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Thus we obtain for the different approxima- are contained in the procedure using contin-
tion values N 2 IN,: ued fractions (row E/E' and F/F'). Actually,

Brocot's method represents an expansion of
A 1 teeth number determination by continued
A' 1 fractions.

- = B 3 = 0.75 We let
B' 4

34 a 49 c
C = - and --

.843 b 62 d

These two approximation values show a
D =15 = 0.7894736 of in comparison to the exact value-- 0.843 of:
D' 19

a c
E 34 = 0.7906976 --- i=ej andi---=e 2

E' 43 b d

From values b, d, eI, and e2 one forms Ihe
4 0.7903225 quotient

P 62 d e2
k = d

G_83b el
G = 83 = 0.7904762
G' 105 which at first yields a double fraction

(numerator and denomioator decimal frac-
H = 132 = 0.790419i tion). This double fraction is expanded by 10,
H' 167 100, etc. so that numerator and denominator

become a low decimal number > 1, which
- 347 = 0.7904328 after division by each other would yield the

1' 439 value k1 . By rounding off (or possibly by
additional increase by one of both numerator
or denominator) one finally obtains an

16-3.6.2 Brocot's Approximation Method ordinary fraction x, which is used to calculate
347 the corrected value

Example as above: i = -470.7904328. a x + c

439 aX_+_C
bx+d

From the table we obtain the two

approximation values which, upon suitable selection of x, approxi-
mates considerabl- closer the original i-value

4= 0 a = 0.7903225 than the two original approximation values3_4=07906976 and ± .932

43 62 a/b or cid.

As applied to*our example
of which the one is greater and the other
smaller than the exact value 0.7904328. It a i= 0.7906976 - 0.7904328
may be seen that these approximation values b
also can be obtained without the table, They = 0.0002648
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2=. i-- = 0.7904328 - 0.7903225 where (_d
- 0.000 1103 fn = natural frequency of pallet opera-

62(0.0001103) 6.8 tion, Hz
43(0.0002648 11.4

t = functioning delay, see
Forx =7/12 we obtain

0 = required angle for last pinion, deg
34(7) + 49(12) =14(59) 07035I4(7)+ 62(12) 14(59) = 0.790436.Nw = number of teeth on the escapement
43(7)+ 62(12) 19(55) wheel

Since Brocot's table- is calculated only for x = gear train ratio, reciprocal of gear
true fractions whose numerators and denomi- velocity ratio i

nators go no higher than 99 (two-place
numbers), one can carry the approximation Nw  should be designed to place a
even -farther by selection of even higher-place maximum number of teeth on the escape
fractions as provided by the continued wheel within the predetermined limits of the
fraction method (e.g., F/F' and GIG' or GIG' moment of inertia of the escape wheel. The
andH/H' as limits), natural frequency of the escapement system

f, should be as high as possible for increased
The difference in comparisor to the true resolution; and t is determined by the

value i = 0.7904328 when using continued specifications placed on the timer.
fractions is for (

After the gear train ratio is determined, the
49 train can be designed so as to fit into the

FF' =- (0.0001103) available space using a minimum of gears to
reduce friction losses and inertia of the

8GIG' 83 /0000G34) system.

132, 164 ESCAPEMENTS

167 The escapement is the part of a mechanical
clockwor chich regulates the transmission of
energy. The rate of energy release can be

and aczording to Brocot's method is controlled by either a two-center untuned
0.0000022. In the last case two gear elements escapement or by a tuned escapement of two
also are required. or three centers.

H 10-3.7 GEAR TRAIN DESIGN 164.1 UNTUNED TWO-CENTER ESCAPE-
MENT

The design of gear train for a timer depends
on the time interval to be measured. The Known variously as a runaway escapement,
following equatior can be used to determine verge escapement, or inertial governor, the
the gear train ratio untuned two-center escapement (Fig.

16-2213) is an inertia! system that lacks the
x-f t 360 (16-10) resonance charaetistics of the spring-mass

0 N w  type of timing escapement. In order to rotate,

16-26
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forms. One has an escape wheel and
PAtLLT FACE . OSCILLATING MASS oscillating mass combination of the type

shown in Fig. 16-22 where the teeth of the
ESCAPE PINION, escape wheel engage the flat pallet faces

formed by a special configuration of the mass.
-I The other form, shown in Fig. 16-2313, has a

PALLET FACE pin pallet. The escape wheel engages pallet
faces formed by two pins that project from

ESCM wHEEL the oscillating mass perpendicular to its plane
of oscillation. This second type is preferred
by some designers who believe that the pinlocation is controlled more easily in produc-

Figure 16-22. Runaway Escapement, Flat tion, providing better control of the geometri-
Pallet Faces cal position of the pallets. However, it is less

reliable because a pin may be missing or bent.

the escape wheel (sometimes referred to as 164.1.1 Factors Affecting Escapement Oper-
the starwheel) must drive an inertial mass ation
alternatively clockwise and counterclockwise.The direction of rotation of the inertial mass The following variables affect the running
changes each time a tooth of the escape wheel rate of a runaway escapement:

passes by one of the two contact surfaces on
tile oscillating mass. These contact surfaces, (1) Net driving torque (input torque less
called the "pallets" or "pallet faces", are output load)
contacted alternately by the escane wheel
teeth, thereby producing the oscillatory (2) Change in the geometrical relationship
motion of the mass. The mass itself often is of the pallet and escape wheel (due to wear or
referred to as the pallet. This continuous manufacturing variations)
reversal of the rotati-'nal direction of the mass
results in a drag that resists the input torque (3) Gear train and escapement tolerances
(energy is lost primarily by collision), and the
average rotational velocity of the escape (4) Friction
wheel becomes a function of the torque. The
escapement, therefore, provides a useful All effects considered, typical lot-to-lot
timing function if the driving torque has error for movements regulated with this type
acceptably small variations in its magnitude. of escapem-nt is usually within ± 15% when
The period T for one rotation of the escape operating over the military temperature range,
wheel is approximately -70 to 125 0F.

k
T = - , sec (16-11) The timing error can be reduced to ± 5%

NOi with tight tolerances, good quality con.-ol,
where individual adjustment of the output angle of

rotation to match a particular escapement
G = input torque, ;b-in. rate, individual adjustment of balance inertia,

and constant output load.
k = system constant, (in.-lb) I-sec

The frequency fn of pallet oscillation may
This escapement commonly is used in two be calculated from the net driving torque (Eq.

16-27
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Pallet -

/ Balance'

I Esca pement'

4r

Escapemnent
Wheel

Figure 16-23. Runaway Escapement, Pin Pallet Typo

16-12) on the escape wheel if the following I ,;wH (16- 12)assumptions are made'1 : fZ12-

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

(2) D~riving torquc is constant. G =net driving torque, lb-ft

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

(4) Friction is negligible.=raisoecpewelin

16-28
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1407F INITIA'. MOTOR TE.MPERATURE 12 I

0* 
'N I 

U

40 -700 It ARMING DISTANCE SPECIFIZO

0F INITIAL MOTOR TEMPERATUREI
W RANGEOF ROCKET 600fU0 c I ~E~m"

ACCELERqATIC4~
0. L0 f 0 1w I
0 I 2 3 'A -0 10 20 30 40 50 60 70 80

TIME, SEC ACCELERATION, 9

Figure 16-24. Typical Rocket Accelerations Figure 16-25. Variation in Rocket Arming
Time

0 = angle between extrent, positions of This variability in behavior of rockets can
pallet, rad be illustrated by the influence of rocket

motor temperature (at time of firing) upon
1. = moment of inertia of oscillating mss the acceleration (see Fig. 16-241). Other

of pallet, slug-ft2  factors such as a~r density can have
pronounced effects on the acceleration-time

Thus the frequency varies as the square diagram.
root of the escape wheel torque, or damping
force is proportional to the square of the Fig. 16-251 shows that the arming time
escape wheel angular velocity. When designing must vary with the acceleration of the rocket
a gear train, the designer must remember that if the arming distance is to be held within the
G is the actual torque delivered rather than specified tolerance.
the theoretical torque. (Use 30% of the
theoretical torque as a first approximation.) A solution to this problem can Le to use a

runaway escapement. Using the acceleration
16-4.1.2 Runaway Escapement Applied to of the rocket as a source of power to drive the

Rocket Fuze escapement, the escapement can be designed
to effect arming in the same distance even

As an example, let us investigate the though the acceleration varies. Fig. 16-261
problem of arming a rocket f'11- at 700 ± i 00 shows a device in which the torque applied to
ft from the launcher. For safety, the fuze the escapement will be proportional to the
must not become armed until the rocket has setback acceleration.
traveled a certain minimum distance.

The time to arm t can be expressed as
Inasmuch as measuring this distance direct-

ly is a difficult if not impossible task, a timing t= - , sec (16-13)
ipterval is measured in a manner that is 'fn
related directly to distance. If the speed of
the rocket were constant, a timing device because it depends upon the number of
would suffice. The timing devices for arming oscillations of the pallet and thence upon its
artillery projectiles can be applied with frequency fn. The distances that the rocket
reasonable confidence, but the behavior of will travel during the arming time is
rockets is too variable to measure arming I
distances with timing devices even if all s=-at 2  (16-14)
rockets performed normally. 2
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LEVER flight would be constant which is not
necessarily true. Some rocket motors exhibit

TIMING DISK characteristics that make the rocket accelera-
tions vary with time. Fortunately, the arming

SPIN- -  "- -distance is only moderately affected as shown

TI
t - , ' .).' "" I,M I I .3-C ,'/, S + ,I3

;I .TI ." GEAR TRAIN s k + ft (16-17)
ACCRATI T. ftk3

% %, Sincebothk' and a are large compared with

kl, the second term becomes insignificant.

" -4--- ESCAPEMENT 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

Figure 16-26. Runaway Escapement velocity co of the escape wheel is given by'

0.231 I° . 11 2 Gu.s
The torque G is given by W. 0a

m 
0 12

G=mar k', (16-15)
wherewhere
1W -moment of inertia of escape wheel,

m mass of the driving rack (Fig. 16..26), slug-ft2
slug

IM  moment of inertia of oscillating
a = acceleration of th2 rocket, ft/sec 2  pallet, slug-ft 2

rw = radius of the escape wheel, ft G torque, lb-ft

k' = ratio of number of te,'- of driving 'ibis is the same form as Eq. 16-12 because
gear and escape wheel

f, N w c¢o/(2r),Haz (16-19)
Combining Eqs. 16-12 to 16-15 results in f wc/2rH 1-9

4 =I 60 where Nw is the number of teeth on theSS=- =k,(16-16) escape wheel. The constant coefficient

kof k' r (0.231) was found to depend upon various
factors: center-to-center Aistance between

in which all terms of definition are indepen- escape wheel, friction in the gear train, and
dent of the rocket ballistics. number of times that the mechanism had

been "run down".
The runaway can be employed to establish

a constant arming distance in this circum- 16-4.1.3 Dynamics of Runaway Escapement
stance. However, the analyses assumed that
for any one rocket the acceleration during There has been considerab!e analytical
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work done in the dynamics of this type of 16-4.2 TUNED TWO-CENTER ESCAPE-
escapement 1 4 . Three conditions of p-allet MErTS
wheel motion were studied. These include(1) cycle of no free motion, (2) cycle of no The tuned escapemnent is the pari of a
contact motion (all free motion), and timing device that (1) counts the number of
(3) cycle of half free motion half contact oscillations executed by the oscillating mass
motion. (pallet) and (2) feeds energy to its pallet. The

pallet controls the rotation of the escape
The effect of geometrical factors upon the wheel while it receives energy that maintains

behavior and nonuniformity of running rates its oscillations. Since the pallet teeth trap and
of this system was investigated' 1. Some of release escape wheel teeth, the rotation of the
the results of this study were: escape wheel depends upon the frequency of

oscillation of the pallet.
(1) Variations in apparently identical pal- These escapements consist of a combina-

lets may cause variations in period of as much ton of a oing
as 0.13 sec. tion of a pivoted balance and a mass-restoring

spring wilsed twice per cycle by an escape
Variation in period introduced by wheel. The axis of the escape wheel and(2) Varion in d id e d by -alance mass pivol are usually parallel. Thedifferent starwheels and drive springs is bscie eidtee n l uenegligible. basic idea behind these, and all tunedescapements, is that the balance mass-restor-

(3) The factors in 'he pallet that caused ing spring system has a natural frequency to
radical changes of period are the shape and which energy must be delivered so as tolocation of the leading pallet face. maintain the oscillation and alter the natural

frequency as little as possible. Thee escape-
(4) ments might be classed i~i two groups,(4) A change of 0.002 in. in the center-to-ten- etmih becasd itw gru,A cang of0.02 i. i th ceterto-en- dead-beat and recoil. In dead-beat escape-

ter distance of pallet and wheel results in a
change of period of K%. ments, the escape wheel rests motionlessagainst the locking face of the pallet. During

(5) Friction is most important in the drive the "free --wing" phases of the cycle there is
springs, and oiling the pallet srfaces strongly firm contact between escape whea tooth andsprns and on palletexcept during the impulse, and catch-up

Sd ephases. In recoil escapements almost all tooth

(6) Physical smoothness of shafts, pallet action consists of impulse except for short(6fcts, shoulders, or bearing holes is of angular. displacements immediately after im-negligible importance in affecting the period. pacts where there may be a slight recoil of thenescape wheel. Further discussion on the
I: escapements follows:

(7) Torque delivered at the escape wheel
may vary greatly because of frictional effects
from mechanism to mechanism. (1) Dead Beat Escapement.

The original escapement of the dead beat
(8) If a mechanism has been dormant for type is the Graham dead-beat escapement

some hours or days, its period is large when used in pendulum clocks. To make this
first rerun and then decreases to the constant escapement suitable for military use, the
period. number of teeth enclosed by the pallet was

reduceJ to thiee aad the impulse face was
(9) The nominal delay time may vary as relocated to the escape wheel tooth. The

much as 5% depending upon the operating resulting Junghans escapement is discussed in
positions. par. 16-4.2.1.
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Another form of dead beat escapement is made adjustable so that the timing mechanism
the cylinder escapement where the pallet is can be regulated to the design frequency
for.,'ed by remcving a small section of a full thereby compensating for small material and
cylinder and only one tooth is enclosed, manufacturing variations from unit to unit.
Cylinder escapemcnts are discussed in par. The escape wheel is made of thin brass or
16-4.2.4. beryllium copper and usually has 20 'teeth on

its periphery, three of which are enclosed by
(2) Recoil Escapement. Recoil escape- the lever pallets during operation. The wheel

ments in their classical form are not used in teeth are so shaped that, as the escapement
military nicchanisms. There are. some almost wheel is rotated, the lever is caused to
dead beat .scapements that exhibit small oscillate which in turn imparts intermittent
amounts of recoil. The escape wheels-in rotation to the wheel. The normal mode of
another class of escapements that might be operation of the Junghans original escape-
classed in this category-always drive, ment was deid beat, i.e., the escapement
supplying too much torque to permit any wheel stops and does not reven.e its motion.
recoil: They really are tuned runaways and are
not very accurate, but are highly reliable and Fig. 16-28(A)- shows tooth A falling on
are suitable for some safing ard arming pallet tooth A'. In Fig. 16-28(8) the lever is
mechanisms. A good example of this is the passing through the equilibriun point in its
normal Junghans escapement operated back- oscillation where tooth A is about to be
wards. 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

16-4.2.1 Jun~ian$ E. calemet passes through the pivot of the lever, its
e pmotion will not be altered. As pallet tooth B'

mThe principal tuned two-center escape- slides beneath tooth C, the escape wheel
ments used in mechanical time fuzes in this stops. In Fig. 16-28(D) the lev-r has returned
country are forms f an escapement oriGnally to its equilibrium position and is being driven
designed by Dr. n. unghans of Germany by the escape wheel as shown in Fig.
during World War I. The advantages of this 16-28(B). If the energy is added as the pallet
escapement are its relatively simple construe- passes through its equilibrium position, the
tion, ability to withstand extreme environ- frequeny of the oscillating mas; (regulator) is
ments (ruggedness), and its inherent high least affected.

frequency of oscillation.

l t Neglecting for the moment te in:eraction
Basicall, the Junghans system consists of of the tescapement wheel and pallets, the

an escapement lever (the oscillating mass) effects of variable driving torque, etc., the
with a beam escapement spring and an escape: , natural frequency 4, -from elementary
wheel (see Fig. 16"271 6). The !ever is made of theory for a spring-mass vibrating sys-
spring steel and formed as shown. The pallet tern-neglecting friction, is
is an integral part of the I ever and is ground
accurately to shape. Small ,,eights sometimes I F1 k I r / Az (16-20)
are fastened to the lever arms in order to 2 m
obtain the desired inertia for the spring-mass
system. The arbor, to which the lever is where
staked, provides its pivots and also secures the
escapement spring. While the escapement k = torsional spring'ecnstant, lb-in./rad
spring is fixed to the arbor near or at its
midpoint, both of its ends are supported lra= moment of inertia of the oscillating
simply by guides. The position of the guides is system, slug-in."

