
TAGES

\—\—COMPRESSION SPRING

SWITCH CONTACTS

Figure 26-6. Electroplating Timer With
Mechanical Readout

The characteristics of th~ electroplating
timer with electrical readout may be summar-
jzed as follows:

26-5
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(8) Reusable several times (by deplating).
(2) Disadvantages:
(1) Detection circuit required

(2) Decreased accuracy ror short set times
after long storage.

26-3 ELECTROPLATING TIMER WITH
MECHANICAL READOUT

26-3.1 PRINCIPLE OF OPERATION

Electrochemically, the mechanical-readout
timer operates in the same manner as the
electrical-readout timer (see par. 26-1.1), At
the end of deplating, however, the action
differs. A schematic -arrangement of a
mechanical-readout timer is shown in Fig.
26-6. The cell consists of a silver anode that
may be likened to the head of a pin, 2 silver

cathode, and an electrolytic solution contain--

ing silver ions. When a .constant current is
passed through the electroplating timer, it
deplates silver from the anode onto the
cathode. At the erid of the timing interval, the
anode has been reduced in size to the
diameter of the pin shaft. At that instant, the
spring causes mechanical motion. By pushing
against a flange at the other end of the pin,
the spring pulls the pin out of the hole in the
cell wall.

Because of the displacement of parts, the
action of a mechanical-readout timer is not
reversible. Whereas the timer in Fig. 26-6
illustrates the output of closing a switch, the
output motion obviously can be applied to
the opening or closing of several switches or
to the operation of a piunger.

26-3.2 CELL CONSTRUCTION

Cell construction is illustrated in Fig. 26-7.
This is the Interval Timer, MARK 24 MOD 3,
a component of Firing Mechanism, MARK
42, Originally designed for use in a sonobuoy,
it cumrently is incorporated in Destructor,
MARK 36!!,

26-6

The timer cell (based on a patented idea' 2)
cornsists of a molded polychlorotrifluoroethy-
lene (Kel-F) -cup that holds the anode
assembly. After filling with an electrolyte of a
silver fluoroborate solution, the cup-is heat
sealed with an end plug that holds the silver
cathode. The anode assembly coasists of a
sitver plunger to which a contact disk is
fastened. The plunger is surrounded by a
compression spring and sealed with an O-ring
coated with fluorosilicon¢ lubricant. Ail
materials were selected for their chemical
compatibility with the electrolyte.

At the end of the timing inteival, the anode
plunger is pushed to the left. In its new
position, the contact disk (1) closes an SPST
(Single Pole, Single Throw) switch and (2)
opens the anode-switch so as to terminate the
deplating action. The contact force at switch
closure is 0.8 Ib and contact resistance after
switch closure is less than 0.3 cam.

The timer is 5/8 in. in diameter, 1-5/8 in.
long, and weighs 9 g. For some applications,
the timer is sealed in Thermofit heat-shrink
tubing (not shown in the figure). Timer
accuracy under water (for which it was
designed) at 28° to 90°F is +5%; over the
entire military tempz2rature range, accuracy is
+ 10%. Models have withstood shocks as high
as 12,000 g, low and high frequency
vibrations, cold storage at -—80°F, and
temperature-humidity cycling.

Dual action, when required, is available
from Interval Timer, MARK 25. This timer is
essentially a dual MARK 24 timer. It closes
two SPST switches by two separate contacts
that operate from separate anodes. Construc-
tion and size are the seme as for the MARK
24.

A commercial timer is shownin Fig. 26-84.
Its construétion is similar to that of the
MARK 24 timer. It also closes an SPST
switch with gold-plated contacts. Body size is
5/8 in. by 7/8 in. Accuracy over the military
temperature range is £ 10%.

——

e
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Figure 26-8. Mechanical Readout Timer by
Gibbs

26-3.3 TIMER DESIGN

The design of a mechanical-readout timing
system is simpler than that of an electrical-
readout system. In effect, the imechanicai-
readout system has only two elements, a
source of constant DC current and the
coulometer itself. The output of the coulcin-
eter is the operation of a switch or plunger,
and no separate output circuit is required.

Depending on the delay desired, the

battery current level varies from a micro-
ampere to a milliampere. In the MARK 24
and MARK 25 timers cument flow is
regulated by ihe voltage applied and a
precision resistor connected in series with the
cell. Operating time is computed by

C

t =—§ ,hr (26-3)
where

t =time, bir

C = coulomb capacity, A-hr

R =resistance, ohm

V = voltage, volt

For the MARK 24 timer, C = 0,005, and
for the MARK 25, C = 0.01. By varying

voltage, resistance, or both, delays of 5 min to
30 days can be achieved.

26-8

.28-3.4 ADVANTAGES AND DISADVAN-
TAGES

The characteristics of the electroplating
timer with mechanica: read-out may be
summarized as-follows:

(1) Advantages:
(a) Simple and inexpensive
(b} Low power requirements
(c) Good shock and vibration resistance

(d) Operation over military temperature
range

(e)- No detection circuit required.
(2) Disadvantages:

(2) Not reversible

(b) Difficult to seal.
26-4 SOLION
264.1 PRINCIPLE OF OPERATION

The solion is an electrochemical timer
using an oxidation-reduction system that uses
ions in solution instead of electrons as the
charge carriers, Solions have found applice-
tion mainly as diodes with both electrical and
visual readout. They also have been designed
as tetrodes and used as electrical amplifiers
and general-purpose integrators., The electro-
lyte contains a specified amount of iodine and
a comparatively large amount of potassium
iodide?. Hence, the solution contains tri-
jodide I3~

Shown schematically in Fig. 26-9°%, the
solion timer consists - of two identical
compartments separated by a semipermeable
diffusion barrier. When current is passed

e v —
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Figure 26-9. Solion Timer

through- the: cell,--iodine -is reduced in- the
cathode.compartment- (I3~ + 2¢" - 3Ix), and
the iodide ion :is -oxidized in the anode
compartment GlIr= L+ 2e) The net result
-is that iodine is--transferred to the anode
.compartment. The -amount of iodine trans-
ferced is proportional ‘to the tinic and current,
and the conductivity of the electrolyte is
proportional to iodine conceatration, permit-
ting an elect;_;cal readout. The color of the
eclectrolyte is also a function of icdine
concentration, so -that visual readout is
possible.

The poiarization -curves- for the solion are
shown in Fig. 26-10® for five different

1.0
(13! S
o8 |-
{4) v
T o8-
: (3
; 7/
w
[ 3
§ 0.4}
(2) /]
0.2
COMCENTRATION (3) J
° s 1 | i
0 0.2 0.6 0.8 0.8 1.0
VOLTAGE, V
Flgurs 26-10, Typical Polarization Curves for

the Solion
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concentrations-of the tri-iodide ion. Note that

Ohm’s law breaks down in the solion; the-

current and cell resistance maintain a constant
value with increasing voltage up to -approxi-

mately 1 V, where the oxidation-reduction on-

process terminztes and Ohm’s law resumes.

The resistanice of the solion cell varies

exponentially.

For timing purposes, the eiectrical readout.
is not entirely satisfactory because the:step-

function-at the point of exhaustion of iodire

ions is uncertain and inaccurate. The end
-points. vaned 162-parts per thousanc at room

temperature, and the device ran even slower
at-—25° and 65°C?, Repeat cycles are limited:
by the exhaustion effect (see par. 26-1.1).

The solion has been reported to withstand
vibration in-all three axes, from rest to 50 g-at

0- "000 Hz with. displacements as-large as-

0.5 in. Solions have been stored over a year
without any detectable deviation in opera-

tional ability.

26-4.2 ADVANTAGES AND DISADVAN-

TAGES

The charactenstxcs of the solion may be
summarized as follows:

(1) Advantages:
(a)- Good miniaturization
(b} Good shock aad vibration results
{c) Low power requirements
(d) Good storage potential

(e) Current controlled by conditions at the
cathode only.

(2) Disadvantages:
(a) Poor accuracy (about £ 20%)
(b) Uncertin time end point

(c) Exponential resistance characteristics

26-9
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Figure 26-11. Mercury Timer

(d) Low frequency respoase (lower -than
that of transistors by a factor of 10%)

{e) Degeneration of timmng interval
(f) Limited temperature range.

In-summary, the solion lacks precision and
will not function over the military tempera-
ture range. While the solion has some
ccmmercial applications, it has not been used
in a military device. ’

- 2656 MERCURY TIMER
26.5.1 PRINCIPLE OF OPERATION

This device operates by transporting
mercuric ions through a solvent that separates
two bodies of mercury, eventually exhausting
one of the niercury reservoirs. The chemical
equations associated with the reaction are 41°
+ Hg— Hg I, + 2¢" for the anode and Hgl, =
+ 2¢- Hg + 41” for the cathode.

Shown schematically in Fig. 26-113, the
mercury, timer consists of a cell, often a glass
tube, with anode and cathode at the ends and
a control electrode in the center. Three pellets
of mercury are shown, separated by two
bodies of electrolyte consisting of an iodine
solution. Upon current passage through the

26-10

call, mercury is electroplated from the anode
through the electrolyte to the cathode.
Buildup of mercury-at the cathode causes the
electrolyte gap to approach and—at the end of
the delay—contact it, at which time the
voltage drops to permit an electrical readout.
Visual readout also is provided by observation
ol mercury pellet motion.

The mercury -timer operates with a current
of 50-100 pA. Operation is reversible except
that the number of cycles is limited by the
exhaustion effect (see par. 26-1.1).

Difficulties appear when an attempt is
made to operate the mercury timer over the-
military temperature range. These include (1)
the necessity for lowering of the freezing
point for the-cell contents because operation-
when frozen is destructive {(mercury fieezes at
~38°F), (2) marcury -expansion problems,
and (3)- electrolyte-mercury interface diffi-
culties experienced with changing tempera-
tures.

The relatively high coefficient of expansion
of mercury creates the danger of a cracked
housing when the environmental temperature
is increased; the same coefficient of expansion
will threaten the mercury-solvent interface
when 1dower temperatures ars encountered.
Also, difficulties have been reporied with the
deposit of mercury on the end terminals®.

The mercury timer has withstood vibration
and shock tests including a |[50-g shock, a
continuous 1 6-g acceleration, and | 5-g vibra-
tion at 5000 Hz on all axes. A sloshing effect
is reported due to resonance at 400-600 Hz.

26-5.2 ADVANTAGES AND DISADVAWN-
TAGES

The characteristics of the mercury timer
ragy be summarized as follows:

(1) Advantages:

(a) Good accuracy (over narrow tempera-
ture range)
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(b) Good miniaturization (3) Occasional sloshing effect.
—
() Low power requirements. (4) Setting required before operation can
, ‘begin,
(2) Disadvantages: In summary, the mercury timer is delicate
and cannot operate over the military tempera-
(1) Limited temperature range. ture range. While the timer has some
commercial applications, it has not been used
(2) Fragile in a military device.
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CHAPTER 27

NUCLEAR DECAY TIMERS

A low-frequency, high-accuracy time base
may be constructed by making use of the
decay of a radioactive substance in conjunc-
tion with a particle detector. In addition,
electronic circuitry is required ‘o produce a
cusable timcr. Although nuclear decay is
randomly distributed.in tim~, accuracy can be
obtained by sampling a sufficiently large
number of counts. One significant advantage
of the nuclear timer is that its time base-rate
is independent of temperature and other
environmental variations. Fig. 27-1 shows-the
block diagram for a nuclear decay timer.

<7-1 RADIATION SOURCE
27-1.1 DESIRABLE PROPERTIES

To be useful for a nuclear time base
generator, the radiation source should have
the following properties:

(1) Monoenergetic particles
(2) Highly ionizing particles
(3) Long half-life

(4) Decay products producing iittle radia-
tion

(5) Capability for permanent mounting
{6) Ready availability.

The radiation should be nearly monoener-
getic to provide for ready discrimination
between output pulses produced by the
detectors, and the internally generated noise
in the detectors and amplifiers. All monoener-
getic particles will lose approximately the
same proportion of their energy in the

NUCLEAR
PARTICLE }od
DETECTOR |-

RADIATION
SOURSE |-

PREANPLIFIER

-4 COUNTER
JISCRIMINATOR v

Figure'27-1, Elements of Nuclear Decay Timer

ionization process-thus prov Jing signals from
the detector of approximately equal pulse
heights.- ’

Highly- ionizing particles increase the
signal-to-noise ratio and minimize the degree
of amplification-required to -reach the input
level of electronic-scalers. There should be no
significant change in the disintegration rate of
the radiation source during its predicted use
and storage life. Therefore, the source should
have a long half-life. Fig. 27-2! may be used
to estimate the bhalf-life required of the
radiation source, once the operation and
storage periods and acceptable decrease in
activity have been fixed. For example, if the
radiation source is to retain 99% of its activity
after a period of 10 yr, a source with a
half-life -greater than 6.3 X 102 or 630 yr
should be chosen. A more exact estimate may
be made from the following equations®

N=N_,e™ 27-1)
where
N =radioactivity at time ¢
N, = iritial radioactivity
A = decay constant, yr!"
t ={ime span, yr
27-1

e

SAMSUNG EXHIBIT 1028, Page 465




e n oo e e B

Downloaded from https://www.everyspec.com

AMCP 706-206

HALF - LIFE, YR
6&

Q

LR ALLARAL]

\

o Ly ity

L LN

0.l

1.0 10

DECREASE IN ACTIVITY, %

Figure 27-2. Decrease in Radiozctivity as a Function of Use and Storage Period

0.693 !
T = (27:)
where T, = half life, yr

27-1.2 TYPES OF RADIATIOM

Four natural forms of radiation could be
considered for this applicatic n: X rays, gamma
rays, beia particies, and alpha particles.

Gamma rays and Xrays are escentially the
same radiation form and differ only in the
manner in which they are produced. They are
2 highly penetrating iadiation and therefore
would b: difficult to appiy safely in a
minjature timer becaunse of the protective
shieldiug required; also timer geometry could
not be arranged conveniently to provide
shielding.

Beta particles are high velocity electrons.

The penetration characteristics of beta parti-
cles would rcquire only a minimum of

272

shielding, a few milliinerers of aluminum.
However, beta particles are not monoener-
getic. The particles emitted from a parvicular
radivisotope would have a continuous :distri-
bution of energies andwould be difficult to use
because of the signal-to-noise ratio problem in
deteciors.

Alpha particles are identical with the
nucleus of a kelium atom, consisting of two
protons and two neu‘rons. These particles are
emitted from the nucleus o. certain of the
heavy radioactive elements. Alpha particles
have a discrete energy which, depending upon
the producing isotope, are in the range 4 to
10 MeV. The shielding required for alpha
particles is simple, several sheets of paper
providing adequate shielding in nearly all
instances. Alpha particles are strongly ioriz-
ing.

Considering the characteristics of each type
of radiation, it is apparent that alpha particles
are most suitable for use in a nuclear timer.
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TABLE 27-1

RADIOISOTOPES APPLICABLE YO NUCLEAR

TIME BASES

‘Half-Life,  Specific Activity,
Radioisotope yr ~ curie/g
Uranium 235 71x1c 2.15x 10
Neptunium 237 2.2 x 10° 6.89x 107*
Uranium 238 45x10° 3.34x 1077
Plutonium 259 2.4 x 10 6.17x 107

27-1.3 RADIOISOTOPES

Selection of the radioisotope for use in the
time base can be made based on the
requirements discussed:

(1) A sousce of alpha particles

(2) Half life sufficiently long for opera-
tional requirements

(3) Energy level (specific activity) high
enough fo. reliable detector operation.

Table 27-11 lists radioisotopes that may be
considered for nuclear time base applications.

£7-2 MUCLEAR PART!CLE DRTECTOR

Thc radiation detector used in the nuclear
timer provides an electrica! signal for each
radiation event it detects. Radiation detectors
presently in use include ionization chambers,
proportional counters, Geiger-Mueller coun-
ters, scintillation counters, and semiconductor
radiation detectors. Ionization chambers,
proportional counters, and Geiger-Muelier
counters operate on similar principles and are
included in the general class of gas tube
counters,

27-2.5 GAS TUBE COUNTERS
These counters wusually consist of a

cylindrical gas filled chamber «nd a central
electrode that is insulated from the chamber.