16-32

Downloaded from https://www.everyspec.com

SAMSUNG EXHIBIT 1028, Page 277



AMCP706-205
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(c, Escape Wheel TOOth Foiling on Pallet Tooth (ol Pallet at Equilibrium

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 move~nent within a given lot of
fuzes, the general shape of the curve is the b = constant dependent or, the friction
same 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 c = constant dependent on pivot friction
be expressed in the following form' 8 of the escapement lever

F~bG c)~1By examining Eq. 16-24 one can readily see

=a1c6(b2c)) the reasons for variations of frequency shitt
f(1 +b)G J1-2) from movement to movement. Small changes

16-34
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1 A = amplitude, rad

VA 0 w = circular frequency, rad/sec

. 0 = phase angle, rad! O\
,, 0IT period, see

L,. 0 (A and 0 are constants determined by the
initial conditions)

5 10 IS 20 25 !b
Mainsprinq Arbor Torque, in.-oz12= = (16-26)

Figur-e 1629. Junghan Escapement, Frequen-
cy-torque Curve T= . -2 = sec (16-27)

in c and b alter the vaiue of 4f/f appreciably. 7he Junghans escapement has undergone
The relationship is especially sensitive to many changes of an evolutionary nature since
changes of c at low torque and to changes of its introduction approximately forty years
b at high torques-i.e., at low torques, ago into the United States for use in artillery
changes in pivot friction are critical; at high fuzes. Materials have been improved and more
torques, changes in tooth friction are efficient processes have been used. Further a
important. Since a larger random variation is mainspring has replaced centrifugal weights,
expected of c rather than of b, the gear train values have been increzied, and
escapement is less stable at low torques, safety features have been added. Two such

improvements are the Popovitch modification
The fundamental equation for the motion and the Dock modifitation which are

of the balance wheel neglecting the effect of described in the paragraphs that follow. Two
friction is additional modifications, proposed specifical-

ly to reduce spin sensitivity (E-K and PA
r /2\ systems), are discussed in par. 16-4.4.M 14.1-tkO=O(i&-25)
12 UP-k o 164.2.2 Popovitch Escapement Modification

The Popovitch modification of the Jung-
vihere hans escapement is ahown in Fig. 16-301 . It

u.ees two outboard ,iprings instead of a spring
mI = moment of inertia of balance wheel,, f~a.tencd to the arbor. The modificationslug-in. 2  rc duces the spin sensitivity of the mechanism.

k = torsional spring constant, lb-in./rad A mahematical analysis has bcen made
concerning the feasibility of the Popovitch

= angular displacement of balance modification ih the derign of escapement; for
wheel, rad, or artillery fuzes 9 This report shows the

behavior of the spring, in its hurizontal and
= A cos (wT + 0) vertical positions, under the influence of

t 6-15
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secondary benefit a.ises from the unique
SLXC manner in which the round-wire escapement- USTC I NT C spring is fastened into the arbor. Fig. 16-3216

,.; /' - ISCAmimIrT saeamo shows in detail how the springs in the
ARBN Junghans (standard) and Dock (new) versions

, . are held in the arbor, and also indicates The
-,o,- attendant changes to the adjusting nuts. In

A- -the standard design, the escapement spring is

AEV distorted badly in the neighborhood of the
AS$;M5tY arbor, necessitating a manual straightening

PAL&IT ,operation after the spring is pressed into
•- place.

ESCAPEMENT WHEEL.

164.2.4 Cylinder Escapements

Figure 16.30. Popovitch Modification of Cylinder escapements are relatively simple
Junghans Escapement and inexpensive. They are not used in

applications requiring extreme timekeeping
accuracy. The timekeeping errors are, in

,:- Igeneral, one order of magnitude higher than
centrifugal and axi, l accelerations. Thermal the errors in a detached lever escapement.
expansion and gyroscopic effects also were These errors are due mostly to the torque
considered in the analysis. sensitivity of cylinder escapements, i.e., the

beat rate is somewhat dependent on the value
of the torque that drives the escapement.

164.2.3 Dock Escapement Modification Fig. 16-3320 shows the essential compo-
The Dock modification is not directly nents of a typical cylinder escapement. The

concerned with the kinematical geometry of escape lever is a cylindrical tube with part of
the escapement. It attacks the following the wall area cut away. It spans one tooth.
problem: the natural frequency of the The inertia of this lever and the coupled
Junghans escapement changes in a spin hairspring constitutes an oscillatory system
environment because the spring must flex ih a that meters the speed of rotation of the
radial force field. The freq.uency change is escape wheel. This is done by allowing the
proportional to the square of the spin speed. escape wheel to advance one tooth for each
This is an .appreciable effect. In addition to complete cycle of oscillation of the escape
causing shifts in mean functioning time when lever. Fig. 16-3420 showb the action sequence
the fuze experiences other than its regulation for this escapement.
design spir, it also causes dispersion in
functioning times. A large part of the timing The motiop of the various parts of the
variation of the Junghans escapement arises cylinder escapement were analyzed using
from this spin sensitivity (see par. 1 4.4). Newtonian mechanics and, since the coupled

equations of the impulse are nonlinear,
In the Dock modification o-- the Junghans solutions were obtained by computer meth-

escapement the rectangular cross section ods2 1. Figs. 16-35 to 164120 give the results
spring is replaced by one of circular cross of the variation of several escapement
section (Fig. 16-31 6). A re+.action in spin parameters. The definition of the symbols
sensitvity stems from this change alone. A appearing on the graphs are:

16-36
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Round
, Escapement

-Flrt Escapement Spring
Spring

Swage Pin 0.006 in.

0.018 In. Hoole Plzg
to Fasten Wire 0.0247 in. HalfSTANDARD FUZE by Slight Hard Brss Plug

SFSwaging NEW DESIGN

(A) Escapement Arbor Showing New Configuration

0.004 in. 0.015 in. HoleWidth of Slot

STANDARD FUZE NEW DESIGN

(B) Adjusting Nut Showing New Configuration

Figure 16-32. Escapement Arbor and Adjusting Nut-Modified Configuration

PC = 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 pi.vot diameter, and by the
= coefficient of friction between es- weight of the pallet. Study of the figurescape 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 variation introduced
BR =natural beat rate by difference, in E. Thcre is little or no

J = ratio of escape wheel inertia to
pallet inertia ESCAPE

WHEEL nI ESCAPE
Gs = drawing torque applied to escape LEVER OR

wheel PALLET

k = torsional spring constant of pallet
return spring

E = rebound coefficient, i.e., rebound HAIRSPRING
velocity of pallet to the approach .. )
velocity TOROUE

Fig. 16-35 shows the effect of variation of

torsional drag on the pallet due to pivot Figure 16-33 Cylinder Escapement Assembly
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(A) FIRS( IMPACT (B) START OF FIRST IMPULSE

(CI END UF FIRST IMPULSE (-'SECOND IMPACT

(El START OF .ECOND IMPULSE (F) END OF SECOND IMPULSE

Figure 16-34. Action Sequenco of Cylinder Escapement

sensitivity, for a change in E, in either Fig. 16-38 shows the effect of varying the
timekeeping or amplitude properties. ratio J. It is evident that a minimum of escape

wheel inertia should !ead to good timekeeping
Fig. 16-37 shows the results of varying the and at the expense of good timekeeping,

coefficient of friction p . Both timekeeping increased pallet inertia could be used to
and amplitude are highly sensitive to this control pallet amplitude.
friction. The magnitude of the friction is
sensitive to influences such as temperature A real problem in production is the
and loading pressure. The drooping tendency variation of center distance. Fig. 16-39 shows
of the timekeeping curves is probably too the performance changes that occur as a result
severe because most lubricants show a sinalle.r of center variations. Even though little
coefficient of friction as the loading pressure sensitivity is indicaed in the figure, experi-
is increased. ence says otherise. A possible cause of the

observed sensitivity may be rapid change of
direction of the common normal to the

From these resuls, the choice of an ideal contacting surface of escape wheel and pallet.
lubricant for the pallet surface should be one
which is temperature insensitive, load insensi- If the escape wheel tooth lift is increased,
tive, and has as small a friction coefficient as there te.ids to be a slight flattening of the
possible (say about 0.1). In addition, the tir.ie*.Leping curves as well as some increase in
lubricant should have wear resistance, chemi- amplitude as lift is increased (see Fig. 1640).
cal stability, and be immobile. The tempera-
ture sensitivity problem may be solvcd by Thc degree. to which the escapement is
selecting a lubricant whose coefficient is not 'cut ot beat" is defined as the alignment
sensitive over the required operating range. error and is the parameter that is varied ir

16-39
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""/[~G /''"%k"" Further work on the cylinder escapement
sindicates that the major contributor to torque

sensitivity is the frictional drag between the
o:,.0 -. .. pallet and escape wheel during the sliding

phase of motion20 . 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

0 due to recoil during engagement is restored to
20 is returned to the pallet. Tis causes a

regative drag that 2cts to cancel part of the
-. positive drag. If these two effects could be

U15 , E=o, J=o.I proportioned properly, better timekeeping
would result.

O.S1.0 1.5

Gs/k 16-4.2.5 EscapenVmt Self-starting Capability

Figure 16-35. Pivot Friction Variation Tis capabi'ty refers to the ability of the
escapement to start the oscillator moving,
without an external force, from any rest

Fig. 16-41. The figure shows that alignment position and to sustain the oscillations as long
errors-if they are small (2 or 3 deg)-have as energy is supplied. Seltstarting capability is
little effect but greater errors cause timekeep-
ing degradation, increased torque sensitivity, 1.1,0_
and a lessening of the total range of torque a,/k [
over which the escapement will operate. 1.00

or. . 0.10

"I. I , ., . .. "a- 0.0

1.1 C3 /dp O.1'J= .,.¢= 0 . .

I 1 pO ' ' Os/

0.5 3.0 s

O0/k

00.10

~~ 3.0, 0.1, 0.2 0.4 10 =. :J ::2.

11P E0.15, J O.. , uc=O 0

00.5 2.0 1.5

Figure 16.36. Rebound Coefficient Variation Figure 16-3Z Pallet Friction Variation

16.40
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1.10 bance. This is not a factor with the untuned
GO two-center escapements that have no dead

t.®L' :o .s spots and are, therefore, inherently self-start-

o.bo -0. o Some nonself-starting escapements can be
0.40made self-starting by putting them out of

0.70 beat, i.e., making the relaxed position of the
oscil'ator one other than that which is
desirable for the best timekeeping accuracy.
Another approach is to modify the tooth

20 J.o profile (see par. 16-3). However, care must be
01!!0.1 taken not to cause frictional drag. Gear trains
0.0 -------- can become seW-locking due to friction (see

to par: 16-3.4).

5 ,An experimental and theoretical study wasli,=o.:S, E--o, j --o made of a variation of the Junghans system

0 0.5 1.0 1.5 with a view to improve the self-starting
6,/k capability2" The nonlinear equations of

motion f6t the impulse phase are derived on
Figure 16-38. Inertia Variation the basis of energy considerations and are

used to determine the relationships between
escapement frequency and input drive torque.

of great importance in many military Experimental studies of frequency vs torque
applications. are described, and the test data are found to

correlate reasonably the results of the
Some escapements have dead spots or rest theoretical investigation.

po5itions in which they will remain at rest ,
even when energy is being supplied, if they 16-4.3 TUNED THREE-CENTER ESCAPE-
are allowed to stop in these positions. MENTS

Restarting then requires an external distur-

exist in several forms, have the following

c ,0 principal common characteristics that dis-
tinguish them from two-center escapements:

•.e, • (1) There are three in lieu of two pivot
centers.

(2) The oscillating balance is free (de-
00 , olk tached) of the escapement through as much as

, i85% of its swing, whereas in two-center
C .escapements the balance is essentially neverI llK Imll C E,- toO lin~.

P =0.1,, J =o., ,.€=o free from the escapement.

G/k (3) Their timekeeping properties are im-
proved significantly over two-center escape-

Figure 16-39. Center Distance Variation ments.
14

- 16-41
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.o. 0-o1.5
C I

0 0O.N In,

0.9040.0021n.

0Nominal

Nominal +.00OS1A
20

-. 1o5 oo n:IS 11. 4C.002 Its.

4O0M In.
j10 40.000in

5 ~Nominal lift - 0. 009 in,
'Up- 0.15, E - , J=O.],/.o 0

0 0 G/k 1.0 1.5

Figure 1640. Variation of Lift

(4) The power requir-ments are minimal for the tuned two-center escapements (see
due to high operational efficiency. Eqs. 16-25 to 16-27).

(5) They are suited ideally to long runs The detached lever escapement operates as
because of their low natural frequency of follows: one end of a pivoted lever acts by
oscillation, means of two pallets in conjunction- with the

escape wheel; the other end acts on the
The idea behind three-center or detached balance.' Tere are many slightly different

lever escapements is that an interm, .iiate link versions of this escape.ment. The differences
between the escape wheel and the oscillating are in tooti shape and number, pdllet design,
mass (balance) permits delivery of the lwer ratio, fork geometry, etc. The .scape
impulses in a more precise manner, and also wheel teeth are sometimes given a negative
minimizes the drag torque imposed on the draw to improve reliability and give a
balance by the escape wheel. self-starting feature but this destroys the

detached lever characteristics because there is
The detached lever is capable of much then a friction drag on the balance, For

* greate: accuracy and can be used for longet military applications, the amplitude may be
time delays than any other frictional move- reduced to permit higher frequencies. Both of
ment. The poorest esnapements are capable of these modifications tend to reduce the
accuracies of ± 0.1 to 0.2% while the best aro accuracy of the escapement.
capable of attaining accuracies of aboutI 0,005%. The fundamental equw.tions for the Figs, 16-421 3 and i6-43 13 show the two
motion of the balance are the same as those main forms of the detached lever escapement,

16-42
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1.10 .,/1 safety lever and roller on the balance staff
1.0 ,(Fig. 16-43), and a pin on the lever to prevent

n-. unlocking the lever in the event the
:"o.-4 "  .2"-. Iescapement receives a -shock -during the freeI.\ motion of the balance wheel. In pin-pallet

o"_'.-,'2 escapements, banking pins often are omitted
and the pins are allowed to bank on the root
diameter of the escape wheel.

0 The- action of these escapements is as
follows:

- 0.. "(1) The balance wheel- travels in the
,0' direction indicated-by the arrow (Fig. 16-42)

4 swith sufficient energy to cause the impulse
5 Pp =0.15, E=o, J=o.. yc =0 pin to move the lever and pallet far enough to

release -the escape- wheel tooth from the
0.5 1.0 ,.5 locking- face, and: allow it to enter on the

G,/k impulse face of the pdlet.
Figure 16-41. Alignment Error Variation

(2) The escape wheel, driven by the
mainspring, moves in the direction of the

namely, the club-tooth type and the pin-pallet arrow and pshes the pallet out of its path.
type. The pin-pallet escapement uses pins as After the wheel tooth has reached the end of
pallets, and the impulse -is entirely on the the impulse face of the left pallet, its motion
escape wheel tooth. This type is least is arrested by the-right pallet, the locking face
expensive, rugged, and easiest to manufacture. of which has been brought into position to

receive another tooth of the wheel.
Detached-lever escapements require a small

(3) When the pallet is pushed aside by the
- ROLLER OR BALANCE wheel tooth, the lever imparts sufficient

'WHEEL energy to the balance through the impulse pin
"O"*P, oR IMPULsE to sustain oscillation of the balance wheel.
Pik Th-. balance wheel proceeds on its excursion,

SAFETY PIN - BANKING PINS deflecting the balance sping until it comes to
0 Lrest. Then its motion is reversed by the

LEVER uncoiling of the balance spring; the impulse
pin again enters the notch of the lever but

LOCKING _ --- from the opposite direction, and the opera-
-FACE PALLET- tion prev.ously described is repeated.