AMCP 708-205 ‘{

The chamber wall is made from a high
work-function material, such as stainless steel
or nickel. In a typical .gas fube counter, the
central electrode is usually about 0.003-in. in
diameter, a compromise between physical
strength and a high field sirength near the
electrode at a relatively low supply vnltage.

With the central elestroge serving as the
anode and the chamber wall as the cathode, o
voltage is applied to the tube. When ionizing
radiation passes through the gas, the poritive-
ly charged ions resulting from the ionization
are attracted to the cathode where they are
neutralized while the negative charges or
electrons travel toward the anode.

While gas tube counters could be applied to
military timers, each type presents some
difficulties that must be recognized:

(1) The output pulsz of the ionization
chamber is independeat of the operating
voltage, provided the operating voltage is high
enough so that recombination is negiigible
and Jow enough so that no secondary
ionization occurs. The amplification factor is
therefore unity. Thus a relatively large
chamber (at least 3.5 cm long) is required.

(2) The amplification in a proportional
counter is a strong function of gas pressure. In
the fixed-volume chamber, pressure varies
significantly over the military temperature
range.

(3) Geiger-Mueller counters have an in-
herent recovery time that makes their
response slower than des:table.

27-2,2 SCINTILLATION COUNTERS

The operation of a scintillation counter is
based on thie fact that in certain materials the
ionization and excitation processes caused by
nuclear radiationn are accompanied by the
emission of light or scintillaticns. The light
photons are absorbed by the cathode of a
photomuitiplier tubz that then c.aits photo-
electrons to produce a current pulse.

27-3
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Figure 27-3. Semiconductor Radiation
Detectors

Since photomultiplier tubes are very
sensitive to shock, require a well-regulated.
high-voliage power supply, and exceed the
volume limits of military items, scin.illation
counters are not suited for the nuclear time
base.

27-2.3 SEMICONDUCTOR RADIATION
DETECTORS (SRD

A relatively new detector, the SRD, is
described in several recent references?*3, The
SRD can be classified as a semiconductor
junction detector. Its usefulness results from
exploiting the phenomena occurring at the
junction of two special tvpes of mate:ial
when placed together. Very pure, single-
crystal silicon is used as one of the materials
while the other material varies with the type
of detector. Fig. 27-3' shows a diffused
junction and a surface barrier detector.
Deteails oi construction vary with different
manufacturers.

A diffused junction detector usually is
prepared by diffusing phosphorus onto the
surface of a pure wafer of p-type silicon. The
diffusion depth is on the ordzr of one micron
and constitutes the n-layer of the diode. In
the surface Larrier detector, surface states are
allowed to form by spontaneous oxidation on
the surface of a pure wafer of n-type silicon.
The formation of the oxide takes place
through an evaporated gold layer that is
provided for electrical contact. An inversion
layer is thus formed having electrical proper-
ties similar to those of the diffused layerina
diffused junction detector. In this case the
oxide layer acts as the p-type side of the
diode junction.

Electrical leads to the associated electronics
are attached easily to the front surfaces of
bothk of these detectors because both the
diffused and the gold surfaces are highly
condu~tive. For the back contact to the SRD
care must be taken to avoid any sharp change
in resistivity that would result in the
formation of a rectifying barrier. Two
solutions tc this problem are:

(1) Doping a portion of the silicon bulk
with an impurity to lower surface resistivity.

(2) Evaporating a thick layer of lluminum
onto the back surface.

The inhercnt energy resoiution of SRD’s is
stter by a factor of ten than that of gas tube
counters. The counting rate of SRD’s is
limited only by the external electronics.
SRD’s can be made much smaller than gas
tube counters, and they are more immune to
physical damage due to shock. The main
difficulty in the SRIY approach is obtaining a
detector that provides a sufficiently large
signal-to-noise ratio over the military tempera-
ture range.

27-3 ASSQCIATED ELECTRONICS

Associated electronics must be included in

e e e
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T y the time base system because the nuclear
<.~ particle detector -itself cannot provide an

output usable by the counting circuits. The
-detector output must be amplified. The
output is on the order of millivolts but a
signal on the order of volts is-desired by the
countzr. Since the capacitance of the detector
-varies with temperature, it is not desirable to
‘have the voltage output of the amplifier
‘depend on dstector capacitance. Rather, a
charge-sensitive preamplifier should be used
that has a negative charge feedback to the
input capacitance -through a small capacitor
(about 5 pF)4.

In addition to amplificatior;, a means of
‘discriminating- between the pulses to be

AMCP 708-206-

*

couunted and the inherent noise levels of-the
detector -aid the amplifier must be provided.
Nuclear time bases use integral rather than
simple discrimination?. The function of
simple discriminators is to pass only pulses
exceeding a preset threshold level, whereas
differential diScriminators pass pulses having
amplitudes with a preset “window” above the
threshold. )

A serious- disadvantage of a nuclear time
base is the relatively long calibration time
required. For typical values-of 1000 Hz and.
0.1% accuracy, calibration time is 4000 sec.
This compares with 10 sec per reading -of
electronic, electromechanical, or mechanical
time bases.

REFERENCES
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Detectors: With Charge Sensitive Ampli-
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APPENDIX A

BOOLEAN ALGEBRA APPLIED TO LOGIC CtRCUITS

Boulean algebra is the algebra of proposi-
tions that are permitted tc be either true or
false. Thus it is useful for the combination,
manipulation, and simplification of contrcl
functions that can be represented by variables
whose values are limited to discrete binary
digits 0 ana 1. These digits represent the two
states of many common binary or bistable
devices—e.g., nonconductive or conductive,
discharged or charged, current on or off.

The basic building block used in the design
of the logical eclements of flueric and
electronic timing systems is the gate. A gate is
*a circuit having an output and a multiplicity
of inputs so designed that the output is
enc:gized when and only when a certain
definite set of input conditions are met”!.
Gates can perform various arithmetic opera-
tions and control functions, The theory of
gating networtks is expressed conveniently in
‘Beolean notstion. Note that logic circuits for
electronic timers are discussed in par. 11-4.2
and those for flueric timers in par. 24-5.

Fig. A-12> shows the symbol of an AND
gate. The gate receives iwo input signals A
and B and generates an output function C
only when both A and B are present. Fig. A-1
also shows a switch analogy of the gate; lamp
C lights only when A and B are closed. AND
functions also are termed logical multiplica-
tions; a dot is used as the AND symbol. The

. f—.\_c_-./;—lo c
;

Figure A-1. Symbol and Switch Analogy for
: AND Gate?

following svmbolizes that A and B produce C:
A+*B=C (A-1)

The basic OR gate is shown in Fig. A-22. If
either A or B is present (switch closed), there
is an output C. OR functions are termed
logical addition; the 'symbol used is a plus
sign. The following symbolizes that A or B
produces C:

A+3=C (A-2)

A third basic operation is the inversion or
Inot function (Fig. A-32). The syrabol is a bar
over the function, viz., A means that A is
not present (equals 0). The not function
inverts the state of the bistable function—i.e.,
it transforms a ! into a O and vice versa.

The logic associated with EXCZPT, NOR,
and other logical decisions can be built up
from the basic logic functions of AND, OR,
and their inversions.

Consider the statement: not A AND not B.
¥ig. A+4* shows a possible presentation. Note
that both A and B are inverted to get not A
AND not B. The mathematical expression is

A-B=C (A-3}

The figure also shows not (A AND B)

A
: LTG5,
) - =
> 570
Figure A-2. Symbol and Switch Analegy for
OR Gate?
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| ,_,@_,.; ;_,@_N A list-of ‘Boolean postulates and equations k

is given in Table A-12. The analogy between
electrical, flueric, and electromechanical
systems for the basic gates in logic is
contrasted. in Fig.. A-6. The recommended
v symbols for logic diagrams are contained in
expressed as (A+B) which doec not 2qual A-B. ‘Ref. 4 while flueric symbols are contained’ir

Figure A-3. not Symbol is Bar Over Letter® '

! This fact is made clear by the Venn diagram Ref. 5. 2
(Fig: A-5%) wherein all areas -of true
| conditions-are shaded while false areas are left
! blank.
; 0of1 %1 0% of ’ it
) - "o %= Ao 2 2
e A i KIS
:_®'; J__ i3 3 3¢5 |
’ c - 081 0% o%i i
2 puz R mafes
— A8 A8 3 A A
NSO .- B B
¢ ) Ae8 As
Figure A~%. Symbolic Representation o7 not A

AND not. B, alsonot (A AND 8)? Figure A-5. Venn Diagram for Fig. A4 ;

TABLE A-% L,

BOOLEAN POSTULATES AND EQUATIONS?

1. A+tA=A Absorption rule for +
2, A*A=A Absorption rule for*
3. A+B=B+A Commutative rule for +
4. A*B=B-A Commutative rule for *
b, {(A+B)+C=A+(B+C) i
=A+8+C Associative rule for +
8. (A<B)*C=A-{E*C)
=A+B-C Associative rule for

7. A-(BiC)=AB+A-C Distributive rule for * over +
8. A+B*C={(A+B)(A+C) Distributive rule for +

8. A*B=A+8 De Morgan's rule for *

10. A+B=A*8B De Morgan's rule for + !
1. A+l=l :
12. A*l=A

13. D+A=A

4. 0°A=0

16. A+A=|

16. A'A=0

17. A+A-B=A

18. A+A*B=A+8B

18, A*B+B*C+C*A=(A+B)(B+C)*(C+A)

20, A*B+A+*C+B*C=A*B+B*C '
21. A=A

»
o
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GATE TYPE ELECTRONIC

A —]
AND 6 c

A
B

Figure A-6. Symbols for the Basic Gates
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GLOSSARY

This glossary is restricted to key terms for
timing systems c¢nd componénts. Additionai
terms may be found in the following
references:

MIL-STD-444, Nomenclature and Defini-
tions in the Ammunition Area, Department of
Defense, Change 2, 9 July 1964.

MIL-GTD-1306, Fluerics, Terminology-and
Symbols, Department of Defense, 17 July
1968.

AMCP 706-210, Engineering Design Hand
book, Fuzes.

IRE Dictionary of Electronic Terms and
Symbols, Institute. of Radio Enginzers, Inc.,
N.Y. 1961.

Eric Bruton, Dictionary of Clocks and
Watches, Arco Publications, London, 1952.

Amplifier. An active electric or flueric
component that increases the strength of -the
signal applied to it.

Arming. The changing from a safe condition
to a state of readiness for functioning.
Generally a fuze is caused to arm by one or a
combination of mecans as acceleration, rota-
tion, mechanical drive, chemical action,
electrical action, or air travel.

Atomic Clock. A timer that employs as its
frequency regulator the vibration of the
cesium atom. The atomic clock is the most
accurately known frequency standasd because
the radio frequencies emitted by atoms and
molecules at low pressures are fixed and
unchanging with time and independent of
temperature,

Balance Spsing. A fine spring, usually spiral,
used for oscillating the balance wheel of a

clockwork. Also called hairspring.

Balance Wheel. A balance for clockworks to
regulate- their beat. It is usually shaped like a
wheel. B}
Bistable Device. A device that has two stable
states, such-as current on or current off.

Cesium Beami Resunator. A device which
utilizes the transition of the cesium utom
designated as Fm (4,0) » {5,0). The
frequency of oscillation has beer. estabiitned
as 9,192,631,770 cycles per ephemeris sec-
ond.

Counter. A device capable of changiny from
one to the next of a sequence-of distiuguish-
able states upon each receipt of an input
signal.

Delay. An explosive train compcnent that
introduces a controlled time delay in the
functioning process.

Delay, Anning. (1) The interval expressed in
time or distance between the justant an item
of ammunition carrying a fu.ze is launched
and the instant the fuze becworaes armed. (2)
The time interval requnired for the arming
process to be completed in a nonlaunched
item of ammunition.

Delay, Functioning. The interva! expressed in
time or distance between initiation of the
fuze and detonation of the main charge.

Ephemeris Time. Time calculated from the
orbit of the earth around the sun (as opposed
to the rctation of the earth). Ephemeris time
has been adopted as the fundamental unit of
time. :

Escape Wheel, Th. !ast wheel in the gear train

G-1
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of a clockwork which is controlled by the @

escapement.

Escapement. The part of a mechanical
clockwork which regulates the rate of
transmission of energy. Sée also: specific
escapements,

Escapement, Self-starting. An escapement
that has the ability to siart oscillating,
without an external force, from any rest
position, and to sustain the oscillations as
long as energy is supplied.

Escspement, Tuned. An escapement consist-
ing of a pivoted balance massanda restoring
spring, pulséd by an escape wheel.

Escapeinent, Untuned. An escapement con-
sisting of a pivoted mass driven by an escape
wheel. The mass oscillates without a spring.

Explosive Train. A train of combustible and
explosive elements arranged in thz order of
decreasing sensitivity. Its function is to
accomplish the controlled augmentation of a
'small impu'se into one of suitable energy to
cause tie main charge of the ammunition to
functicn. A fuze exrlosive train may consist
of a primer, a detonator, a delay, a relay, a
lead, and a Gooster charge, one or more of
which may be either omitted or combined.

Failure Diameter. The minimum diameter of
an explosive cylinder which will sustain
propjigation in the axial direction, Relow this
diameter, propagation is retarded or extin-
guished due to radial heat losses.

- Feedback. The retumn to the input of a part

uf the output of a device, syster, or process.
Flip-flop. A bistable device.

Fluerics. The area within the field of fluidics,
in which fluid components and systems
pvecform sensing, logic. amplification, and.
control functions without the use of moving
mechanical parts.

Flaidica. The general ficld of fluid devices

G2

and systems and the associated periphesal
equipment used to perform sensing, logic,
amplification, and control functions.

Fuze, A device with explosive components
which initiates a train of fire or detonation in
an item of ammunition by an action such as
hydrostatic pressute, elecirical energy, chemi-
cal action, impact, mechanical time, or a
combination of these.

Fuze, Time. A fuze that can be preset to
function after the lapse of a specified time.

Gear Train. An armingement of two or more
gears meshing to transmit power from a
driving shaft to a driven shaft at a different
speed or in a different direction.

Hair Spring, See: Bulance Spring.

Igniter. (1) Any device, chermical, electrical,
or mechanical, used to ignite. (2) A specially
arranged charge of a ready-burning comiposi-
tion, usually black powder, used to assist in
the initiation of a propelling charge. (3) A
device, containing such a composition, used
to amplify the initiatior of a primer in the
functioning of a fuze.

Initiator, A device used as the first element
of an cxplosive trsin, such as 1 detonator or
squib, that, upon receipt of the propsr
mechanical or electrical impulse, produces a
buming or detonating action. It generally
containg @ small quantity of 2

cnno“'"n
oviivivive

_explosive.

Integrator. A device that sums discrete or
variable guantities over .some specified range
of the selected or independent variable,

Junghans Esczpesent. A type of tuned,
two-center escapesaent named after its orig-
inal designer.

Logic Device, One of the genersl category of
devices that perform logic functions; for
example, AND, NAND, OR, and NOR. They
can permit or inhibit sig1z] transmission with
certain combinations of control signals.

SAMSUNG EXHIBIT 1028, Page 474




.

P ey

O ot bt Pt e b 4

Downloaded from https://www.everyspec.com

Loran, A long-range pulsed radic aid to
navigation, the position lines of which are
determined by the measurement of the
differsnce in the time of arrival of initiaily
synchronized pulses.

Monostable Device. A device with one stable
and one astable state. When triggered, it goes
from the stable to the astable state, and later
returns to its stable state.

Oscillator, Electronic. A circuit for producing
an alternating waveform, the-output frequen-
cylorrepetitionrate of which is determined by
the internal characteistics of the device.

Oscillator, Flueric. A flueric device for
producing a periodic change in fluid pressure,
velocity, etc. The output frequency or
‘repetition rate is determined by the internal
characteristics of the device.

Fallet. The part of an escapement which
intescepts the teeth of the escape wheel.