FACE -- ' " SCAPE WHEEL 164.3.1 Method of Increasing Torque Regu-
lating Range of Detached Lever
Escapements

An escapement has the twofold function of
- - regulating the speed of the shaft and of

dissipating the energy that is supplied through
Figure 16-2. Detached Lever Escapement, the shaft. While for watch making applica-

Club Tooth Type tions the speed regulation function is

16-43
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OVERBANK POSITION

--------------------------------------- -- --
i ~~SIMPLIFIED / ,

l ' ~ ~BEHAVIOR / ,,1 A CTUA L

-i BEHAVIOR I
' .3 AMIN

IhI I
GMIN GMAX DESIRED GMAX

TORQUE

Figure 1644. Amplitude vs-Torque Behavior

paramount, in certain military -applications reliable unlocking actioa, accurate speed
the energy (or torque) regulation capaity is regulation, or both. These limiting amplitudes
of primary concern. correspond to limiting torque values beyond

which the escapement-is said to-be operating
The practically constant fraction of the improperly.

energy that must be absorbed by the
escapement is imparted to the balance during The two methods available for increasing
the impulse period; the remainder is dissi- the torque regulation are either reducing the
pated as heat when- the escape wheel impacts minimum permissible amplitude- or introduc-
on the pallet. That energy thut is imparted to ing a nonlinearity into the amplitude-torque
the balance is dissipated primarily in coulomb relationship so that higher torques can be
friction at the balance pivots. It follows from accommodated without overbanking. This
an elementary energy balance that the latter method is indicated in Fig. 16-44 by the
amplitude of oscillation of the balance should curve labeled "desired hehavior". Several-
increase in direct proportion to the applied ,nethods for accomplishing nonlinearity are
torque. This is shown in Fig. 16-4423 by the changes in windage drag, hairspring, escape
curve labeled "simplified-behavior". At-higher wheel inertia,-beat rate, and brking fork.
amplitudes, experimental curves deviate from
liicarity as is shown in the figure-by the curve
labeled "actual behavior" and indicate er.ergy .
losses not directly proportional to input ; -
torque. , 4; . -f

The permissible amplitude limits determine A .
the range over which an escapement can .-
operate. The maximum p lrmissiblo amplitude
is-limited by the overbank position, i.e., the
angular position of the balance whe.l at
which the pin strikes the-outside of the lever D
fork. The-minimum permissible amplitude is-
that amplitude for which the energy stored in
the balance is just sufficient to provide Figure 16-45. Balence Wheels

16-45
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Figure 16-46. Effect of Varying Escape Wheel lnerti3 and Frequency
The windage drag, which is a function of changing -the inertia of the escape wheel, as a

velocity, -can be amplified by altering balance function-of amplitude.
geometry so that parameters b:aring on
windage can be made more prominent. Fig. Another way of accomplishing the desired
16-452 13 shows various arrangements of amplitude behavior is by applying a drag
balances- illustrating this principle. Although torque to-the balance-which is proportional to
increases in windage- effects are attainable, it the applied torque. Energy dissipation at the
was found that windage has little or no effect balance would then be dependent on the
on nonlinearity, product of airplitude and applied torque.

This can be accomplished by using a braking
Data and theory indicate that -the hair- fork mechanism as shown in Fig. 16-48 13.

spring generates a radial thrust comparable in The effects of braking action which can be
magnitude to the weight of the balance wheel, attained by this method are shown in Fig.
Since this thrust increases with amplitude, 16-492 1 . Possible disadvantages are degrada-
nonlinearity like that show: in Fig. 16-44 can tion of timekeeping and difficulties of
be demonstrated. The incre;ased pivot loading manufacture. Fig. 16-5023 shows the effect
at high balance amplitudes causes a rate of of several braking surface combinations.
increase in energy dissipation which is greater 16-4.3.2 Dynami Analysis of Detched 1.-
than ti:e rate of increase of amplitude and
hence the nonlinearity in the amplitude ver Escapement
torque curve. The dynamics of the detached luver

escapement has been the subject of two
If the escape wheel inertia and frequency analytical works 24 , 2 5 . The first is a Ph.D.

are changed, it has been shown that dissertation on the dynamics of a detailed
nonlinearity can be attained. Fig. 16-4623 lever mechanism. The basic equation of an
shows the effects of changing the inertia of ost.illating spring-mass system is augmented
the escape wheel and the natural frequency of by adding terms that represent viscous
the balance-wheel/hairspring system. Fig. damping, sl;ding friction, and a forcing
164723 shows the effect on frequency by function.

1 16-46
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5.100

A AMPLITUDE, RAO
1.0 2.0 30

1- 5.000 -.----- _X

X LEVER ESCAPeMENT
0 SA'AE ESCAPEMENT BUT

WITH 12 TIMES NORMAL
ESCAPE WHEEL INERTIA

4.900

Figure 1647. Beat Rate fora Detached Lever Escapement

The equation for the escapement is as follows time rate of outprt of a high torque source
while tapping a small fraction of the torque

" + w2 0 i+ +R +XS = 0 (16-28) for its operation. With this arrangement, it is
0 claimed that te torque is relatively constant

V where and this provides better regulation.

angular displacement The second report25 points out-that the
high accuracy traditionally realized in

W2 -k/I watches -and clocks using the detached lever
torsionalescapement could not be maintained when

k = torsional spring constant the detached iever escapement is adapted for

I = moment of inertia of balance
- BALANCE

C (viscous damping coefficient)/I -ROLJLE

R = (sliding friction coefficient)/O

XO =forcing function

The equation of motici 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 ECAPE
conducted on five experimental escapements. WHEEL
The experimental data gave excellent correla- ,
tion to the theoretical data in both e:vpecteAd
predictions and shape of the curves. A
method of torque control is suggested tof reduce the torque sensitivity of the detached
escapement (see Fig. 16-5124). In this
method a low-power escapement controls the Figure 1648 Braking Fork
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Figure 1649. Effects of Braking Action

use in military timing mechanisms. Some--of (4) Increased variations in input torques
the causes- believed responsible for the and -output loads- resulting from military
degradation-in accuracy are: applications

say-orhg1eslto in short timing
()Strengthening of fragile, small diameter intervalsA Elminaionof cstl jewlle beain~(6) Oncratied eocaem ie t fequencyr nee-
()Loosening of tolerances to decrease treines and after prolonged exposure to shock

costs and vibration.

/ /'Chroe Pl~~

0

w; Corrected gold plate

-2.

RADIAL P0S.
ROOM TEMP,

I I I
0100 200 300 40(1

TORQUE, ARBITRIARY SCAL.E

Figure 16.50. The Effects of Several Braking Surface Combina~ions
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recommendaticns are made for an improved
model:BALNC POWER LEVER

(I) Provision for unlocking to end before
zero balance displacement

-LEVER

(2) Addition of a draw angle in the
TOOTHED POWER escapement wheel tooth-SOURCE

ESCAPE (3) Addition of a variable geometry for theWH .wEL- lever fork

Figure 16.51. Modifled Escapement (4) Provision for -frictional losses during~impulse-

The gloss effect of all these factors is to (5) Provision for elastic collisions during
produce greater variations in the effective unlocking and impulse.
-impulse delivered to-the oscillating balance
assembly. 16-4.4 SPIN SENSITIVITY OF TUNED

ESCAPEMENTS
Sinu-.- an escapement that shows a -large

variation in timekeeping -properties as the It has been observed that-the frequency of
input torque is varied is said to be torque oscillation of the escapement lever (balance
sensitive, the quality of a given escapement mass) changes when the escapement is spun in
design can be asessed by determining its an artillery fuze. As previously indicated, this
degice of torque sensitivity. change arises from the fact that tht

escapement spring is-now flexing-in a radial
The main objective of the report 2 s ,was to force fiel. that is proportional to the square

develop a mathematical model 6f the of the spin speed. This frequency change can
escapement which allows a more efficient be either positive or negative depending on
-investigation of parameter 'variations and the the conditions of fixity of the spring.
resulting performance changes not previously
accomplished2 6, The differential equations In addition to the frequency change caused
-governing tfie mction of the escapement by the force field, a change is also due to
system are derived, and the solution to-these changes-in ouput of 1he cscsrmont wheel.
equations are obtained by computer methods. In a typical movement, when the torque input

to the arbor varies from 5 oz-in. (the
The equations include most of the essential minimum operating torque) to 30 oz-in. a

geometric and dynamic design parameters frequency change of 1% is possible causing
such as shapes, center distances,-and inertias either random or periodic fluctuations.
of parts. Energy loss mechanisms that are Random fluctuations are due, at least in part,
influenced by the- input torque, collision to slippage between coils of the mainspring as
processes, and escape wheel lag are also it unwinds. Periodic fluctuations are due to
considered. One of the effects found to play a eccetri ities of the gears and to the variation
major role was that of hairspring radial of efficiency of gear tooth mesh on the
sidethrust. different portions of the tooth profile. IT

addition, there is a gradual diminishing of the
As a result of the investigation, several output torque of the mainspring as it

16-49
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-ESCAFEMENT

-LEVER
a ADJUSTING

ESCAPEMENT h

Figure 1652. Escapement:Spring Motion of Junghans Escapement

unwinds. Loss in torque due to this Since wO is not measured easily, the
unwinding is on the order of 25%. (An minimum arbor torque Gmn and the spin
exception to the decrease in output torque is speed w. at which the -escapement stops
the negator spring, see par. 16-2.1.) running is found instead. Then

Under spin conditions, the friction losses in riG, im = iGa (16-30)
the pivot of the off-center-gears increase due \ o
to centrifugal force. If it is-assumed that the
spin has no effect on the mainspring, it can be (o, Gmi1
shown that the torque output of the es¢ =pe o 1.- ' (16-3 1)
wheel can be expressed as a function of spia 0
speed as follows : b o-

i but from Eq. -(6-29

where i
G = escape wheel torque under spin Substituting

conditions, lb-in. r W2  W? 16n32
G = na .i -ra -) (16-33)

G = arbor torque under nonspin condi- Subtit

tions, lb-in.
The reduction in torque due to spin is

= spin speed, rad/sec appreciable. A typical timer operating at 80%
of its stopping speed with GmnlGa = 4 will

w, = spin speed at which escape wheel be receiving only slightly more than half of its
gives no output torque, rad/sec nonspin torque.

i = gear train nonspin efficiency times The spin sensitivity of the escapement
train value (ratio of teeth, driver/ spring in a standard Jur.ghans escapement
driven) (Fig. 16-5216) is given by

16-50
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Af Ap 4 0 2  2/L2 where

12 X112LY L
X(+3 2X2 )* lX 12-(

(16-34)
where To investigate what the change from a flat

spring to the Dock round wire spring would
n = natural frequency of escapement do, form the ratio cs(Round)/c, (Flat) =

lever, Hz A/I(RoundJ/A/! (F2)- because the other
parameters are unaffected. Substituting the

A = cross-sectional area of the spring, in.2  approximate values of A and I for each type
,- of spring, the ratio becomes

p = mass density of ile spring, slug/in. 3  cof n, th (16-3o)

R£ = distance from pivot -center to the c, (Flao) IF (16-37)
adjusting nut slot, in.

E =-modulus of elasticity of spring By use of values for the movement of Fuze,
spring width b = 0.0 13 in. (nominal) the ratio

I = moment of inertia of spring cross becomes
section, in.4  c (RoLnd)

C -OL =fl, 0.51 6 (16-38)
h = overhang -of spring beyond adjusting Cs (Flat)

nut slot, in.
Therefore this change alone reduces spin

X = ratio of 1/2 arbor width to R sensitivity, and mean time shifts by-one-half.

Changes-in certain parameters might reduce Two additional methods for reducing the
spin sensitivit4, but care must be exercised. spin sensitivity of the Junghans escapement
For instance, a -change in X can introduce are the E-K system apd the PA system.
nonlinearities in the system.I. The E-K system (see Figure 16-5311) uses

The equation for spin sensitivity for the two sprngs with different endconditions and
Dock escapement modification is shnilar to an off-center arbor. For this-system, neglect-
Eq. 16-34 with terms involving overhang ratio ing arbor width and overhang
and X omitted as being too small to be of
importance. Rewriting Eq. 16-34 we have k(. 31 1

or where k is a ccnstant calculated to be 13/15.
The advantage of ths system is that one half,the left side, has positive spring spin

*'_- ) ( (16-36) sensitivity, while the other half, the right side,

lhas negative sensitivity. This permits either

Wth restxictionh< 1. . This expression is probably still good pozitive, negative, or null spring sensitivity
for X as hgh as 0.25 or 0.1 depending on the ratio of the spring-length-R,

16-SI
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6L CK SPRING PERMITTED
ADJUSTABLE bLOCKTO LI PIN

, SPRING FIXED

" -- J tz " 2

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

and 92. Besides the apparent disadvantage of 6 + r -Apg. _()2increased cost to manufacture, the main (16-40)drawback might be the necessity of shnaulta- fn T 12 X-16 El
neously juggling two adjustments to arrive at where r = radius of arbor that intercepts theboth the correct frequency and net null spring.-sensitivity. 

!Spring sensitivity is always negative. Much
The PA system is shown in Fig. 16-5418- smalle-g's-are required-in this system than inThe spring sensitivity of this system is given the standard Junghans systei 1'or equal

by frequencies.

ADJUSTAL BLOCK

Figure 16-54. Escapement Spring Motion of PA System
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y ra = radius of arbor, in.[,rg = radius of gear, in.

Wog r = radius of pinion, in.

\h = tension in flexible connection, lb

GEAR W = angular velocity, rad/sec

a ws = angular velocity of gear, rad/sec
a. xAnalysis indicates that inertially generatedV- torques can be used to compensate for

friction, -run-down, and spin decay- energy
-losses in timing mechanisms. However, the
analysis does not take into account two

X elements-Of the-tkni-ig mLchanism. These are
-torque gain due to spring spin, and torque loss

Figure 16-55. Segmental Gear Compensator

x
The problem of spin induced and run-down

torque losses has been studied in order to7
determine the possibility of synthesizing an
inertial (spin energized) compensator that wili F Z
provide enough torque to balance out these -
effects . Two me-thods were considered: h ,(1) segmental gear compensator, and /z
(2) connected mass compensator. Th~e -first T_ 0 - 7
type of compensator consists of two weighted "'segmental gears engaging a pinion. Such- an d

arrangement (with both gears represented by W
a single gear) is shown schematically in Fig.
16-5527, and the second type is shown
schematically in Fig. 16-5627. The following
symbols are used in the fiAures:

F = force, lb 
t

h = distance from center of arbor or gear
to center of mass, in. I

2 = length of flexible connection, in.

m = mass of gear, slug Figure 16-56. Connected Mass Compensator
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'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)
Simultaneously, during rotation of the plet,
the ext face is moved far enough into the

(A) pitch circle of the appr6aching, to6 th tip that
the pallet intercepts the increasing motion cf
the escape wheel. This brief free rot.tion of
the escape wheel, sometimes cai-ed the drop,
is necessary. To insure reliable -ovement, the
rise of the pallet on the -exit side cannot be-

(B initiated at the moment ,hen the tooth tip
on the ,enterig side reaches the edge of the

-.N pallet. Manufacturing defects, such as out-of-
round motion, could lead to jamming. Lifting.
begins on the exit side after the drop (Fig.
16-57(C)). The rotation of the pallet here also

(C) contiaues until the tip of the tooth reaches
le extremity Of the pallet on the exit side

(Fig. 16-57(D)).

The movement described is a basic
characteristic of all runaway escapements

(C ) t even though different: escapements differ in-
design details.

Figure 16-57. Operation of Runaway Escape. 
--,.

ment? For satisfactory functioning of every
escapement, a number of quantities must ba
related in a very definite way. Only a limited

due to friction between spring leaves, range of choice-is pussible, nameiy:

16-4.5 DESIGN FUNDAMENTALS (1) All points on a lifting face (showh in
Fig. 16-5g7 in projection as a straight line)

16-4.5.1- Untuned Two-cansr Eshw,.n"- describe ,rc- dui,,e -mtion whch are
referred to the center of motion of the pallet

In the- runaway escapement the pallet is yoke (D) as their center. These circles are
shifted by the teeth of the escape wheel, called the outer (r.) and inner (r) pallat
which act on the so-called lifting faces. There circles. The totality of these circles is limited-
are two kinds of -faces, the- entering lifting by:
-face and-the exit lifting face. The lifting face
that is struck first-by the teeth lying outside (a) The circle which runs througi the-
the span of the pallet as the escape wheel intersection of -the addendum circle with the
-rotates is called the entering face. (In Fig. lifting face on the entering side a! the
16-57(A) this would be, considering the beginning of the lift (point R) and with the

-direction of rotation of the wheel, the lifting face on the exit side at the end of the
left-hand face.) lift (point S'), See Fig. 16-58(A). (In this

discussion, the escape wheel is assumed to
Assume that a tooth touching an entering rotate clockwise. The left-hand pallet, there-

face begins the movement (Fig. 16-57(A)). fore, is the entering pallet.) and
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4Let

\> \-~~Kji ./,ia = escapement angle
..- z = pallet lead

-Z = tooth lead (also called the tooth tip

I jwidth or tooth tip thickness)'

(A# = drop of the escape wheel

.tn =span of pallet

~~-~..I pitch

.,/ , then-we can formulate the following relation-
f! ship-from the one position in which the tooth

at -the entering pallet initiates the lifting
process (Fig. 16-58(A)), in the- first instancef Iignoring the lift on the tooth,

(83

Figure 16-58. Quantity Relationships fot a + + = n r (16-41)
Pallet of Runaway Escapeme7t 7

Also on the exit side at the beginning of the
lift

(b) A second circle running through the
intersection of the-addendum circle with the Xk +  (n - 1)," = a (i642)
l'fting face on the entering side-at the endX of
the lift (point S) and the exit-lifting face at Therefore
tte -beginning of the lift (point R') (Fig.
16-58(B)). Xk =2- (1 &43)

(2) Ai shown later, the circle passing
through S' need- not join up with the circle If there is a run on the tooth, i.e., if the too.h.
through R. The same holds for the circles has significant width at its tip, the pallet lead
irough R' and S. It is only necessary that the Xk is reduced, if the drop interval of the

difference ra -r, be constant. wheel is to be preserved, to

(3) The two points R and R' (beginning of (1644)
lift) form the escapement angle ci with the
center of friction of the escape wheel M, while From Eqs. 16-41 and 1643 we obtain for the

ponsR and S, and R' and S', form the pallet ecpmn nl
lead Xk./ 1

a~n)' -- rn- -(16-45)
(4) The pallet lead and the drop cannot be

chosen arbitrarily. Their magnitude is related The quantity n which defines the sran t.f the
to the escapement angle. pallet takes on these values:

16-55

Downloaded from https://www.everyspec.com

SAMSUNG EXHIBIT 1028, Page 300



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 ecape-
ment angle. This design is called the equal-arm
escapement yoke.

-(2) Pallet With Unequal Ams. Certain
detached lever escapements, for kinematic
reasons, make it desirable to rotate the

( escapement angle in-such a way-that-the-twot points R and R' become equidistant from the
center of rotation of the escapement yoke
(Fig. 1 6-59(B)). In-this way -the outer pallet-
circle of the entering pallet becomes the inner
pallet circle of the exit pallet. Escapements of
this type are called pallet escapements with-
unequal arms.

(3) Pallet With Semi-unequal Arms. The
,uNQuA,. so-called semi-unequal-armed escapements

constitute an interniediate solution. These are
-supposed to -combine- the advantages of the

Figure 1-59. Runaway Escapement With escapements with equal and unequal arms and (
Equal and UnequalArms' avoid their disadvantages. -IT'whhave riot been

4 very widely-used.

For n 3 the pallet spans 2.5 pitch The pallet requires a certain time to
intervals complete its swing. Since every pallet has a

definite inertia, we can consider it as a
For n = 4 the pallet spans 3.5 pitch physical pendulum in- stable -equilibrium. if

intervals the -impulse of the escape wheel tooth acting
on-the entering and exit liffing faces is greater

For n 5 the pa ilet -pans 43 pitch han-the di-ectional- moment ofti e pallet, the
intenvals, etc. pallet will execute forced oscillations. The

time-in this-case is a function of the mass of
A discussion of paget vs-escapeineiit arm the-pallet, i.e., the moment of inertia of the

lengths follows: pallet and the moment of rotation acting on
the-pallet.

(1) Pallet With Equal Arms. According to
Fig. 16-59(A)7, which shows the same The principles of- construction of this
situation as Fig. 16-58(A), the effective escapement, which is designed as an equal-
sections of the two lifting faces -ie on armed pellet,-already have been-shown in Fig.
concentric circles around the center of 16-58. lVzcapement angle and pallet lead can
motion of the paiet. Hence, the points are be calculated using Eqs. 16-43-and 16-45. The
spaced unequal dist.4nc s from the center of position of the center of rotation is arbitrary
motion of the pallet at the beginning of the but it is not without influence on the shape-of
lift (R and R'). The two centers of th, lifting the pallet, especially the width of the lifting
faces are seen to be the only corresponding faces.
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choosing the dimensions, the effect of which
in operation cannot be calculated. The choice
of dimensiorns, therefore, is based entirely on
experiment.

rd Especially important factors are:

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

2V -(2) Coefficient of friction of -lifting face
and escape-wheel tooth

(3) Moment of inertia-of the pallet

(4) Driving impulse.
Figure 16-60. Untuned Two-center Escape-

ment With Equal-arm Pallet7  The rapid swing of the escape wheel-
(untuned two-center cscapements are used-
mainly in fast-running mechanisms) and the

Fig. 16-607 shows the complete design of resulting strong impact -of each tooth tip on
an escapement with: the lifting faces of the pallet require that

pallet and escape wheel be made of hard
(1) An escape wheel of 15 teeth materials so that surface wear is not

significant during service life.
(2) A pallet rotation or lift angle 0 of 1-1

deg -Escapements can be adjusted to a limited
extent by changing the lift angle through

(3) A drop 0 of 2 deg adjustment of the penetration depth. Experi-
ment has demonstrated- that the greater the

(4) A span n of 3. depth of penetration, the greater the moment
of inertia of the pallet and th, smaller the lift

The position was chosen at a point when an angle. It follows conversely that errors due to[escape wheel t3oth had just left the edge of
the lfting face (point S') on the exit side, and .-
the tooth had just fallen on the iifting facef (point R) on the entering side. If a pallet
rotates through the lift angle 0 on both the 1.-
entering and exit sides, this angle is to extendinward from point S on the interior pallet 0circle and outward from point R'. 0 I

'
C

If the center of motion of the pallet is A
shifted toward the center of the escape wheel, 0I.5
the length of the lifting faces (distance R Ha)

is shortened. Shorter lifting surfaces mean less 0 6'
space required for penetration of the pallet ANGULAR LOCITY

into the escape wheel.
In designing these escapements we find that Figure 16-61. Escapemt.t Curves for Differ-

several variables must be considered in ent Moments of Inerti
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TRAVEL During one period- (vibzatior time t) the
escape wheel makes- the following move-
ments:

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

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

(b) The escape wheel moves fartlier out of
contact with the pallet. Drop on the entering

Tl_ side (second interval).

Figure 16-62. Rotating Drum Record of -(2) The exit pallet face touches the-escape
Escapement Motion 7  wheel:

-(a) The escape wheel is-moved backward
radial tolerances -are smallest with small by the pallet. A recoil -is- present which is
moment of inertia and large lift angle, evident only with relatively high pallet- mass

(third interval).
It is possible, for instance, to modify the

running speed by changing the moment- -of -(b) The escape wheel rotates forward-and
inert-a of the pallet by using adjustable drives the pallet. Lift on the- exit side (fourth k
weights. Fig. 16-617 shows the results of interval).
measurement on an escapement in which the
moment of inertia- of the pallet was changed (3) The entering pallet -face touches the
in this fashion. It is apparent from the escape wheel. The escape wheel is-rotated
diagram that the regulation is simpler with backward by the pallet. Exit recoil -(sixth
increasing moment of inertia and that also, to interval).
maintain the desired rotational speed, the
driving- moment increases with increasing Additional design infoxrnation is contained
moment of inertia of the pallet. in R,,ef. 28.

Precise information aboat the individual '064.5.2 Tuned Two-center EscapementsIphases of motion is obtained by recording the
motion on a rotating drum. For this purpose The simple untuned two-center escape-
both the motion of-the '.scape wheel and that ment has a disadvantage-the oscillation
of the pallet can be used. To study the period depends strongly on the driving
motion of the escape wheel- two or more impulse. This disadvantage can be eliminated

a small holes are bored near the teeth in the by use of an oscillating mass. The inertia of
escape-wheel spaced apart the distance of the the mass must be large enough so that- the
pitch angle. These holes are illuminated with a pallet is not subject initially to reversal of
cordener-equipped light s'arce and projec- direction at the moment when the escape
ted by an optical system on the drum. The wheel teeth fall on the lifting faces of the
movement produces a curve like that shown pallet. The pallet, in addition to thf.
in Fig. 16-627. intermittent locking action, returns to the
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oscillating mass the energy lost in friction, wheel by N w the escape wheel will require for
deformation of the escapement spring, etc. one rotation a time t of
Without this resupply of energy the vibrations
of the mass would be damped. This t=TN
replenishment-of energy is achieved by means Thus the rotational speed co of the escape
of the escape- wheel tooth during its run-on wheel becomes-the lifting surface.

The characteristic escapement values are as = N-- V-- - (16-48)
efolows 7: w v,

(1) Period- Frequency, Number of Beats: The far rigiland side of Eq. 16-48 is
The frequency, period, and number of beats important quantity and is used as an output
in-an escapement are related by Eq. 16-46 equation in the design of clockworgs,eqato int i ein fcokr

( BR 6However, this equation is not valid for
T= 2 escapcments without a naturally oscillating

where mass because the quantities T and BR are
Xthen not "inherent" values.

natural frequency, (3) Relationship Between Rotational
T = period, sec Speed and Regulator Period:- The relation-

ships which follow compare -unregulated and
BR = beat rate (number of half vibrations regulated timing movements

of the oscillating mass) w x
(*.og = ----f ,rtad/see (16-49)

For a flat escapement spriug, the ftequency U W

is given in Eq. 16-22; for a torsion spring in and
Eq. 16-23. The period of a balance is given in

1 -. cao ,rad/sec (16-50)rTN
(2) Escapement Constant: Since therota- hence

tional spe, ds of a timing- mechanism with an
escapement are determined entirely by the ,.(16-51)

'I latter, a precise knowledge of the technical " =  rad/sec (16-Si)
-characteristics of the escapeme.-t and its
effect on running of the mechanism is and
mandatory. Although in the case of air
-brakes, centrifugal governors, and the like, w = unregulated angular velocity,
this effect can only be determined with rad/sec
difficulty, the relationship between ihe
rotational speed of the escape wheel and the (4, = regulated angular velocity, radfsec
meihanical characteristics of the escape-

4 ment-especiaily in the case of an escapement x = gear ratio between driver and escape
with a naturally oscillating mass-are much wheel
simpler to formulate.

Ts,=unregulated period, sec
When the oscillating mass (pallet) com-

pletes one vibration, the escape wheel has T, = regulated period, sec
-turned a distance of one tooth. If we
designate the number of teeth on the escape Nw = number of teeth on escape wheel
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minimizes the drag torque imposed on th-balance by the escapement. Imports 'it fea- '_tures of the tuned three-center escapement7 are (a) the energy is transferred over a
relatively small angde 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 arrangement mckes possible

(Al (A a greater speed of the escape wheel. The
escapement is illustrated in Fig. 1642 where
the operating parts are labeled.

()Operation of Escapement: Fig.
16-63(A)7 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

U) F) pallet. Tlhe lever is-spaced the "lost distance"
WO 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 angie, until the
lever touches the-banking pin. Here the lever
traverses the lost distance. In this way the

Figure 16-63. Operation Detched Lever pallet is protected at least partly against
EscaJenentW 7  repulsion (e.g., due to vibrations). During this

time the balance swings fully into the endswing and reverses (right swing).
Thus the deviation A from normal speed is

/ r \ Refer to Fig. 16-63(C). After return of the
a = r .-c WU = (Wr - -- ) (16-52) balance, the imputse pin again enters the fork

v /notch, strikes its right wall, and transmits an
If Tu > Tr, the timer runs slow (A has a Impiulse to the pallet by its impact. The pallet
-positive sign) rnd if Tu <Tr, the timer runs is withdrawn from the escape wheel and
fast (A has a negative sign). escape begins. The escape wheel tooth slides

over the locking point on the lifting plane.
16-4.5.3 Tuned Threa-center Fscapement; Lifting begins. In this phase the direction of

impulse between impulse pin and lever
Components, ftctioning, and operation changes. Up to this time the impulse pin has

are described in the paragraphs that follow: driven the lever. Starting with the beginning
of lifting, the lever drives the impulse pin.

(1) Component Parts and Functioning,
General: In this escapement, an intermediate Refer to Fig. 1663(D). This i the end of
link (lever) is placed between the escape lifting on the entrance side. The tooth is
wheel and the oscillating mass (balance). This about to drop. The impulse pip leaves the
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(A) SHARP TEETH OF (8) CLUB TEETH (C) TEETH FJ3 PIN
ENGLISH ESCAPEMENT ESCADEUFNr

N Figure 16-64. Escape Wheel Tooth Shapes'

fork notch; the balance moves free through strength, ensures good oil retention, but tends
the left swing. to set more readily. The wheel of the pin

escapement (Fig. 16.64(C)) is also very stable.
Refer to Fig. 16-63(E). lhe tooth lying just It is relatively simple to zut with a milling

in front of the exit pallet has fallen on the machine, a fact of importance relative to cost.
locking face. The balance swings farther into
the end distance. (b) Pallet. A pallet with unequal arzr.s

mainly is used. The reason is to permit an
Refer to Fig. 16-63(F). T'e run angle on equal distance of the locking planesfrom the

the exit-side caus.s farther penetration of the center of motici and thus perform eq,|al
-pallet. The lever travels the lost distarce on work on the entering and exit-sides to release
the exit side, until it meets the right banking the pallet. Pallet insets are made of stone or
pin. The balance reaches its extreme position stcel.
and reverses-its direction of rotation (it passes
from a left swing-to a right swing). (c) Draw Angle: The pallet-locking planes,

to do their job, must be arranged concentri-
Refer to Fig. 16-63(G). The impulse pin caliy for minimum friction. Such-a minimum,

strikes the fork wall and pulls the pallet out however, is not what is wanted-here, because
of the escape wheel. The escape on the exit the lever, and therefore the pallet, would not
side begins. After the escape, lifting begins be slowed down as the balance passes into the
,and there is a transfer of energy through the end of its swing. Thus the pallet could be
-lever and impulse pin to the balance. dislodged from the escape wheel by vibration

and shock. Only the escape wheel can supply
Refer te .Fig. 16-63(H). The tooth has the slowing action to the pallet during the

reached the end of the iiftingpiane on the time when the-lever runs free of the impulse
exit pallet and can fall away. The impulse pin pin. Foz this reason, the circular shape of the
leaves the fork notch. The tooth-located in pallet is abandoned, and its locking surfaces
front- of the entrance pallet drops on the lok. are replaced by planes. The position of theseSiplanes relative to the center of motion of the

(3) The Most important Components and pallet is made -such that the system tends to
Their Function: slide inward as a result of the pressure of the

tooth until this "run" is halted by the
(a) Escape Wheel. There are three charac- banking pin.

teristic tooth shapes. Pointed teeth are used in
the English lever escapement (Fig. The perpendicular force N at point R (Fig.
16-64(A)7 ). This escapement is less often 16-65') due Lo pressure of the tooth

-used today because the tip of the tooth is corresponds to the friction force gN since
very sensitive to shock, such as that following there is bound to be friction. These forces act
the drop. The club tooth predominates today on the two lever arms 21 and 2, and tend to
(Fig. 16-64(M). It has a greater mechanical turn the pallet in a positive or negative

-- 1.5-6 1
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• AMCP 706-205I'1 ACP 70-205polish), then we obtain an angle of 10 deg for
0. In order to ensure downward motion of thepallet, 0 is made 12 deg. Further increase of

N the draw angle, hiowever, must be avoided
i -- ""7 -because, otherwise, the work of release andl

- 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

Figure 16-65. Determination of the Draw and, therefore, moves togf.ther with it. The
Angle7  anjle through which the lever turns is

determined by the lifting angle, the lock, and
the lost distance. Subtracting the lost

direction (depending on the magnitude of tit; distance. itanmounts-to about 10 deg. Shorter
resultant moment or angle 0). If we assume levers are preferred to longer ones. Longer
constant friction coefficients, 6 may not levers mean greater mass and, therefore,
exceed a definite value in order for the sum of heavier loading of the lever and pallet staff.
the moments of N and yN (or in other words, Pallet and lever should be well balanced.
the moment of the resultant- M) to be
positfve; and the pallet, therefore, to have a (e) Eanking Pin. The purpose of the
ten , iny to slide inward, banking pin is to limit the run because,

otherwise, the oscillating balance would have
The length of the two lever arms is given by to expend too much work in release. Also the

of pallet should- not touch the base of the tooth.
=r an sin 0,22 =r tan cos0 The- banking pin is positioned in such a way

2 t (16-53) that -the lost-distance-amounts to about I deg.

Torque of the perpendicular force is (f) Safety Pin. Only the extreme position
of the lever can be delimited -by the-banking

N21 =Nr (tan 2Lsin O (16-54) pin. It is conceivable, however, that the lever,
2i during the phase when the impulse pin is

Torque of the force of friction is outside the notch in tht; fork, might reverse as
the result of a mo:nentary shock in spite of

tN. 2 =Nr (tan )Cos 0 t16-55he thrust due to the run angle. Prematu.e
\ 2 / reversal of the lever would cause the impulse

If there is to be equilibrium, the two pin to strike the outside of the fork on the
moments must be equal and opposite way back; this would disrupt the system. In

rorder )o avoid this, a safety pin is attarhed toNr(tan2)sinO=pNr (tan2)cosO(16"56) the ever that follows the center line oi the
lever and, if reversal should be-induced, rides

Hence against the outer wall of the roll~r.

u = tan 0 or 0 = Tan - ' P (16-57) (g) Roller and Impulse Pin: The roller is in
the form of a disk rigidly attached to the

If we assume the coefficient of friction p to balance staff. Its purpose is twofold; (1) to
be - 0.17 (steel and stone) for the most act as a base for the impulse pin, and (2) to
unfavorable case (dry surfaces and average serve as a stop for the safety pin. The impulse
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Ffac in- line between the center -of rotation
and the impulse pin to permit ihe safety pin
opass during reciprocation of the fork. This

slot should be only as large as absolutely1_ . necessary becau'^ enlargement will not leave
sufficient stop area for the safety-pin after the
impulse pin movesmout.

kth) 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 t exit side; information
follows:

Maximum lever swing angle
lock + total-lift

0 = (16-58)2

i Width of Impulse rii: about 5 deg
(relative to point A).

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

* Distance of Safety Pin Point From Small
koller: 0.5 (leg.