Primer. A relatively small and sensitive initial
explosive train component that, on being
actuated, initiates functioning of the explo-
sive train but will not reliably initiate high
explosive charges.

Pyroiechnic Composition. A physical mix-
ture of finely powdered fuel and oxidant,
with or without additives, to produce heat,
light, smoke, or special effects when ignited.
The mixture is consumed in the process of
burning.

Relay. An explosive train component that
provides the required explosive energy to
initiate reliably the next element in the train.
1t is especially applied to small charges that
ave initiated by a delay element and, in turn,
ciuse the functioning of a detonator.

Runaway Escapement. An untuned, two-
¢enter escapement in which the escape wheel
drives an inertial mass alternately clockwise

. and counterclockwise. The oscillatory motion

of the mass regulates the escape wheel
motion. Also called verge escapement.

AMCP 708-205

Safing and Arming Device, A mechanism that
prevents or allows an -explosive train to
operate.

Setoack. The relative rearward force of
inertia which is created by -a- forward
acceleration of .a projectile or missile during
its launching -phase. Setback is directly
proportionalto the acceleration and mass- of
the parts being accelerated.

Sidereal Time. The time of the rotation of the
earth as measured from a clock stor, ilstead
of from the cun.

Solion. An electrochemical timer based on aif
oxidation-reduction process that uses ionsin
solution instead of electrons as the charge
carriers.

Spin. Th: rotation of a projectile or missile
about its longitudinal axis to provide stahility
during flight.

Timer. A programming device that controls
the time interval between an input signal ard
an output event or events. See also: specific
timers.

Timer, Analog. A timer that obtains its
programmed time delay by directly measuring
the -nagnitude of some continuously variable
parameter, often the rise in voitage from zcro
to some predetermined value,

Timer, Digitai. A thiaer (1) haviag a numeric
display of the time, or (2) measuring time by
counting the output pulses or an oscillator.

Timer, Electronic. A timer using electronic
digital or analog elements,

Firder, Electrochemical. A timer based on the
constant rate of a chemical reaction at a
constant current.

Timer, Flueric. A timer using flueric digital
or analog elements.

Timer, Interval. A timer that switches electric
circuits on or off for the duration of the
preset time interval,

G3
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Timet; ‘Mechanical: &' timer bised on the
‘constant rate of §~cIOCKWOik’escapéant.

Timer, Pvrotechnic. A timer based on the
linear-"burning -6f -a column of ' pyrotechnic
delay material, - -

Timer; ‘Sequential, A thuer in which- either
each interval is initiated by the completion of
the preceding interval-ora sequence of timed
outputs is produced, The intervale may be

) adjdsted‘ihdependenﬁy.

Transducer, A device that converts “signals
from one-medium to an equivalent signal in a
second medium. :

Universal Time. The time calculated from the.
rotation of the carth (ie., Greenwich Mean
Time) but corrected for cértain Lregularities,.
including movemént of the earth’s axis and
rotation. '

Verge Escapement. See: Runaway ¥scapement:

Wall Attachmen?, ‘The phenomenon in flueric
devices .in which a-fluid stream. flowing close-
to a'surface is deflected to that surface even'if~
the:surface -is at a -considerable -dngle -to the
original direction of flow. ’ '

L
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iNDEX
Overview by Chapter and Section
Timers
Elec- Mech- Precis. Pyro-
Tronic Flueric anical Reference technic
Components 10,11 24 16 4 21
Generai 6-2 22~1 12--1 2-1 17-1
Military appiications 6--3 - 12-2 2-2 17-2
Packing, storing,
shipping 9 - i5 - 20
Production techniques 8 25 14 - 19
Requirements 6-4 - 12-3 2-3 17-3
Setting 10-4, 24-10 16-5 - -
11-5
System characteristics 7 23 13 3 18
Testing 7-5 23-17 13—-6 - 21-4
Miscellaneous devices: electrochemical 26, nuclear decay, 27
References are located at the end of each chapter
A Actuators, flueric tape, 2311
Air
AC flueric system, 237 injection die casting, 25-8
AC motor clockdrive, 168 speed-pressure relationship, 24—1
Acceleration traffic control, 3—6
high, 13-7 transport, 15--6, 20-5
Jow, 13-9 Airborne mechanical timer, 13--14
of electronic timers, 7-5 Awnplifiers, flueric, 2434
rocket, 1629 Analog
Accuracy, see also: Frequency stability electronic system, 6—3
comparison, 1-2, 133, 16-4 electronic timing circuits, 101
mechanical timers, 12--2, 13-3, 13—-6, 16-3 output of mechanical timers, 16—71
precision rveference tirners, 2—4 AND/NAND elements, 24—-28, A—1
i1
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INDEX: (Con't.)

Apparent solar time, 2—1
Arming. ,
delay, electronic, 7-20
delay, mechanical, 12—8, 13-3,.16-78
device, mechanical, 12-7
time,.rocket, 16—29
Artillery fuzes
flueric, 24—44
mechanical, 12-7, 137
Artwork taping, 8—16
Atomic-
‘beam-resonators, 3—11
clock synchronization, 5-3
clocks, 2—-1, 3=3
resonance devices, 3—10, 4—12
time, 2-3, 3-1
Auxiliary equipment
electronic timers, 6—5
mechanical timers, 12—11

B

Background of readouts, 16—77
Baffles for delays, 18—35, 18-7
Balance wheel

configurations, 16—~45

Junghans, 16-32

manufacturing methods, 14-5
Balanced piston output, flueric timer, 2438
Banking pin of escapement, 16~ 62
Barium chromate/boron delays, 21--9
Basic timer concepts

clectrochemical, 261

electronic, 6—1

flueric, 22-1

mechanical, 12-1

nuclear decay, 27—1

precision reference, 2—1

pyrotechnic, 17-1
Batteries, 7~8, 10-13, 11-22
Beliows actuated flueric output, 2439
Binarv counting, 24--22
Bipolar transistor, 16—10
Bisset-Berman couvlometers, 26~3
Black powder, 21-5
Bomb fuzes, mechanical, 13—10
Boolean algebra, A—1
Bottled gas flueric power supplies, 24—1.

24-4

12

Breaking fork for escapement, 16—33
Breadboarding, 7-9

Brocot’s-method for gear ratio, 16—25
‘Bruceton test, 21--13

Y

-Cam operated mechanical output, 16—74
Capacitors

electronic, 7—6, 8§—12

flueric, 24-33
Cascading, 24-36
Casting of plastics, 25~2
Centrifugal force, projectile, 13—7
Ceramics for flueric timers, 25~1, 25—11
Cesium beam standard, 4—13
Character-form, readout, 16—76
Chemical- '

electronic plating, 84

gas generators, 24—6. -

milling-of metals, 259
Clock tooth gears, 16--18
Clocks, 3—1, 12-2
Closures for delays, 188
Club tooth escapement, 16—42
Coded tape flueric valves, 23—10
Communications, 27
Compression molding of plastics, 25—6
Conductor spacing, 8—15
Copper thickness for circuits, 8—14
Coriolis force, 13—8
Corrosion preventive finishes, 13-6
Coulometers, 26--3
Counters

electronic, 7—-10, 1114

flueric, 2421

precision reference, 5--2
Cost of time bases

comparison, 1-2

electronic timers, 7—-25

mechanical timers, 135
Crystal osciliators, 3—4
Curpistor timers, 10—8
Cycloidal gears, 16—18
Cylinder escapements, 1636

D

Dashpots, 16—-77

N 5
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Data analysis, statistical, 7-23, 13--18,21-13