Figure 16-66. Lever With Safety Pin1
o Distance From Side Face of Levr to

Banking Pin (the so-called lost distance):
pin is set into the stee! roil,.r. It may be about 1 deg.
sapphire, but in military timers it usually is
made of steel. Slot to Pass Safety Pi: The-slot must be

situated in such a way that the safety pin has
A single roller, which is seldom used, ', ould already entered the slot at the beginning of

carry the impulse pin andalso serve as a !t p release. Its depth must be such that no
for the safety pin. With increase in roller size, contact is possible between the tip of the
however, there is increasedmrisk that the safety safety pin and the boltom of the slot.
pin will jam on the edge of the :oller. For this
reason the safety roller is made as small as * Arms of Fork: They must be long
possible. A double roller meets the require- enough that the forl: is prevented from a
ments of a larger roller diameter for the reverse strOke while the balance is traveling
impulse pin and a smallermroller diameter for through the arc BD by their following the
restraining the safety pin. 'Ihe diameter of the impulse pin. The safety pin canaot provide
safety roller is about half that of the impulse this safeguarding function in the sector BD.
pin roller (3ee Fig. 16-43). The inner surfaces of the fork arms are

--! cylindrical surfaces. Their centers, for satis-
The safety roller is cut away on its outside factory movement of the impulse pin, should
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Tie short lever requires a heavy balance for
0, dynamic 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 notch of the fork. In

z .,- the single roller,- the fork arms are not
absolutely necessary because the safety pin
can be restrained -even after a slight rotatioui

-- ,of the roller. In the double roller, the cioser
N position of the safety pin slot to-the center of

rotation cayuses the angular distance over
which the safety pin is in the slot, as
mneasured from the cmnier of-rotation of the

-(A) ENTR.WCE SIDE balance, to be considerably greater. During
this time, the pallet is without adequate
protection. The arms of the fork assume the

k,--._._ rk  protective function here. Incipient reversal of
the lever causes the fork arms to ride against
the impulse pin.

16-4.5.4 Detached Lever Escapements With

I In the pin pallet escapemcnt (Fig. 16-43)
I/ the lift is effected almost entirely by the

* L.. ~.-" 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 in the cljb tooth escapements the
excursion of the lever is limited by the

(B) EXIT SIDE banking pin, in the pin pallet escapement the
escape wheel itself performs this limiting

Figure 16-67. Pn Pallet Escapement finclion. As a resuft of the draw 0 on the
Geometry 7  escape wheel tooth (Fig. 16.67(A) 7 ), which is

commonly 15 deg, the pallet is drawn sc fijr
in by the tooth draw (extra run 0) that the

not lie on the axis of the lever nor, in the pallet pin strikes the foot of the tooth. This
center position, at the center C of the baiai.ce simplifies manufacturing appreciably but
(points E and F). introduces a risk with respect to operation of

the lever, namely, that the pallet pin tends to
0 Lever Length: Length AB for short stick at the base of the tooth because slightly

levers is 1.6 ra and for long levers 2.0 ra; thickened oil can lodge in the corners of the
length BC is 0.5 r for each, where ra is the teeth. In spite of this disadvantage, the pin
outer pallet radius. pallet escapement has been used widely,
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particulaily in military-timers. rp

Information on the design of this escape- rIment follows: 
so thatrkak

(1) Pallet PinDesign: * - , rad (16-61)

The following notation, used for analy3is, is The tooth lead, obtained from Eq. 16-44,-can
illustratedin Fig-. 6-67. b. expressed as

r = tooth-h-eI radius of escape wheel, in. Xz rkOk d- (16-62)

rf tooth tip radius-of escape wheel, in. Since from Fig. 16-67(B)
0:

r, radius about which pallet pin turns, = r tan- (16-63)
in. then

= radius of pallet pin, in. xz =-t- k tan.-- (16-64)

= =escapement angle,.rad The total rotation a of the pallet and hence of
the lever is

= run, rad
a =-tooth lift + pin-lift + lock + run

0 = total lift of pallet-pin, rad
or

Ok = pin lift. rad
U=&0 k +P+e (16-65)

Oz = tooth lift, rad
Ok = 2 deg p=2 deg

p = :lock, rad
0 ="8 deg e =3 deg

a total pallet travel,-rad (2) Draw of the Pallet:
T =--pitch, rad

if the point of intcrsection of-the tangent
; =-drop of escape wheel, rrad to the too&)-tip circle -(instead of half the

escapement angle) with the center lin e (MD)
5, = small increase to drop angle, rad is taken as the center of motion of the pallet,

the draw distances on the entrance and exit
XL. pallet lead, rod sides are different. This disadvantage is clearly

seen in Fig. 16-68(A) 7 . (The figure is not to
y.: =toothleadad scale to emphasizt; this fact.)

Starting with the total lift, we obtain the There is no cause, however, to put the
-pin radius center of motion at ths point. If the center of

motion D is shifted toward the center of the
r. rkOk, in. (16-59) wheel (Fig. 16-68(B)), the entrance draw

becomes smaller and the exit draw larger. If D
Also is moved close enough, the relationships are

16-65
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[ angle at the beginning of the lift when the pin
rests at the base of the tooth (end of the run)
(Fig. 16-68(C)). Then the draw on both-sides

I is completely equal. The center of motion of
rk ~the pallet then. 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

U (A) variety of modifications. -It has been sug-
14 gested, for example, that the penetration of

the pallet to the base of -the tooth can be
avoided and its-swing limited by locating-the

I r, centers of motion of the balance, the pallet,
and the escape--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 ;he escape
wheel spindle. -Suggestions -for changing- the

(8) shape of pin and tooth (bending the back-of
4 the tooth) were not acceptable because of

their-great cost.

(3) Lever Design. The lever for pin pallets
is simpler than for club-teeth p-lets; satetypin and small roller are omitted (Fig. 16-697).
By reducing the radius of the-impulse pin-and
by properly shaping the armisof the fork, -the
impulse pin is made to move over a greater

(C) it. range inside the arms of the fork, so that'theI Nlatter assume the safeguarding function,
Outside this range the fork tips take over the

Figure 16-68, Entrance and Eyit D, apw .... , safeguarding functior. These -can ride on-the
dence nn Pallet Center 7  part of the balan -ce staff which was not cut

away to pass them earlier. Lateral banking
arms limit the m.vement of the balance.directly reversed, It should be kepl; in mhad,-SE

however, that the center of motion of the 16-5 SETTING
pal'.'t cannot be moved indefinitely close to
the center of -the wheel because this would 16-5.1 GENERAL
require bending the pallet shaft. (The center
of motion D in Fig. 16-68(B) already lies Setting is that.action which fixes the time
within the tooth heel circle.) interval measured by the mechanical timer. In

some mechanical timers, a clock mechanism-is
The center of motion of the pallet is used. In operation it is similar to a mechanical

positioned in such a way that the center of alarm clock. The-ordinary alarm clock can be
the pin lies on one leg of the escapement set for a time delay up to 12 hr, while the

16-66ti~i
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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. 12-4. 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 "neutral" position also
is provided.) The timer shown in the figure
occupies about 6 in.3 . The cylindrical
magazine arrangement allows a simple, -1w
cost, reliable mechanial -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 slowest

Figure 16-69. Simplified Lever7  moving wheel of tile counter. The counter
initially -is set to the time desired (less 0.1 -see)
and, when the timer is started, the counter

clock mechanisms used in military timers counts -backwards to zero. After the counter
usually can only be set for periods in the reaches-zero on all wheels, the wheels turn to
order of seconds or minutes.- In order to set in the 999.9 position in -the' succeeding tenth of
a time delay, a knob on the face of the timer a second; and this motion of the hundreds
is turned so that the desired- time is indicated wheel closes the switch- contact. Thus, all- of
on the dial. This action puts-energy into the the load--to close the switch contact has been-
mainspring of the timer and corresponds to kept from the timing movement until- a
winding the alarm clock2 9 . When the time has portion of the last 0.1 sec of timing. This
elapsed on -the military timer, a s%itch is digital system also increases the setting and
closed (or opened according to the applica- readout resolution by at least 20 times over
tion of the timer), or some mechanical the traditional slow-moving cam and follower
motion may take place. without -having to resort to close tolerance. components.

The time delay set into a clock mechanism
may not be used until some other event takes The power supply for this tinier is -a
place, hence some sort of triggering linkage is mainspring, and a detached lever escapement
necessary. The triggering linkage usually is used.
consists of a catch that can be released by
energizing a solenoid. This type of timing 16-5.2 IMPROVED SETTING METHOC
device can be used only once without some FOR MECHANICAL TIME FUZES
external operation being required. With timers
driven by motors (AC or DC), clutching A mechanical time fuze to be adapted for
mechanisms are, used to disengage the drive tank-fired ammunition required a setting
Smotor from the actuator to allow the timer to wrench tc set the mechanism held in position
reset to its start position 3 0 . by a high resisting torque (100 oz-in.). The

fuze had a time range up to 100 see, and each
In one version of a mechanical timer3 , it 0.1-see setting represented a circumferential

is rjuired to provide six specific times in the movement of only 0.007 in. Hence, a vernier

16-67
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16-5.3 LINKAGE OF SETTER COMMO
OPONENTS ETRDSLI IEMNENTS

LIOR~LJ HIGHTOROJEDDesigns of mechanical setter devices should
:nclude consideration of the linkage of the

1ST E SE T T E R SPLAY ITE M Es t e rs t e Tc m oI -4STTR~ COMPONENTS BEING SEstte components and seterdiplay op-
,FrICOMPO'IENS (LOW TORQUE) RNO TRU El nents in conjunction Mith -the devico being

- - -___set.

f/IPT _S ETTER eEING SF' -~COMPONENTSpaallmcnil-ikie(Fg
(C/ 1HIrH TGCOE) (LCW TORQUE) T ale ehncl-ik% Fg

tFignoe 17.- coLnkbe urn trooed yhn.A .nch dsplayr desa notpneesailyhe itto age

is thus no longer required. A. knurl is provided with the information cotually- set into item-
on the nose to insure a good grip. (the lirnkage -to either the- sette; di ,play1. components or item being -set- cov~d be

(3) The timne setting is held- by the releaise faulty). The- series -linkage (Fig. 1671i(B)) is
button. When -the button is- deopress-d, the little improvement over the first-because the
nose turns freely. The button-has five teeth -linkage to the -item to be set could be
that mlate with an internal ring gear in the deficient e~ en-though a setting is displayed.
nose, whose _Pitch is such -that- each tooth Deficien..es are more prone to- occur i the
represents 0.1 sec. When tbe -button is hightorque -gear train, of the -item to be set
released, it will- lock the setting-at any 0.1i-sec rather than- in- the low-torqu-. gear train-s of
increment. the setter display assembly. The rnose reliableI: and safest linkage (at no increased cost) is a

(4) To eliminate the need- for firing tables, diffferent s'iies linkage (Fig. 16-71(C)) inthe scale is caibrated directly in meters. Lines which the -setting actuall positioned into
are numbered for eveiy 200 ni up to 4400 mn. item being set is displayed after the fact of
'he intermediate 1 00-rn settin gs have a tick setting (thus providing a true read-out).

mark. Incidentally, the scale is uneven
because the even increments are on a time le.5.4 SC-'ING M4. r A~ISM FOR MECH-
base. AMICAL TIMW E,-XME77

(1) The size, shape, mnd thickness of the Ilia XM577 Fuze is shown on vig.
numbers and the i.umnbered lines were 16-7232. T"he mechanism of' the %z is
seiected expe-rimentally so as to be readable housed ir anm upper bouy (fuze (',Jve) having a
unde- the red dome light during blackout wiundow area that indicates SAFE , $'Point

qotonditionc. Detonating PD", oi- digital ti'ne sequences. A
setting key (Fig. 1 6-731 2) is lised tv rotate

If one semembers the trying conditions the digital setting module vo- fix desir'Ad
!,ander which the vser must adjust. a fuze, one finction. The digital setting -!odule consists
can understand why this amouuf (if attenticni of: a tatting shaft, three digital counter
is required for so simpie a device as a time whIeels (hurCreds v~heel, tens wheel, and

'Asetting mechanism. seconds wheel). two counter wheei index

16-69
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SETTING
TOOL

VIEWING
WIN0CW 

(A) SAFE -.T (13)-PO S6 (C) TIME-SET

Figure 16-73. Setting Positions for Fuze, XM577

pinions, and a PD/Safe indicator flag. The time. The output can b either visual
setting shaft is coupled directly to the seconds (readcut) or physical (actuation of cam or
v.heel which in turn will index the tens and switch). The output function (visual cr
hundreds wheel, dependent upon the set time. physical) can be either analog or digital. An
Both the counter wheels and the indicator example of an analog mechanism is a dial of a
flag are observable through the fuze window watch which has continuous motion with =

when the fuze is set properly. Setting the fuze infinite resolution. The digital Output is a
is accomplished by breaking the seal at the stepping motion having no resolution between
nose of the fuze and applying torque to the steps. Visual readouts of each of them are
setting shaft with a setting key, as shown in illustrated in Fig. 1 6-74.
-Fig. 16-73. The applied torque rotates the
-timing mechanism module, displacing the An analog output may be obtained by
scroll follower pin for the set time desired, placing a disk on the slowest moving gear

(mainspring barrel) of the timer. With this
*; ; This fuze was developed to fill present setup, the angular

reuieensfor artillery iounds. The fuze shaft (output shaft) must resolve the displace-
has demonstrated satisfactory performance
under setback forces of 900 to 30,000 g, spin
from 1600 to 30,000 rpm, and field settable 10h1
time delays from less than 1 sec to more than so 20

200 sec with bettcr than 1% accuracy (0.06- -
standard deviation at a set time of 15 sec). 30•Z

16-6 OUTPUT 60 GITAL

16-6.1 ANALOG AND DIGITAL OUTPUTS

ANALOG
The overall obiective of any timer output is

to indicate the total number of oscillations of
the time base occurring in a given interval of Figure 16-74. Two Types of Visual Output

16-71
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ment of a fast -moving shaft (input to gear the driving torques -used to move these
train). For example, a 1-in. output disk that components are, small compared with the load '-

rotates once in 24 hr may be required to read imposed by the follower. For this reason, the
out in- inteivals of 5 min of-time. The 5-min digital mechanism has been used in timers
interval on a disk 1-in. in diameter is an arc only for visual readout and the analog gear
length of 0.01 in., and a specific point to be train usualy provides the physical output.
detected-is moving at only 0.002.in.Imin. This
~ makes it a problem to detect and -t 164.2 SWITCHES-AND RELAYS
accurately.

During-its operating interval, the timer may
Because of infinite resolution, the analog be called up0on to operate a sequence of

output is the most accurate device theoreti- electrical c6ntacts. In turn, these contacts-
cally-speaking. However, he practical consid- may energize relays of any degree of
erations of precision manufacture, cost, and complexity. It is better, where possible, to
the need to detect extremely small angles derive the useful Output directly from the
limit its use for -military thiners. For these- timer itselP 1

reasons a digital readout is better when high
reading accuracy and incremental settings are Contact ratings-are important. The required-
desired. number of cycles in the life of the unit, and

the capacity and rating of the load are the
The digital mechanism produces a-discrete principal factors affecting contact design. DC

unit of output motion for each complete circuits are far more injurious to contacts
input pulse. A singie pulse may represent a than AC cicuits. A frequent specification is
full 360Qdq ioladon of a shaft. The digital- to guarantee the- same life (say, 100,000
-mechanism faithfully records each input pulse operations) for 115 V AC and 28 V DC (without:error and is, therefore, accurate to circuits drawing the same 1ms current. With-
the nearest pulse. For instance, again taking loads drawing high :in-rush currents (inductive
the 24mhr timer, suppose that the digital loading), contacts may be derated to 25% to
counter is arranged to record pulses that 10% of their resistive load ratings.
occur exactly every 30- sec. Then -a t-ne cf 5__S-
-ir 10 min (18,600 sec) would be represented Because of the special importance of the
by a total of 620 pulses, and to an observer contact problem, it is often advisable to
the figure 620 would be accurate to-± 30 sec incorporate spiark suppression circuitry. This
when observed at any particular instant. This -generally takes the-form- of seics RC-crcujts
resolution is obtainable at any total time across the cjntacts, or reverse energized
s1 Setting. diodes that break down when their :inverse

voltage ratbig is exceeded, thereby limiting
When the digital mechanism is used to peak voltages across the contacts. D=I gn of

provide a-physical output at-the end of the set- these circuits is best-carried out on a trial and
time interval, it -has an advantage of rapid error basis. Although spark suppression
-tranfer r,, . . ... r,,. ,.uit ntroduce time delays in the-comple-I accuracy of the output at the set moment of tion of contact operation, thiey are extremely
transfer depends primarily on the accuracy of important where long life under difficult but
the time base. However, the digital device uniform load conditions is required. Obvious-
does not give the mechanical advantage of a ly load duty cycle, which is related to the
gear train axd, if a follower is applied to a frequen.cy -of timer operation and -to the
cam surface on one of the counter wheels to temperature rise occurring in the contacts (or
sense a given time interval, it usually is found in the entire timing apparatus for thatthat performance is affected seriously because matter), affects contact pressure. Spring
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It is important to be able to actuate the
'A .output circuit without taking too much

energy from the escapement 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. Therequired time is preset into each digital
rinsate d utv snf dediat tachdti 'W ~ - counter which then is allowed to run down to
zero. In the final 0.1 see, all the wheels

- k transfer-as a single unit to read 999.9. At thistik~l . ,i: .;::g:; instant-a conductive knife blade attached to.I E the hundreds wheel -moves and completes an
-ii electrical circuit that provides an output

signal. The advantage of this technique is that
the switch closing load is not put on the
timing movement until-the final last 0. 1 see of

Figure-16-75. Digital Counting Device timing. This contributes to the operational
accuracy of the tinier assembly.

constants- establishing contact pressure are 16-6.3 TYPES OF SWITCH
particularly sensitive to temperature.

Snap acting switches rather than those
In certain types of timers a constant speed types -where gradual contact is made are

motor may drive a set of brushes (contacts) usually more desirable. A slowly rotating
over a printed circuit plate, where a pattern output- shaft closing and opening gradually a
establishes the timing and contact closure cam operated switch carrying currents on the
sequences. At low brush speed, the contacts order of amperes can lead to contact
make and break so slowly that considerable destruction. Contact destruction also may be
arcing and pitting may occar. As a result a consideration where the contacting mechan
contact rating may drop to 1% of the rating ism consists of an arrangement of a printed
for contacts operating by snap action. circuit board and brushes. Current ratngs in

this type of circuit must be reduced
Other factors of importance include accu- substantially below those values that could be

racy, repeatability, reliability, environmental tolerated in snap-action type switching.
conditions, and cost. Factors such as ease of
adjustment, manner of setting, readout, and Snap action switches in a timer are best set
remote indication are more or less important by trial and error since the precise switching
depending on the specific application. Where point is somewhat indefinite. Further limita-
a timer is to be ued in a series of similar but tions are inherent in the cam geometry, wear
not identical processes (where the timing will of cam surfaces, and switch surfaces.
vary from one job to another), ease of setting
up the timer is important. This set-up must Mercury switches are another good choice
include a check of accuracy which is best if fast make and break contacts are desired.
done by running through an approximate Arcing caused when breaking inductive loads
time cycle, and then making final adjustment. within the switch rating is nondestructive.
Where a timer is used over a long interval, Another advantage of mercury switches is low
readjustment may be necessary due to aging constant resistance at low voltage and absence
or wear of components. of contact chatter. Since the contacts are
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Figure 16-76. Adjustable Cam Timer30  Figure 16-77. Cam Cycle Timr 30

isolated (contained within a sealed volume), Adjustable cams basically consist of two
contact c0o'osion from damaging atmospheres disks whose diameter is i-educed over
is avoided- a- well as possibla ignition of approximately 180 deg. Fig. 16-761 ° shows
combustible eases by the switching arc33 . an adjustable cam -timer. The desired program-
However, mercurv switches are position and is set by adjusting the disks-relative to one
vibratior wcn.,itive and -unable to operate another. The disks may be clamped together
under zero-g conditions. by- a screw or locknut, or -connected by

friction. The cans are staked -to a bushing,
A sealed dry reed switch may be actuated and are marked in a variety of ways to

by a permanent magnet mounted on an facilitate setting. Both snap-action and leaf
output shaft or cam. It has advantages of switches are available. Two types of follower
small contact bounce, sealed contacts, and are used with cam outputs, roller and knife.
ability to operate in zero-g. Disadvantages are The roller follower gives longer life and lower
current limitations to a few amperes, drive torque requirements, and the knife
g&ass-tube body, and susceptibility to vibra- follower gives greater accuracy but shorter life
tion (but not at reed constant frequencies). and higher drive torque requirements. I the
2x cam operated cycle timer of -Fig. 16-7730,

16-6.4 CAM OPERATED OUTPUTS switches are mounted sepa.ately so that they
can be replaced easily. Also, set screws are

In these devices, rotating cams turn used for fine adjustment of -the operating
switches on and off according to a set point. There are many designs for timer
program. The cams are driven by the output outputs, and prices var) considerably. When
disk or shaft of the timer. selecting a timer, the designer should analyze

iis needs relative to ease of adjustment,
Cams fall into two classes, adjustable and frequency of adjustment, and accuracy of

nonadjustable. Nonadjustable cams are made s-tting required. In specifying cam output
of fiber, plastic, or metal disks into which a timers, it is best to lay out a- timing chart as
program is blanked or machined. The cams shown in Fig. 16-78" ° . Remember, wide
are attached to bushings, and the bushings are tole-ances allow greater flexibility in the
positioned in the drive shaft by set choice. of ac.uators and switches, and reduce

i screws4 ,3 . setting and testing costs.
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Figure 16-78. Timing chart for Cam-cycle Timer3 0

16-6.5 READOUTS placed on the inside of the scale, or outside 3s
shown in Fig- 16-79(E). In the former case,

Present-day mechanical time fuzes employ the indicating arm may blot out a number;
circumferential engraved scales and pointers however, in the latter case, the scale is
for-time settings and slotted screw-buttons or somewhat constricted to allow for the

-segregated areas on the scale for -optional numerals to be placed on the periphery. On
function features. Usually' the rotary scales
are limited to less than one full turn, with a
secondary vernier scale to improve accuracy.
'-his display- is -compatible with the- internal 1
setting portion of thie-fuzes and usually is -20
achieved at -low cost. Unfortunately, the L to
display is difficult to read and can -lead to
gross setting errors by the operator. Signifi- (A) (BY
cant improvement can be- made by the design
approach that follows.

16-6.5.1 Scale Layout

Fig. 16-793 4 shows the direction of 0

increasing numbers for various scale types-
i.e., for circular and curved, clockwise
increasing; for vertical scales, bottom to top
increasing; and for horizontal, left to right (C) (D)
increasing. Except on multirevlution 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 . inter
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. (E) (F)
16-79(D).

On circular scales, i't numerals can be Figure 16-79. Recommended Readout Display
1675as
16-75

4.
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"5" Wh-EN VIEWED by the ogival shape and the random reading
FROMV ABOVE orientation between opCr.ator and round. If

no definite orierkation- between operator and
round is established, multioriented displays
should be used as shown in Fig. 16-80"4.

16-6.5.2 Character Form

5" WHEN VIEWED Table 16-31" shows a list of character type
FROM BELOW faces and their comparative legibility. This list

should- be used as reference when selecting-a
type face for display. From the chart, one canl ldi 1) see that no one type face can be selected as
being clearly superior to -all others. For timer
design, perceptibility and readability are more

T important thMan speed of reading because-the
Yamount of data is Thmited to several

characters.

Figure 16-80. Multioriented Displays 16-6.5.3 Grouping of Digit,

vertical and horizontal straight scales, the- The grouping of digts has a significant
numbers should be located on the side of the effect on the speed of perception. Thus the
graduation as shown in Fig. 16-79(F). display arrangement should take full advan-

,age of the most suitable grouping technique.
The preceding geneiai rules for scale layout The number of groups should be held to a

may have to be modified in the u -- of fuzes minimum; and when minimized, should not
to suit the particular cin;umstances imposed be spread over wide areas.

'TABLE 16-3

EFFECT OF CHARACTERWSTICS OF PRINTED MATTER ON LEGIBIUTY

Rwider Opinions
Spoeo of of Relative Leo-

Visibility lKrceptwufility Reading b;ity
Type Face Comparison: Percent Percen Percent
Sotch Rom&n Versus Difforence Rank* Difference Rak* Difference Rank" Mean Rankr'

f .tque +56,3 1 -14.8 3 - 0.2 3 2.4 2
0Ciuitenham +39.6 2 -22.2 2 - 2.5 & 2.3 1

Amei Uan Typewriter +38.5 3 --37.7 1 - 5.1 9 5.5 6
Cloister Black +25.0 4 + 2.3 10 -.16.5 10 9.8 10
Bodkni +19.5 5 - 4.6 7 - 1.1 4,5 4.2 3
-Gaeamrid +16.9 6 - 6.8 6 + 0.5 I 5.4 5
Old Style +15.1 7 -11.4 4 - 1.1 4.5 4.6 4
Caslon Old Style +11.1 8 -- 7.9 5 - 1.3 6 6.4 8
Katel Light + 8.2 9 + 0.1 9 - 2.3 7 8.2 9
Scotch 'oman 0.0 0 0.0 a 0.0 2 6.2 7

ll"tcreasI"f order of dsiralbih y
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by the battlefield situation, the use of
synthetic illumination should be considered
either by self-illumination or by light

bOLD provided by auxiliary equipment. Red light
should be used when possible to preserve1night vision.

4C

rDoe-. 16-7 LUID TIMERS

In a fluid timer, a gas or liquid regulates the
Figure 1681. Pneumatic Dashpot for Arming motion of mechanical parts. Fluid timers

Delay should not be confused with flueric timers
(Chapters 22-25) in which mechanical parts
do not move. Rather, -the fiuid serves much
the same purpose as the es-.6pemcnt, viz, to

16-6.5A Background slow down the motion and to achieve a
uniform rate. Fluid timers are nt as accurate

The background of the -numerals or as clockworks but have found app;ication in
characters has an effect on reading speed and arming delays of fuzcs. The two greatest
legibility. Distance is of secondary concern problems with fluids are leakage and viscosity
-because in almost all situations the reading change over the military temperature range
will be done at no greater than-arm's length which lead-to inaccuracies. However, both of
from the display. Black on white is superior these problems cami be overcome through
to white on black from the standpoint of proper design. The application of two
reading speed, distance, peripheral legibility, currently used fCuids is described in the
and eye movements. With respect to achro- paragraphs that follow. Additional devices are
matic vs chromatic backgrounds, eye move- covered in Ref. 1.
ments for black-and white are far superior to
-color on color, a red on say green display. 16-7.1 PNEUMATIC DASHPOT
-High contrast seems to be the most important
factor with respect to reading speed. An annular orifice dashpot is shown in Fig.

16-81". The "orifice" is the minute
Surface texture has tttle to no effect on clearance between piston and cylinder. By

reading speed or distance, but shiny surfaces selecting materialb for piston and cylinder
or cny highly reflective background should be having diffeent thermal coefficie:ts of
avoided to reduce glare. If possible, windows expausion, the orifice will change with
or viewing ports should be nondistortiig in temperature. tb,'z aiffcTding a means of

. natutre. approaching x , :, flo, v in spite of airj viscosity changes with tenperature. A glass

cyliader can be produced accurately and the
166.5.5 illumination piston can be-ground from ceramic or metallic

Since the-nature of the process involved in
setting a Otmer us.U-ly requires that the The piston is pushed by a spring. The
-operator be in an outdoor environment, there holder, of silicone rubber or polyethylene,
is little the designer can do to reduce holds and seals the parts. Models have been
over-illumination when in bright sun condi- made froiii 1/8 in. diameter and 1/3 in. long
tions other than reduce obscurity due to to 1-1/2 in. diameter and 6 in. long. Time
glare. When nighttime operations are dictated delay varies between 0.1 sec and 1 hr. The

16-77
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SAC7 P2 = ambient pressure, psi
OTOR 8 $ . /

ASSEMULY t = desired time delay, sec

16-7.2- SILICONE GREASE CAPSULE

The temperature-viscosity curvc of silicone
grease is flatter than that of other oils and
greases. In the past, use .f this substance
therefore has been attempted to provide time

O Adelay. However, the leakage problem was
LOTOR MCLAY severe, and the grease gummed up the arming

mechanism so as to render i! useless. This
Figure 16-82. Delay Assembly of Fuze, problem was overcome by sealing a-silieone

XM218 gum in a plastic sac made up of heat sealable
Mylar tape.

dashpot has been used in experimental fuzes Fig. 16-82 shows the sac and rotor delay
and is incorporated in Fuze, XM431, for the mechanism of Grenade Fuze, XM218.1 The sac
2.75-in. rocket. assembly consists, ofa metal backing disk and

a plastic capsule, about 3/4 in. in diameter
Theory of operation is based on the and 1/8 in. thick, containing silicone grease.

compressible flow of air through the orifice. The periphery and a segment of the plastic
The annular orifice, in this case, acts the samc, disk are -heat sealed to the metal disk to form
as a rectangular duct of the same dimensions; a pocket for the delay fluid. The sac assembly
i.e., width equal to clearance, and length is placed-against the delay rotor assembly (the
equal to circumference. The cleLrance is space between the two assemblies in the

26nr 2p "I illustration was introduced solely to show the2 _ j-p,2 ,2 n 1- sac assemably clearly). In operation, the delayL - is obtained when the four blades of the delay

rotor, by virtue of a toision spring, slide over
where the surface of the fluid sac, thus displacing

and metering the fluid from one side of each
i -- clearance from piston to cylinder, in, blade to the other.

;7 =viscosity of tha air, slug/ft-sec The design desciibed was obtained by
empirical means. The analysis is complex

r = radius, in. because the flow in t'e fluid sac passages
varies as-a function of rotor radius. Analytical

2 = length of air travel, in. techniques relating to the interactions of
timer geometry, silicone fluid properties, and

P1 = pressure in the cylinder, psi friction levels must be employed.

1

1 6-73
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FPART FOUR -- PYROTECHN!C TIMERS

4CHAPTER 17

INTRODUCTION

17-1 GENERAL SYSTEMS primer is added at ihe input end to provide
the initiating flame. The delay has a flame

A pyrotechnic timer is a self-contained output that can be augmented into a
device in which a low explosive ixture burns detonation wave, if desired, by use of a relay.
linearly with respect to time to provide- a
controlled time delay. It is commonly called a Delay compositions are either gaseous or
delay element or just a delay. Its burning gasless depending on the quantity of gas

onoften ;a. lik.ned to that of a cigarette, generated when they burn. Combustion
which also brms linearly. However, the delay products of !".s than 10 or 15 cm3 of gas per
housing sleeve is not consumed and air is not gram are considered gasless; t.ue -gasless
required fir combustion. Low explosives are compositions do not-exist. Provisioin-must be
divided into two groups: (1) gas-producing made for the gas generated in gaseous delays
.ow explosives that include propellants, by either venting or, in obturated delays,
certain primer mixtures, -igniter mixtures, designing a fite internal volume. For highest
black powder, photoflash powders, and accuracy, gaslem delays must have one of
certain delay compositions; and (2) nongas- these two features. However, addition of
producing low explosives that yield the Fasless these features nakes the housing more
type delay composition. Additional informa- complex. The current trend is toward the use
tion on pyrotechnic timers is contained in of gasless delays. While delays adjustable in
other engineering design handbooks1' ,2 . time have been used in the past, they also add

complexity. Hence, most modem delays have
Pyrotechnic delays are tle- oldest military a fixid delay time.

timers. Early descriptions of axi.llery tell cf
firing cannon balls with flaming wicks that Advantages ard disadvantages of pyro-served as pyrotechnic delays to provide for technic delays are summaized as follows:
detonati n-after the bail arrived at the target.Whereas modem d-,lays -have been improved (I)- A&;eantages:
significantly, it is curious to note that black
powder, the explosive employed originally, is +Ia) Normally, delays contain no moving
still in current uw for some applications. parts.

Compared with electronic, mechanical, and (b) Time delays are available ranging from
flueric timers, pyrotechnic delays are smaller, microseconds to several minutes.
simpler, and less expensive, but they are also
less accurate. Accuracy over the military (c) By comparison, they are smaller and
temperature range is only about + 10%. lighter than equivalent mechanical, electrical,and flueric delays.

In its simplest form, the delay element
consists of a- cylindrical housing containing (d) The devices are rugged and can pass thethe pyrotechnic composition. Sometimes a standard military rough-handling tests. (Gas-

41
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less lelays operate over a wide temperature outdated arming safety.) The fuze contains a
range and withstand high impact accelera- black powder delay column in th., shape of
tion.) almost a complete ring. One end v!" the ring is

( gn of r rv bind, the other has a relay les.-.Iing to leait,
(e) Lrge aounts of energy are available ooster, and main charge. A priaer is

in-small weights and volumes. nounted in the ogive, zt right angles to the
ring. The ogive turns so that the primer can be

() Usually, the fabrication cost is lower positiord anywhere around the ring. Whon it
thar- that of other-timing systems. is at th. relay, the delay is nil; when it is at

the blind end, the entire colua mnust burn
! (2) Disadvantages: before setting off the ---lay. A scale on the
- outside of the ogive permits seting the time

(a) Since they -contain pyrotechnic and from zero to 25 sec. Of course, the black
explosive ma*erial, delays require that _exphi- powder in the column bums both ways when
sive safety precautiona be taken. the primer is in the middle but the flame-is

extinguished at the blind end.
-(b) Pyrotechnic materials zre sensitive to

humidity and b=mperature, and- careful -Fig. 17-13 shows Detonator, Delay, T65,
control is necessary in-processing, storage, and which is more typical of a simple modern
application, application. The delay itseff is the small

center charge of a barium chromate/boron
-(c) Time reproducibility at a given temper- composition. The input end of the detonator

attire is about 3% within one batch under the consists of the electric contacts (pin and
most controlled laboratory conditions. case), a carbon bridge, -a spotting charge of
Batch-to-batch variation in production is lead- sq phnate, and an igniter mix. At the
Considerably larger. This variation in burning outpr.t end, the lead azide and RDX charges
time can be due to insufficient mixing, produce a detonation wave. It Yakes SO msec
incomplete drying, difference in ingredient for the flame to bum through the length of
composition, variation -in packing density, the delay composition.
purity, particle size, and particle sze distal- 17-3 REQUIREMENTS
bution of the ingredients. Variations in
column height also can introduc lack of The basic requirements for a military timer
xeproducibility. include reliability, ruggedness, and simplicity.