DC flueric. systems, 23—7
DC motor clock drives, 16—11
Dead br:at escapements, 16—31
Delay, arming, 7—20, 12 -5 133, 1678
Delay elements, pyrotechnic
assembly, 18—2
baffles, 185, 18-7
tlack powder, 215
chemistry of compositions. 21-3
closures, 18—8
compositions, 215, 21-6
data analysis, 21-13
fuels, 21-4
general, 17-1
heats of reaction, 21—-7
housing materials, 18—2
initiation, 18-4, 18-7,21~10
input sensitivity, 21—12
internal ‘ree volume, 18-7
loading pressure, 18-2
measurement of explosive charge, 19-2
obturated, 18—6
output, 18-7
output sensitivity, 21—-12
oxidants, 21 -4
pelletizing, 19-3
pressing, 19-2
pressuse, 18—8
production techniques, 19—1
retainers, 185, 18-7
safcty, 20~-1
seals, 18—8
sensitivity, 213
space limitations, 13—1
system characteristics, 18—1, 18-9
vented, 18-3
Demolition firing device, mechanical, 13—10
Design considerations
electrochemical timers, 26--4
electronic timers, 8—10, 8—14
escapements, 16—54
flueric timers, 23—1
gear trains, 16—26
mechanical timers, 13—1, 132, 14-1,
16-2
precisicn reference timerss, 2—1, 4—1,
4-7,4-13,5-1

radiation hardening, 718
Detached lever escapements, 16-42, 16—64
Deronator, delay, 17—-2
Die casting of metals; 25-7
Dielectric materials, 8—7 _
Diffusion niethod for semiconductor
circuits, 8—6
Digital
electronic timers, see also: Eiectronic
timers, 64, 11-1
interval timer, flueric, 222
output of mechanical timers; 16—71 f
Diodes, 10—-10 .
Dock escapement, 1636, 16—50 -
Draw angleof pallet, 16—61, 16—65
Dynamic regulator for mechanical timers,.
12-12

Efficiency
of gear trains, 16—19
of main springs, 16—6
Electric
discharge machining of metal, 25—10
initiators, 21-2, 21-12
Electrochemical
machining of metal, 25—-10
timers
advantages, 265, 268, 26—9, 26—10
basic considerations, 26—1
disadvantagcs, 26—6, 26-8, 26-9, .
26--11
electroplating
action, 26—1
system, 26—3
timers, 263
mercury timer, 26—10
solion, 26—-8
Electroforming of metals, 25~11
Electromagnetic pulses, 7—16
¥lectron beam ‘machining of ceramics, 25—-13
Electronic
circuits for nuclear decay timers, 27-4
timers
accelerated systeins, 7—12
analog timers
level detectors, 10-9

I-2
o

SAMSUNG EXHIBIT 1028, Page 479




Downloaded from https://www.everyspec.com

~ AMCP 706-205

cetting methods, 10~11
timing circuits, 10—-1
auxiliary equipment, 6—5
data analysis; 7~23
dlgxtal timers
counters, . 11-13
oscillators, 112
output circuits, 1119
power supplies, 1122
setting methods, 11-21

time bases, 112
fabrication, 7—10
general; 61

human factors engineering, 7-24
long delay systems, 7~20"
military-applications, 64
oscillators, 73, 7-9, 11-2
-output; 11-19
paciaging, 8—17, 91
power supplies, 11-22
-production techniques, 81
radiation hardening, 7—13, 7-18
requirements, 65, 7—12
sealing,:8—12
-semiconductor:devices, 61
-setting-methods, 7—-13, 10-11, 1121
- shipping, 9-1
 stationary systems, 7—1
storing, 9-1
'systems; 6—3
-testing, 7-3, 721
‘time-baszs, 101,11~ 2
-tubes, i0—-10 7
Electroplating, 26—1, 26-3 .
Electrostatic discharge sensitivity of delays,
2112 -
Encapsulation, 8—14-
Enclosures for quartz crystals, 4—4
Environmentai design considerations, see:. De-
sign-considerations
Ephemeris-time, 22
Epicyclic gears, 1615
Epoxy casting, 25-2
Errors, timing, see: Accuracy
Escape wheel; 16—61
Escapement
cylinder, 1636

INDEX:(Con’t.) (

"Popovitch, 16-35.
‘runaway, 16-29, 16—-30 16—-54

Fabrication, see: Production techniques

Faraday’s laws, 26—1

Feedback oscﬂlator, flueric, 24—11-

‘Field-effect transistor,. 10~11

‘Finishes, mechanical timers, 13-6

Firing devxce, mechamcal 13-10 (
Flip-flops, flueric, 24—16 3
Flow

Fiueric:timers

amplifiers, 24-34.
characteristics, 23-2

‘load-impedance, 236

deadbeat, 16=31 _
detached lever, 16-42,16-64. . . . ‘
Dock, 16— 36 16=51 ’
Junghans, 16—32 16=50

manufacturing methods, 14-5-

self-starting capability, :16—40- L
spin sensitivity-of tuned, 16-49
spring motion, 1651

tuned, three-center, 16-41, .16~ 60
tuned, two-center, 16=31, 16 58
untuned, two-center,. 16—26; 16=54

F

SR

meters, 23— 16
visualization, flueric, 23-20

ACsystems, 23~7
advantages, 22-1

component desxgn, 241
counters, 2421

DC systems, 23~7 8!
digital-interval timers, 22 3}
disadvantages, 223
flip-flops, 2416

gain, 231

general, 22—1

hybrid systems, 23-—9
integrated urcq;;s, 23-2.
interval timer; 22—1

- ———

logic, 239, 24<26, A—-1.
matching technique, 23~5-
materials, 25—1
modular-comporents, 23-2
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oscxllatoxs, 24=1Y

outputs,. 24 22 .

power supphes, 24-1
production: techniques, 25~1
reliability, 22—1:
requirements; 22—1

resistors, 2430

setting: methods 2441
‘system’ de..lgn, 23—1
test.and’ evaluatxon, 23-15

Fluid tlmers 16=77

Flying clock experiments, 5-- 13
- Fork arm: of‘ escapement, 16—-64
Forward acceleratxon, 13=7
Frankford run-down’ test 21-13
Frequency

dividers, 7=11

-of escapements, 16--27, 16—32, 16=51,

16=59- -
.of time bases, 13-2.
of tuning forks, 4—11
sensors; flucric,.23—-12, 23—-16

stability-of precision reference timers, 3—

standaids, 2—3 3-3,4-12

2 . ! Friction.

effects.on gear-train efficiency, 16—19
sensitivity-of delay elements, 21-10

fo | : Functioning delay, mechanical 133
| : Fuels for délay compositions, 21—4

o T Fuzes

P 2 e e

elqctrdxjiq;i?i—“{20; 1 1S

flueric, 24-44

mechanical time, 12—4, 12-6, 13-7,
13-9, 162

pyrotechnic, 17-2-

setting, see: Setting-

G

Cain of flueric-timers, 231

-Gamma rays, 7=14

Gas
ceil atomic resonators, 3—~11
generators;-flueric, 24—4
tube counters, 273
Gasless delay-compositions, 21-6
Gear ratios, 16=23

Gear:trains

bibliography, 16—81
-clock tooth, 16—18
,cyc‘mdal 16—18
fdesxgn, 16--26
efficiency, - 16-19
epicyclic, 16-15
friction effects, 16—19
gear ratios, 16—23
harmonic,.16—15
_-hypocyclic, 16-15
involute, 16—18
fanufacturing method, 14-5
small mechanism, 16— 16
spur, 16--14
‘synchronic'index, 16—16
tooth design, 16—21:
types, 16=14
‘worm giears, 16--14
Gibbs coulometers, 26—3
Glass-to-glaSa sealing, 8—13

‘Governor for DC motor clocks, 161 1°

Graham-escapement, 16—31

Great. circle distaices, 5-3

Grenade fuzes, mechamcal '13-5, 13—10
1678

-Grouping of digits, 16—76
‘Guided missile fuzes, mechanical, 12—6
13—4

‘Hairspring
Dock, 1651
Junghans, 16—32
manufacturing method, 14--5
~ motion system, 16—49
‘Half-adder oscillators, flueric, 24--13
‘Hand grenade fuzes, mechanical; 13— -5,
16-78
‘Harmonic gears, 16—15
‘Harmonic oscillators, 11=-2
‘Hazard classification, 20—2
Heat
-of reacti.n, delay compositiors, 21--6:
sensitivity of delays, 2111

I-5

I .