The timer must fun.'ion as intended when
17-2 MILITARY APPLICATIONS subjected to the co:.. i stini.1i. On the other

hand, it must withstand the rigors of
Pyrotechnic delays are used extensivel, n handling, transportation, and storage over the

nailitary devices, primarily in fUze-s and military "umpetature range. A pyrotechnic
demolition devices, tc provide fuuictioning or dlay can meet these requirements.
self-destruction delays. The Fuze Catalog3

describes many fuzes containing pyrotechnic To these general requirements must be
delays and lists, in Volume 3, the delays added the important factor of safety. Of
themselves. Delays as elements cf explosive course, safety is a general requirement, which
trains are discussed in-Refs. 4 and 5. is :.ertainly implied in ruggedness. Some of

the delay compositions, like black powder,
The classic use of these delays is in ,ne time can bum very rapidly under certain condi-

train of pyrotechnic fuzes. Fuze, M37A13 is tions. Safety in pyrotectnic timers is
-3 typical of the artillery fuzes employed during therefore of primary importance. Safet

and before WW iI. (Almost all of these fuzes aspects are discussed hi more detail in par.
are now obsolete for another reason, namely, 20-2 and in Ref. 6.

17-2
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_/ L......0.244 IN.
DIAM.

[ROX O-Icrg ( CUP Stainless Steel

LEAD AZIDE 230mg-- SLEEVE Stainless Steel

VDELAY 80mg0SON
(Barium Chromate g05I

Boron I00" BRIDGL C abon
(7-70-4000CL)

IGNITER 70mgsad- Paroxide 700 / '

dBroen 30- -- PLUG Stainless Steel

NORMAL LEAD 3TYPHNATE PIN stainless Steel

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

DELAY SYSTEM CHARACTERISTICS

No single pyxo.echnic delay mechanism is The delay time in a particular delay device
suitable foi all applications. Hence, the is affected by numerous design parameters.
-selection -of a delay device must be based on These include delay composition, free -vol-
the overall requirements of the particular ume, heat sink, igniter material, loading
military application in which it will be used. conditions, and space limitations. The user
Considerations differ depending on whether must specify the delay time required, the
the delays are vented or obturated and must environment -under which ignition must take
take into account the space limitations place, and the severity of the environmental
imposed. conditions from factory to field. Having this

information, the designer is in a position to
18-1 SPACE LIMITATIONS know approximately what delay compositions

are required by referring to data on various
The designer of a pyrotechnic timer always delay mixes (see par. 21-2.1). Knowing the

will be faced with space limitations when delay time required and the delay mix and its
trying to fit the device into a military item. burning rate, the designer can now determine

the approximate column height. If theFactors affecting the amount of space resulting length exceeds the available space,
reguirCd are the length of the delay column ka substitution of another delay mix or the
function of the time delay and the delay formulation of a new-mix may be necessary.
mix), the diameter of the column (each mix
having a particular failure diameter below Loading pressure also must be bore in
which propagation is not reliable), internal mind hi the design of a delay column. Data
volume, the nieed for baffles and retainers, relating buig rate to density for barium
and the method of initiation (i.e., mechanical chromate/boron compositions are given in
or electiral). Table 18-1'. Almost all compositions demon-

strate a slow but systematic change of burningAll f -thee fci~z mut b taen nto rate with loading pressure, although not
consideration and each factor balancedagainst the other so that an iexpensive, necessarily to the same extent. While this
reliable, and rugged item results. change suggests using an adjustment of

pressure to compensate for lot-to-lot variation
in burning rate, the practice of loading gasless

18-1.1 LENGTH delays at pressures between 30,000 and
40,000 psi (and at least 60,000 psi for gas

Length is a linear function of delay time: producing compositions) has been established
the longer the delay column, the longer it for considerations of ruggedness. It should be

A bums. Thus the burning rate of a particular remembered that a crack in the delay coluni
delay composi.tion and the total delay interval can result in a "blow-by" and hence
desired define column length. Whereas total in~tant;neous functioning. For best results,
delay time usually is specified, the determina- delay columns should be loaded in increments
tion of burning time is complex. not over one-half diameter long.

18-1
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TABLE 1-1

EFFECT OF LOADING PRESSURE ON BaCrO 4 -B COMPOSITIONS

Loading Pressure, 103 pi

96/5 BaCrO4-B 36 18 9 3.6 1.3 0.5

Mean burning rate (sfc/in.)- 1.69 1.60 1.49 1.39 1.29 1.21
Mean burning rate (sec/g) 0.648 0.655 0.645 0.642 0.646 0.693
%'Coefficient of Variation- 1.2 0.6 0.7 0.7 0.8 0.8

9-9/10 B*CrO 4 -B

Mean burning rate (sec/in. 0.670 0.653 0.619 0.586 0.558 0.54,4
Mean burning rate (sec/g) 0.272 0.276 0.280 0.287 0.297 0.306'
% Coefficient of Variation 1.5 0.9 1.1 1.6 2.C 1.8

I,

18-1.2 DIAMETER infinite heat sink-above a minimum wal

thickness the body acts as an infinite heat
The burning of a delay column -can be sink-of sufficient mass to transfer at a

retarded -or even extinguished by radial heat constant rate enough of the heat generated so
losses. These losses become more serious as that the burning of the delay column remains
-the column diameter, burning rate, aiid approximately constant. If the surrounding
ambient temperature are reduced. The effects wall thickness is increased, delay columns \
combine -to result in a failure diameter close to their low-temperature failure diam-
associated with delay mix and temperature. eters tend -to have larger thermal coefficients.
For a manganese, barium chromate, lead However, the effects of wall thickness
chromate compositicn-at -60*F, the failure becomes less important for materials well
dianeter increases from less than 0.109 in. for above their failure diameters. Fig. 18-1
a 3-sec/in. mix to between 0.156 and 0.203 illustrates the change in delay time with the
in. for a 1 2.5-see/in. mix 1 . As shown in Table mass of the metal body 3 .
18-22 the effect of column diameter proved
to be significant for all 95/5 barium 18-2 PHYSICAL CHARACTERISTICS OF
"...mate-boAr delay systens and for obtu- BODY-.^r. ,L u" ",RaiIG
rated 90/10 barium chromate-boron delays.
Present usage indicates that for practical delay Another factor to be considered is the
mixtures at -65oF, a 0.25 in. diameter is well strength of the body material. Erratic delay
above the limiting failure diameter'. times have been known to result due to

yielding under the loading pressure. A
18-1.3 WALL THICKNESS conservative way to design the body is to

consider it a tube stressed hydraulically and
The wall thickness of the body into whiclh provide adequate strength to prevent yielding.

the delay is loaded is another important
factor in the design of a delay column. This The quality of materials for the body or
body serves as a heat sink because the metal subassembly immediately surrounding the
body tends to have higher coefficients of heat delay column is critical. Porosi.ty of the metal
transfer than the delay composition. It is envelope or contamination at the interface of
desirable to have a body that acts as an body and delay column occasionally can

18-2
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TABLE 18-2

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

Paramoters Effect

1. Metal Housings
a. Aluminum, Brass and Stainless Steel a. No effect on burning times over test temperatures, internal

diameter, wall thickness, and for either vented or obturated
columns.

b. No interaction between metal and somposition.
2. Internal Diameter, in.

a. 9.250 95/5 vented vs obturated a. R,,ults for vented columns significantly different at 95% con-
f.dence level.

b. 0.375 95/5 vented vs obturated b. Results for obturated columns significantly different at 95%
confidence level.

c. 0.250 90/10 vented vs obturated c. No significant difference for either column at-this diameter.
d. 0.375 90/10 vented vs obturated "d. Results for obturated column significantly different at 95%

3. Temperature, C confidence level.

a. - 54, Room Temperature, and 76 a. The effect of temperature was significantly different at the 95%
confidence level 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 for different wall thickness were significant!y different,

although no apparent trend was observed.
b. 90/10 vented and obturated columns b. No signific3nt differences or trends in results due to wall thick-

rness for either type of column.

cause erratic performance due to impurities 18-3 VENTED DELAYS
formed by traces of gas.

Vented delay elements have openings to
Many metals as well as plastics and permit the escape of gases produced by their

ceramics have been investigated as delay functioning. They jre used when large
element housings. However, aluminum and quantities of gas are produced by the burning
brass are the choice of most designers because of the delay powder. They may even be
of fabrication ease and availability, and also necessary for gasless compositions when long
because of compatibility of these materials delay times are required in order to eliminate
with most delay compositions. It has been the pressure build-up within the delay
shown that the burning times of delay element and subsequent unpredictable burn-
compositions are not affected by the material ing rates. Venting exposes the burning delay
used for the housing or its thickness above composition to ambient pressure and, as a
that necessary to resist melting provided that result, the burning rate is sensitive to changes
the inside diameter of the housing is well in altitude except that manganese delay
above the failure diameter of the delay compositions show no significant effect. In
composition. addition, these vents require sealing up to the

18-3
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Ia allowing very little or no free volume, as
shown in Fig. 18-3(A) 5 . Others use a
chimney-type charge holder that may or may
not sit on top of the delay column but
provides for a free volum . in which to vent
gases (Fig. 18-3(B)). It also directs and
concentrates the hot gases and particles into a~definite area.

1I5

4 Another type of pyrotechnic delay a-sem-
bly frequently uses a configuntion employing

1J4- a primer holder subassembly in which only
C MSX.0 OAIN.i the primer is held securely. Thos subassembly

rDELAYiMIX- UANGrANE5E
DELAY COMPOSITION then is screwed into, staked into, or otherwise

13 held rigidly in the main delay .ssembly. The
igniter charge is made a part of the main

12 .. ____._. _______ pyrotechnic delay -column. Fig. -18-6 illus-
0.25 0.30 0.35 0.40- 0.45 0.50 trates the use of such a primer subassembly.

OUTSIDE DIAMETER OF DELAY 8ODY,IN.

Figure 18- 1. Variation in Delay Time With 18-3.2 OUTPUT MECHANISM
Body Diarneter The burning rate of a gas -producing

material is, in general, nearly proportional to
pressure. For instance, a 95.4% barium

time of fun'loning in order to protect the chromate -4.6% boron compositon %;.as
delay element from humidity. Two methods tested at various external pressures and the
of sealing vented delays-by a disk, Method results are shown in Fig. 18-42. Examination
(A)., and by a solder plug, Method (B)-are of the figure shows that an increase in
shown in Fig. 1 8-2. external pressure resulted in a decrease in

bumaing times (an increase in burning rate).
The relationship has been shown to be

18-3.1 INITIATION MEANS hyperbolic 'nd can be represented by an
equationi of the form'

The purpose of the delay initiator assem-
bly, whether it is mechanically or electrically t = aP (18-1)
activated, is to produce hot gases and particles
which will impinge on the delay column. where
Delays are easily ignited by the flame of a
primer; however, slow-burning delays require t = burning time, see
an igniter. For ignition charges, see par.
21-1.1; for sensitivity characteristics, par. P =pressure, lb/ia. 2

21-4.
a = factor depending on the mixture,

The initiator assemblies can take several (1/sec) (in. 2 /lb)"
forms. In some instances the assembly
contains a charge holder that sits directly on n = farter depending on the mixture,
top of the delay column (conventional), dimensionless

18-4
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.. PRIMER
- SOLDER

M E TA LPLUG

SPOOL SOLDERED

VENTS COUNTER-T TIN ,,BORE
DISKS,"

METHOD (A) METHOD (B)

Figure 18-2. Sealing of Vented Delay Element

The numerica . values of the factors are n As the delay column burns to the end, the
0.13 and a = 2.52 (1 /sec) (in2 /lb)° ' 13 for the base or output charge is ignited. This charge,
95.4/4.6 barurn chromate-boron composi- called the relay charge, must be initiated by
tion. the delay mix and have the desired output

characteristics as discussed in par. 21-3.1.
Two other barium chrormate-boron com- While the delay column is burning, heat is

positions, 90/10 and 81/19, were investigated being transferred through ihe metal body. In
for external presure effects and these results, cases of long delay times (5 sec or greater) it
also shown in Fig. 18-4, indicate no may be necessary to insulate the output
[ sig-ificant change. charge from the delay body if the outputsia h echarge material is heat sensitive. This can be

done by enclosing the output charge in a cupJ{ or ring made of insiadng material.

18-3.3 BAFFLES AND RETAINERS

The design of a delay column must include
kI N means to resist forces such as spin, setback,

"J RI shock, and internal gas pressure if they are
,I N present in the specific application. These

forces can cause separation of the delay
column and resulting failure, either in the

(A } CONVENTIONAL (1I CHIMNEY TYPE form of no-fite or instantareous functioning.

This separation usually occurs while the
FC edelay column is burning and at the burning
Figure '83. Charge Holders front. Here, the material is usually molten and

18-5
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LOG

- c • £WA% *tOC4-4A%lS-O-4E6
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Fiqure 184. Burning Time of Barium Delay Compositions (M 112 Fuze)

any of the forces can cause the column to 184 OBTUR,\TED DELAYS
separate on either side if -the burning front.
Means of alleviating separation inciude An obturated delay element is cons%,ucted
threading the inner diameter v;?3, and using to retain all the gases produced by th-
retainer rings and disks. A more succesful functioning of the initiator and delay
solution is to baffle both ends -sf the delay composition before the base or terminal
-column. These baffles can be in the form of
slotted disks, washers, or porous metal iisks.
A -typical baffled delay column is shown in
Fig. -18-51. The baffles are always force fitted , ...................
into the delay body with approximately.,.. . .... POROUS BAFFLE
0.002 to 0.005 in. interferer.ce fit. ...... .. X

Baffles also are employed between a delay
and its primer to reduce blast effect. nd
particle impingement. In general, increasing
the free volume between 'he two will make DELAY MIX
initiation more difficult. Der'asing confime-
ment of the delay column will have the same
effect. ,,

---.-.- GELAY B0DY

A retainer or delay holder is a separate
member into which the delay column and
relay element are pressed. When one of these
elenrnts is used, the designer may take
advantage of a different material from that of IGNTR MIX

the body, thus providing a better heat sink or SO BAFFLE

other advantages such as good mechanical
strength, while the body material can be
selected for lighter weight, if desired. Figure 18-5. Typical Baffled Delay Column

18-6
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charge is ignited, see Fig. 18-62. See par. 18-4.1 INITIATION MEANS
21-2.1 for delay charges.

When the primer or flash charge is ignited in
Delays are coisidered to be obturated if an obturated system, the pressure in the

thMe gases produced are vented internally into enclosed free volume is increared. At first,
a closed volume in the pyrotechnic device, this happens very quickly and then the
Thr, effects of ambient pressure and humidity pressure iL increased progressively by gas
.v. e'.Uiniated in obtui'ated delays because liberzted by the burning delay column.
they ure sealed from the external environ-
ment. Possible harm to other components of As a result, the burning rate accelerates
the system is prvented because the combus- continuously and is usually nearly propor-
tion products are contained. If a short time t'inal to - iessure. Unless- the free volume is
delay is required, an obturated delay often is increased along with the delay column length,
used because obturation tends to increase the the delay time does uot hicrease directly. T171his
average burning rate of the delay compo- requirement for a volume that is nearly
,sition. proportional to tl.e delay time limits obtu-

Aated gps producng delays to about 0.4 sec
with a column diameter commonly in the

M4 PRIMR range of 0.1 to 0.125 in. 1 . In addition to its
direct relationship o the fre.. volume, the
delay time- of avr obturated delaiy elem ent is
related inversely to the gas volume and heat
of explosion of the pniner, see Fig. 18-71. See

SOLDER par. 21-1.1 for iguition charges.

18-4.2 OUTPUT MECHANISM

MR SWE The need for a volume proportional to
delay time is discussed in par. 18-4.1. After

AV WD.R the delay column burns to the end, it ignites
the relay. See par. 21-3.2 for output charges.

OELAY cOL"uI 18-4.3 BAFFLES AND RETAINERS

kBaffles and retainers are included in an
(us) 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.