SAMSUNG EXHIBIT 1028 Page 481



it

Sl
SEM

TERIT
-t v

SV

e o o s A s A

Downloaded from https://www.everyspec.com

'AMCP 706-206

INDEX (Con't.) {

High acceleration timer systems
electronic, 7-35
mechanical, 13-7
Housing material of delays, 18—2
Human factors engineering, 7-24, 13-5
Hybrid systems
electronic, 8--9°
flueric, 23-9 ,
Hypocyclic gears, 16—15°

IFF, 2-8
Ignition charges, 21-1,21-2
Ilumination of readouts, 16—77
Impact sensitivity of delays, 21-10
Irapulse pin.of escapement, 16—62
Inductance-capacitance oscillators, 11=4-
Initiation:of delays, 18—3,.18—7, 2110
Initiators, 21—1
Injection-molding of plastics, 25-5
Input sensitivity of delays, 2112
Insulated substrate, electronic. circuits, 8—10
‘Integrated circuits

electronic timers, 6—2, 85, 8—~11

flueric-timers, 23-2
Internal free voluine of delays, 18~7
‘Internationally coordinated-atomic time-

scale, 2—3 -
Internationally coordinated Universal-Time,
2-2,2--3

Interval timers

-electrochemical, 26—6

electronic, 11-21

flueric, 221

mechanical, 121, 12-3, 13-13
Involute gears, 16—18

J

Jet molding of plastics, 25-6
Junghans escapement, 16—32

L

Laminate materizls for printed circuits, 8—17
Legibility of-characters, 16—76

1-6

Level detectors, electronic circuits, 10--9
Lever of escapement, 16—62, 16—63, 16—66
'Lightning discharge protection, 9-2
‘Linkage of setter components, mechanical,.
16—69
‘Load impedance, flueric circuits, 23—6
‘Loading pressure of delays; 18-2
Logic circuits, flueric, 2426, A—1
Long-delay timers
electronic, 7—20
~ mechanical; 13~10
Loran, 2--5, 5-8
Low acceleration systems, mechanical. 13-9-
‘Lubrication, mechanical timers, 14—-4
M |
Machining, 25=7, 25~12
Mach-Zehnder interferometer, 23—21
:Magnetic core computers, 7-7, 11-15
‘Mainspring
comparison,.16—7 ,
design, 163 !
efficiency, 16—6 -
negator,; 166
torque, 16—3-
"Maintainability of timers
-electronic, 7-23
mechanical, 13-4, 13=6
‘Manganese delay compositions, 21-6
-Manufacturing
‘methods, see: Production:techniques
tolerances, mechanical timers, 13-6
‘Masers, 3—-11,4=15
Mass production of timers
mechanical, 13-6, 14-2
pyrotechnic;.17~1
Matching techniques, flueric circuits, 235
‘Matesial
for flueric timers, 25—1
MIL-SPECS, 14—4
substitution-for mechanical -timers, 13~6
Mean solar timz, 2—1
Measurement
-explosive charge, 19—-2
precision tire, 5—1
radiation hazard, 7-19

[
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-3 Mechanical "MIL-SPECS, materidis, 144
s initiators, 21-1, 21—12 ‘Miller integzators, 10~7-
E; - resonator oscillators, 119 Modular components for timers ~
E\ | timers electronic; 8—1 ,
auxiliary equipment, 1211 flueric, 232
. component design, 161 ‘Moisture sensitivity of delays, 12—13
gg , design, 131, 13-3 Monobrid electronic circuits,-8~9
A escapements, 1626, see also: Monolithic circuits, 62
E 4 Escapements Motor clock drives, 16—2,.16=11
e fluid, 16-77 Moving parts detector, flueric-timers, 23-12
E fuzes, 12-4, 126, 13-=7; 13—9 16-2 Multichip electronic circuits, 89
gear trains, 16—14, see.also: Gear.
trains N )
general, 12=1 R L
lubrication, 144 Nature of timing systems, 1—1 A
military-requirements, ‘12=1 ' Navigation, 2—5 - b - ‘
motors, 16=-3, 16-8 ; Negator spring; 16—6. R
outputs, 16--71 Neutrons, 7=16
packing, 151 * Nuclear decay timers
- production techniques, ;4— I -associated electronics, 27-4.
1 readouts, 16~75 : particle detector, 273
1=~ requirements, 12~9, 14 -3- radiation source,. 27—1
! setting, 16-66 radio‘isotopes, 27~3
) shipping, 15—1.
springs; 16~3 ] o . -
storing, 15—1
system considerations, 13—1 Obiurated delays; 18—6
torque regulators, 12—11 " ‘Omega synchronization, 5-9- _
typical; 12=1 -Optical.flueri¢. measuring techniques, 2321
: Mercury Orifice resistors, flueric, 24—31
§ switch, 16=73 OR/NOR elements, 2428, A=1
: - timer, 2610 Oscillators .
| Metals ( electronic timers, 73, 7=9, 10~3
_3r electronic-timers, 8—1 electronic-timers, characteristics, 11—2,
for flueric timers, 25—1, 25-6 11-12 ,
! for tuning forks, 4—11 . flueric timers, 24~11, 24-—14 '
§ Meteor burst clock synchronization, 5—13 quariz crystal, 3-4, 3—-14, 4--2, 4-7,
] Microelectronic modules, 8--1- 11-2
i Military applications reference; requircments, 2-—8
| electronic timers, 6—4 ‘Output
% general, 1-3. ’ delay sensitivity, 21—13
LI mechanical timers, 121, 12-6 delays, 18-4,'18~7
' precision reference timers, 2—5- electronic-timers, 11—19-
% g pyrotechnic timers, 17-2 flueric timers, 24—38
7
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-mechanical timers, 16-71
"Ovens for quartz crystals, 4—9
Overdriving, 2437 '
Oxidants for delay compositions, 21-3

P

PA spring motion system, 16—49
Packing
electronic timers, 8—~11,"9-1
mechanical timers, 151
_pyrotechnic timers, 201
steps, 15--3
Paliets, 16—27, 16—54; 16-56, 16—61, 16—-65
Particle detector, nuclear, 27-3
'?ej]etizing explosive charges, 19-3
Performance tests, see: Testing
Percussion primers, 212
Photoetching
of ceramics, 2511
~ of metals, 25-9
Photoresist masking, 8—2
Photosensitive plastics, 25—-4
Piezoelectric gages, 23--19
‘Pin-pallet escapement, 16—43
Piastics
for fluetic timers, 25—1
-sealing, 8—14
Plunger die casting, 25-8
Pneumatic
dashpot, 16--77
power supplies, 24—4
switch, 23—14
Porous metal resistors, flueric, 2431
Popovitch escapement, 16-35
Position finding, 2~5
Potting materials, 8—14
Powder metallurgy, 257
Precessional force, 13—~8
Precision reference timers
.accuracy, 2—4
atomic resonance devices, 3—-10,4—12
-cesium beam standard, 413
circuits, 4-2
components, 4—2
counters, 52
definitions, 2—}

J
W

design criteria, 4—1, 4—13
equipment, 5~1
frequency stability, 3~1
general, 2—1
measurement, 5—1 )
quartz crystal oscillators, 3--4, 3—14,
4-7

radio transmission, 5—-3
reproducibility, 2—4-
rubidium gas-ccll standard, 4—14-
signal generation systems, 3~1
spectral yurity, 25
stability, 2—4
synchronization systems, 5~3
time standards, 2—1
transfer standard, 5—14
tuning forks, 3—&;:4—-11
Pressing explosive charges, 19--2
Pressure

bottles, 24—6

of delays, 18~7

of flow, 24-29 )

of fluids, 23-16,23~-19 S
Primary frequency standards, 3—-3- ;
Psimers, 21-1,21-2 ) 1
Priming compositions, 21—2 :
Printed circuits, 8—14
Production techuiques of timers

electronic, 7—-10, 8-1

flueric, 25-1,25-2,25-13

mechanical, 141, 14-5

pyrotechnic, 19--1
Programmer, mechanical timer, 121,

12-12

Protection levels, packing, 15-2

‘Prototype development, mechanicai timers,

13-8
Power sources
batteries, 7-9, 10~13, 11-22, 16=13
flueric, 241 :
requirements, 11-23-
springs, see: Mainspring.
Pulse-type oscillators, 11~10, 11—19.
Pyrotechnic timers
assembly, 18—]0
advantages, 17--1
components; 21—1
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deiw) ler.cnis,see: Delay-elements:
’dxsac. Antages, 17-2

general 17-1, 18-8

hazard classification, 202
mltlators, 21~=1

military applications, 172, 18—2'
packmg, 20-1,

3productnon techniques, 19~1
requirements, 172, 18--2
safety, 202

sensitivity, 21-9-

shipping, 20=1,20-3

space “limitations;_ 18-1

.stonng, 20-1, 20-3

system characteristics, 18—1

Q

Q factor, definition, 4-11
Quantity-distance tables, 20—4
Quartz crystal

clocks, 3-1,3-3

general, 45, 11-9

-oscillators, 3—4,4-2, 4-=7

R

Radar surveillance, 2—8
Radiation
from natural substances; 7—] 4
‘hardening, 7—13; 7-18,9=1
output of masers, 3—12
source for nuclear-decay-timers, 27-3
Radlo transmissio:, 5--3
Radioisotopes, 27-3
Rail transport, 15-5, 20—4-
Ram air flugric power, 24 -2

:RC networks, 10~1

Readouts, mechanical timers, 16—~75:

Recoil escapement, 16—32

Reference timers, see: Precision reference
timers

‘Reguiation machine for mechanical timers,

12-12
Regulator constant, 1659
‘Relaxation oscillators
electronic, 11-10

flueric, 24—11
Relays, mechanical, 16—72.
Rehabmty of titers
electronic- 7—4 “7-23
mechamcal 13—4
Reproducibility of precision referénce
timers, 2—-4 )

Requirements for timers

electromc, 6—5,7—1,7-12, ll—-23
nmiechanical, 12-9,14-3
pyrotechnic, 17=2, 18-11
Reserve batteries, 16—13
Resistance-capacitance oscillators, 11-6
Resistors '
electrlc 7-6, 8-7, 8~-12, 10-12
flueric, 23—14, 24-30
Retainer for delays, 18—5, 18-7

‘Reyriolds number, 23<16 .
Rifle-bullet impact-sensitivity, 21 =11

Rifle grenade fuze; mechanical, 13— 10
RL networks, 10-6

Rocket fuze;-16—29

Roller of escapement, 16—62
Rubidium gas cell standard, 4-14
Ruggedness, mechanical timers, 13- 6
Runaway escapement, 1629, 16—-54

S

Safety

design considerations, 16—2, 201

pin of escapement; 16~62

tests, 7-22, 13--16 B
Safing and arming device, mechanical, 12—7
Satellite electronic timers, 720
Satellite synchronization, 5~ 11
Scale layout, 16—75
Scintillation counters; 273 i
Screen printing of electronic circuits, 8—3
Sealing, 8-12, 18-8
Secondary frequency-standard, 3—3
Self-starting capability of escapements,

16—40

Semiconductor devices, 61, 8—5
‘Sensitivity of delay com posxqqns, 219
Sequencers, mechanical, 12-2,12—-6
Setback, 13-7

19
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Setforward, 13-7
Setting of timers _
electronic, 7-13, 7—-20, 10-11, 11-21
flueric, 2441
mechanical, 16—-66, 16—69
Shaft manufacturing methods, 145
Ship transport, 15--7, 20-4
Shipping of timers
electronic, 91
mechanical, 1:5-1
~_pyrotechnic, 201, 20-3
Siderezi time, 2—2
Sideways acceleration, 13—7
Signal generators
flueric, 2321
-precision ¢lectronic, 31
Silicone grease capsule; 16—78
Silver plating, 262
Simplicity, mechanical-timers, 13-6
Simulation of radiation hazards, 7—19
Size-of time bases, 3=1,:13~2
Small mechanism gearing, 16—16
Smoke visualization of flueric flow, 23-21
Solar time, 2—1 )
Solder sealing, 8—12, 8=17-
Solid propellant gas generators, 24~5
“Solion,-26—8
Sonic oscillator, flueric,24—12
Space iimitations, pyrotechnic timers, 18—1
Spectral purity of precision reference timers,
2=5
Spin-
effect, 138
sensitivity of tuned.escapements, 16—49
Spring motion of escapements, 16--51
Springs for mechanical timers, see: Hairspring
=r: -Mainspring
Spur-gears, 16--14
Sputtering electronic circuits, §—3
Stab primers, 21—1 ]
Stability of precision reference timers, 2—4
Standard
for-precision referznce timers, 2--1, 3=3,
-4-13
frequency, 2—3, 3-3,4-12
-parts for mechanical timers, 13—5
time, U.S., 2-3

110

Static electricity protection, 9--2
Stationary timers

electronic, 7-1

mechanical, 13~19

-Statistical samplirg, 7-4

Storage

classes; 15-3

container, flueric, 24—8

electronic timers, 9—1

mechanical timers, 15-1 -

pyrotechnic timers, 20-1, 20-3
Supporting data package, 14—6-
Surveillance tests, 13—16, see-also: Testing
Switches, 16—-72, 16—73, 2314, 24-40
Synchronic index gears, 16—16
Synchronization systems, 5—3-
System design for timers

electrochemical, 26—3

electronic, 7-1

flueric, 23—1

mechanical, 131

precision reference, 3—1

pyrotechnic, 18~1, 18—19.

T

Tactical design considerations,-16—2
Tank-fired ammuniticn fuze, 16—64
Tape flueric actuators, 23--11
Technical documentat;on for timers
flueric,.19-3
mechagical, 14-6
Telemetry, 7—22
Telstar synchronization, 5—11
Temperature
compensated quartz oscillators, 3—4, 3—14
controlled quartz oscillators. 3—6
frequency coefficient of tuning-forks,
4-11
Testing of timers
electronic, 7-3, 7-21
flueric, 2315
mechanical, 13-3, 13—-14
pyrotechnic, 20--1, 20--"
Thermal batteries, 16—13
Thermoforming of plastics, 254
Thin {ilm circuits, 6-2, 8-2, §-7

SAMSUNG EXHIBIT 1028, Page 486




e
2

1
m‘j
2]
. 2
¥ ¢
”;{

N
<SR ARG
S .

Downloaded from https://www.everyspec.com

PMCP 706-205

INDEX (Con't.)

Time ]
base comparison, 1-2,13-2
intervalvs voltege changes, 10-2
Timer, see: -specific type
Tolerances, mecharical timer parts, 14—5
Tooth design
bibliography, 16~81
escape'wheei, 16—061
gears, 1621
Torque )
detached lever escapement, 16—-43, 16=50
mainspring, 16-3
projectile, 13—8
regulators for mechanical timers, 12—11
runaway-escapement, 16=29
Torsion bar-oscillators, flueric, 24—12
Transfer molding of plastics, 25—-6
Transfer of:standards, 5—14
Transistors.
counters, 11-14 )
general, 6—1, 7-8, 10-10
Transportation environment, 15-4
Triodes, 10-10 )
Truck transport, 15-5, 20--4
Truth tables, 24-23
Tube resistors, flueric, 24—30
Turned escapements
three-center, 16--41, 16~60
two-center, 16—-31, 16—°8
Tungsten delay compositions, 21-8
Tuning fork osciliators, 3-8, 4-11, 11-9
Turbulence-amplifiers, flueric, 2434, 2437
TV network synchronization, 5—11
Types of timer, 1-1

‘U

Ultrasonic machining of ceramics, 25—12

Unijunction transistors, 10—11

Universal time, 22

Untuned two-center escapements, 16--26,
16--54

U S Standard time, 2—-3

,V‘VA

Vacuum 7
deposition of electronic circuits, 8—3
die casting, 25-8.
tubes, 7—-8

Valves, cooled tape, flueric; 2310

Vapor phase deposition of electronic cir-

cuits; 8—4
Varable resistors, flueric, 24~32

‘Velocity meter, 23~ 18

Vented delays, 183

Vibrating
flueric frequency sensors, 23—12
quartz oscillators, 4—2

‘W
Water simulation of flueric flow, 23—20
Welding, 8~12

Wien:-bridge, 11-6
Worm gears, 16—-14-

Xrayvs, 7—14

I-11/1-12
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