184.4 INTERNAL FREE VOLUME

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

Figure 18-6. Delay Element, Obturated, M9 pressure or humidity of the ambient atmo-

18-7|I
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Figure 18-7. Characteristics Vlan Obturated Black Powder Delay Element

sphere and the fumes which might have Wd = weight of delay composition, mg
harmful effects oi.other components of the
system. V = enclosed free volume, in.3

In an obturated system, the time will be Using this equation, the designer can iun
greatly increased or the item may not buni through a series-of calculations, varying the
through if the pressure rise is sufficient lo weights of priming and delay compositions
cause bursting or significant leakage. Tne and the free volume in order to obtain a safe
pressure car: be calculated by defining the pressure
thermodynamic relationship between the heat I
and gas volume liberated by the primer, and 18-4.5 SEALS AND CLOSURES
which the gases are confined. A. reasonable The three major elemcnts of a pyrotechnic

estimate, for design purposes can be derived timer (initiator, delay r-olumn, and base
from the ertpirical equation' charge) usually are integrated into one body

or housing. It is good practice to design for
30(W +W hermetic sealing. Sealing is desirable even

P W d (18-2) vhen venting is necessary and is achieved in a
V number of ways. Stab-initiated delay devices

where are sealed and obturated until initiation. TheI1 puncture caused by the firing pin allows
P = pressure, lb/in. 2  venting. In percussion-initiated delays, vent-

ing, if required, may be obtained by use of
W = weight of priming composition, mg blow-out aisks or plugs (Fig. 18-2). A system

4P
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of double cups has been employed in being blended, loaded, and assembled into an
electrically initiated devices which allows item with minimum risk from impact,4 them to be heytnetically sealed -until, at friction, moisture, heat, and electrical dis-
initiation, the thn-walled cup is fiectured by charge.
the initiator output allowing the gases to be
vented. In someinstances, hermetic sealing is (3) They should be readily ignitible, and
required in- addition to venting. It is possible should change little in performance character-
to seal the delay device into a tube or istics with small changes in percentages of
container of sufficient volume Zo provide an ingredients. Their burning rates should be
adequate vent volume. Figs. 18-8 4 and 18-9 4  reproducible within each batch and from
are typical- examples of hermetically sealed batch to-batch with a minimum of varia'icn.
delay actuator devices. An experimental
percussion-initiated delay detonator-is shown (4) They should be compatible with their.
in Fig 18-I0. container as well as with other contacting

compositicns. Performance characteristics
18-5 SYSTEM DESIGN AND PERFOR- should not change.apprcciably with long term

MANCE storage.

In delay system design, the delay composi- (5) They should be relatively-insensitive to
tions being- the critical component of the changes in pressure and temperature.
delay element, should ideally have tho
following characteristics: (6) They- should be capable of withstand-

ing the vibration and shock of transportation,
(1) They should be stable and-nonhygro- setback, -otation, and impact, and should be

scopic; should- have the highest purity resistant to physical abuse inherent in the
consistent with requircments; should be loading and firing of ammunition.
readily available and inexpensive; and should
be compatible with each other. Pyrotechnic dcsigners must continue to

explore new compositions and investigate the
(2) They should be as insensitive as effects of parameter changes wher, existing or

possible, meaning they should be capable of new compositions are rearranged in- their

All dimensions in inches

1.756

Figure 18-8. Stab Initiated Delay Actuator (MARK 14 MOD O)

18-9
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All dimnensions in inches shoidlder of the primer holder bearing on the
primer flange and the soft metal primer
washer. Sufficient igniter is loaded into 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 element from

1.010 a6verse atmospheric conditions, to facilitate
the ignition cf the composition, or both (see
par. 18-4.5). If the vent is not sealed, the

Figure -M-9. Electrically Initiated Delay requirement of surety of'ignition of the delay
Actuator (MARK 18 MOD 0) 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 se,ling of the -vent should be

metal Oiarts, when metal parts themselves are broken as the primer is initiated, therefore,
varied in their geometry and metallurgy, and the seal cannot be too firm.
when combinations of these may yield a new
end item. The delay body must be- -loaded before

assembly. It is important that the delay
The intended end-item requirement of the composition be loaded flush ,ith the endlof

delay element will guide the choice of the the delay body. If this is done, the delay
most suitable type. If timing is to be
controlled carfully, selection of obturated
elements is called for; if operational physical All dimensions in inches
abuse is severe, the inclusion of a binder
seems the correct approach. Extreme climatic
diversification or use outside the earth's n-,,l

appreciable atmosphere would call for prime
consideration of obiurated designs. Other
corsiderations to be considered include the UK IN

method of ignition, the delineation and
tolerancing c - hlousings, their physical proper-
ties, their costs or the costs of the assembly.

18-5.1 SYSTEM ASSEMBLY PROCEDURES
DISK

* In the assembly of pyrotechnic timers the
*' procedures vary according to the type of

delay (Le., vented or obturated). For instance, tZI0
in an experimental 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 before assembly. Figure 18-10. Experimental Obturated Per-

4 The seal is provided at one end by the cussion Delay Detonator

1 8-10

Downloaded from https://www.everyspec.com

SAMSUNG EXHIBIT 1028, Page 339



A* P376206

mixture is held firml; irt place when the delay through (5), have been discussed while factors
body is screwed tight into the holder., In cases (6), (7); and (8) are thesubjects of Chapters
where loaded black powder-is pressed. against 19, 20, and 2 1, spectively.
metal, it is considered good'practice to insert
u thin paper disk between- the powder and Because delay compositions contain all
metal to serve as a cushion and thius to ingredients necessary for a self-]'ropagating
minimize 'the possibility of initiating the reaction, iih"ir abuing -1' ometasbe.. The
powder by friction. cffect of any factor that tends to causie an

increase or decrease in burning rate is
Visual inspection of the bore surface of the magnified. For this reason, satisfactorydelay body with a magnifying glass should perform~ance requires aeeitrate control-of A!

disclose no tool marks or scratches running in such factors. Control -must be maintained
?n axial direction because these are conducive from the procurement of raw materials until
to blow-bys. Sharp edges (no burrs) are the end item, in which the delay -is a
desirable at the ends of the bore. Concen- component, accomplishes its intonded use.
tricity between the bore and the expansion The designer should be governed, therefore,
chamber, and smoothness of the bore are by the following rules:
necessary to facilitate the use of a close-fitting
loading rarn with the bore. (1) Use delay compositions prepaed by a

well-established procedure from ingredients of
Information relating to the packaging of known and controlled characteristics.

the assembled item either individualy or
mounted in the military end item are covered (2) Use obturated or externally vented
in par. 20-1. construction when practical.

18-5.2 PERFORMANCE REOUIREMENTS (3) -Wlhere obturated construction is -im-
practical, use a seal that opens upon ignition.

There are a number of factors that
influence the performance of a pyrotechnic (4)- If a sealed unit is not practical, use
delay timer. These include: delay compositions of demonstrated resis-

tance to conditions of high humidity.
(1) Quantity of charge (delay time)

(5) Calculate the 0-fect of cumulative
(2) Vented us obturated design tolerances upon such pertinent factors -as

external free volume.
(3) Pressure and temperature environment

(6) Provide for adequate free volume in
(4) Output charge (relay) obturated units.

(5) Column diameter (7) Analyze stresses induced -by both
internal and external forces that may be-

(6) Loading and production techniques anticipated during loading, shipping, launch-
hag, and operation.

(7) Storing and handling
(8) Miike sure that all components will

(8) Delay compositions. survive these stresses, taking into account the
elevated temperature. that result from burn-

The important aspects of factors (1) ing of the delay columns.

1111
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(9) Specify adeqliate loading pressures (at (11) Use diameters well abova the. failure!least 60,000 psi for g:i: producing composi- diameter at -65*F. (Usual practice-is 0.2 ortions and at least 30,000 p.; for gasless delay 0-25 in. for gasless mixtures; 0.1 or 0.125 in.powders), andl short enough increments for- black powder.)

(one-half diameter or less).
(10) Provide for proper support of the

delay column.

1. AMCP 7C6-179, Engineering Deoi:gn Hand- Fuze Committee, 5 December 1961book, Explosive )rains. (AD-270 444).

4. MIL-HDBK-137, Fuze Catalog, Vol 3,2. AMCP 706-185, Engineering Design Hand- Fuze Explosive Components, Dept. ofbook, Military Pyrotechnics, Fart One, Defense, 20 February 1970.
Theory and Application.

5. Ordnance Explosive Train Designers'
Handbook, U S Naval-- Ordnance Labora-3. Some Aspects of Pyrotechnic Delays, tory, Silver Spring, Md., Report NOLR

Journal Article No. 22.0 of the ;ANAF 1111, April 1952 (AD-029 151).
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CHAPTER 19

PRODUCTION TECHNIQU:-:S

19-1 GENERAL 19-2 DESIGNiNG FOR MASS PRODUC-
TION

The production of pyrotechnic timers
involves a series of steps starting with A- a rule of thumb, small explosive
selection and processing of the pyrotechrdc components (initiators, delays, relays) are
ingredients, production of metal parts, and pressed. The most common procedure for
ending with final assembly. It is important in pressing powdered explosives is pouring the
the selection and processing of the ingredients powder into a mold and pressing it with a ram
that their cheniical and physical properties are that fits snugly, The pressure most frequently
known in advance, especially particular specified for charges used in military items is
hazards to pcrsonnel and property caused by 10,000 psi. Charges may be pressed directly
the reaction of these materials to various into their containers or pressed into molds
stimuli. For detailed irformation on the and ejected as pellets. When a coptainer of
preperties of pyrotechnic materials, see Ref. length greater than its di2meter is used, the
1. The laboratory and plant procedures that explosive usually is loaded "n increments that
must -be followed for the safe production of are one diameter long.
pyrotechnic compositions are described in the
Safety Manual2, and processing procedures Explosive charges are first weighed or
are listed in Refs. 3 and 4. The production of measured and thcy pressed either directly into
the metal parts that house the pyrotechnic place or into pellets. If the explosive is
compositions involves techniques that are pelletized, the pellets usually are reconsoli-
covered in detail in pars. 14-1 end 14-2. dated by being pressed into place.

£XPLOSIVE

COfjUC.TING
IiARI2 RK.OA MESRN S O; AVAILA13LE INA& SERIES OF

SIZES. FINE AOUSTMENTS
- ARE MADE BY FILING TOP

SURFACE.

"FLAT RUNe @AND

Figure 19-1. Scoop Loading

19-1
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19-2.1 MEASUREMENT OF EXPLOSIVE clearances between run and case, and (3)
CHARGES binding resulting lhom interference between "

run and case. The cost of a set of loading
The desire is always to load a spe.zific tools is, of course, distributed over a large

weight of explosive. For small test quantities number of items.
or for some premium quality production,
direct reading, one-pan balances are used that Production loading tools should be
pr'wide an accuracy within one percent 5 . The hardened (60 Rockwell C is common), and
two most common volumetric measuring the die ,'.1ald be lapped and polished. Cups

2 devicEs are scoops and charging plates. To are supported by close fitting loading tools
obtain the desired weight, the loading plant while the charge is being pressed. Standard
must adjust the volume to account for bulk dimensions and tolerances of cups are listed in
density. Scoops (Fig. 19-1) are filled and MIL-STD-320 6 . When loading explosives
leveled against a rubber band. Careful directly into an assembly, a pin is used to
scooping is accurate within 4 percent'. hold the component in alignment while
Charging plates (Fig. i9-21) lend themselves loading. Fig. 19-31 shows equipment for hand
to production rates. After filling the holes in loaoing of leads.
the top plate and scraping off the excess,
plates are aligned with the cup holes. A quantity of explosive can be pressed

either to a controlled height (stop loading) or
19-2.2 DIRECT PRESSING to the limit of an applied load for a given

diameter (pressure loading). Stop loading is
Fits and tolerances of explosive charge faster but not as accurate as pressure loading.

cases and loading tools must be determined In normal production, a reasonable weighing
by consideration of (1) production costs, (2) tolerance for initiator charges is tlaee or four

E.XPLOSIVE--

I-I I I I I

(B) CNOOTO FOAG

Figure 19-2. Charging Plate Loading

19-2
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19-2.3 PELLETIZING

PRESS RAM Many powdered explosives are prepressed
into pellets. Better finishes are obtained than

CLAMPIN for cases loaded by direct pressing. Quantity
w SCRZWproduction of pellets is accomplished on

automatic pelleting machinery, in which the
PLUNE explosive is metered volumetrically by con-

LEAD trolled movement of punches. Single-stroke
presses produce about 90 pellets per minute
while rotary presses have rates of about 700
pellets per minute'. Immediate expaiision

RAM rupon ejection is about 0.3 percent. Pellet-to-rWlED HER
0 // pellet variations are usually less than 0.1

percent'. With frequent pellet density checks
PLATE._ and adjustment of the pelleting press, pellets

can be made reproducibly to one percent in
an automatic pelleting press.

Figure 19-3. Tool for Direct Loading
of Component 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

percent. In stop loading, if the height of an military items are capable of reliably perfor-
increment is exactly reproduced, the density ming the functions for which they were
may vary as much as seven percent'. In either designed. See par. 14-4 for detailed informa-
type of loading, the density should be tion on the contents of a technical date
checked for each production lot. package.

REFERENCES

1. AAMCP 706-187, Engineering Design Hand- 4. AMCP 706-186, Engineering Design Hand-
book, Military Pyrotechnics, Part Three, book, Military Pyrotechnics, Part Two,
Properties of Materials Used in Pyro- Safety, Procedures and Glossary.
technic Compositions.

5. AMCP 706-179, Engineering Design Hand-42. AMCR 385-100, Saf"ety Manual, Army book. Explosive Trains.
Materiel Command, April 1970.

3. F. B. Pollard and J. H. Arnold, Eds., 6. MIL-STD-320, Terminology, Dimensions,
Aerospace Ordnance Handbook, Prentice- and Materials of Explosive Components
Hall, Inc., Englewood Cliffs, N. ., 1966. for Use in Fuzes, 3 August i959.
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CHAPTER 20r PACKING STORING, AND SHIPPING PROCEDURES

20-1 GENERAL minimum cost. These timers, as well as the
munitions of which they are a part, are

Military materiel is packaged to protect it subject to another important requirement:
from harmful -environments, including trans- they must-be safe during packing, storing, and
portation. Packaging will protect the item shipping.
after production, during storage, during
transport, and until delivery to its ultimate Explosives and pyrotechnics can be shipped
user'. During the transportation phase, which and stored safely if they are handled correctly
includes both handling and carriage, the and carefully, and with all of the necessary
Department of Transportation (DoT) regula- precautions. The safety record of both the
tions must be strictly observed for movement military and the explosives industry is a result
within the U.S. Since items must be stored for of careful preparation, not chance. Pyro-
long periods. they must be protected egainst technics are set off by energy concentrations
physical damage and deterioration; it may such as sparks, friction, impact, hot objects,
also be necessary to conduct periodic flame, chemical reactions, and excessive
inspections of stored materiel, pressure. Established safety practices wi!l

avoid these conditions in order to minimize
From the military standpoint, good pack- hazards.

aging methods protect the item through all
phases and environments with minimum cost. Probably the most important aspect of
Items must be protected for one of three safety is a correct individual attitude. The
required levels: overseas shipment (Level A), Navy Transportation Safety Handbook2 puts
long-term storage (Level B), or interplant it this way:
shipment (Level C).

"It is imperative that anyone who is
The most damaging environments during engaged in the handling, transportation, ortransportation by truck, rail, ship, or aircraft storage of ammunition, explosives, and other

are usually shock vibration. However, temper- dangerous articles think safety, act safety, and
ature extremes and other potentially harmful live safety until it becomes a habit. Accidents
environmental factors should be considered as usually result from failure to observe
relevant to damage assessment or prevention. regulatiois, failure Lo understand hazards, or

failure to take necessary precautions. In each
These subjects are treated in more detail in case, the 'failure' denotes human error, and

Chapter 15; see par. 15-i for packing, par. human error denotes ignorance, specific
15-2 for storing, and par. 15-3 for shipping, carelessness, or poor judgment. The individul

must ierlize that when he does not comply
20-2 SAFETY with safety regulations, he not only endangers

his own life, but also puts his fellow worker's
Pyrotechnic timers like other militaryi life in jeopardy. In the military, safety

materiel also must be suitably packaged at responsibility follows the line organization.

20-1
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The commanding officer is responsible for the 20-3 HAZARD CLASSIFICATION
accident-free performance of his supervisors
and their individual employees. A superior is Dangerous materials are arranged into eight
not exonerated for an employee's poor classes according to their level of hazrd.
jndgment, carelessness, or failure to comply Pyrotechnics are divided into classes I and 7,
with safety regulations. The supervisor must depending on whether they merely burn or
advise and train his men so that they are whether they can detonate. Class I items are
constantly aware of the hazardous nature of tnose which have a high fire hazard but no
their work. Further, he must indoctrinate his blast hazard and for which virtually no
men with the philosophy that each individual fragmentation or toxic hazard exists beyond
is responsible for his own and his fellow the fire hazard clearance distance ordinarily
worker's safety. And he must promote specified for high-risk materials. In contrast,
safety-mindedness by persuasion and by class 7 items are those for which most items
auth'-ritative force when necessary." of a lot will explode virtually instantaneously

when a small portion is subjected to fire,
The basic referencv, for safety is the Safety severe concussion, impact, the impulse of an

Manual'. It contains detailed discussions of initiating agent, or considerable discharge of
the established safety practices for packing, energy from an external sources.
storing, and shipping. These topics are
discuissed in the paragraphs that follow. The Pyrotechnic timers usually are packed,
reader is referred to the Safety Manual for the shipped, or stored as components of military
following related safety topics that are ammunition. The ammunition assembly de-
outside of the scope of this Handbook: fines the hazard class. It is not feasible to

specify here the hazard classes of all
(1) Building construction features munitions that contain pyrotechnic timers.

However, this information is tabulated in the
(2) Material handling equipment AMC Safety Manual3 , which lists ammunition

classes, and in the Navy Safety HIandbook2 ,
(3) Hand and machine tools which lists every munition by Federal Stock

Al Number.
(4) Electrical equipment and wiring

The hazard and shipping class must be
(5) Lightning and static electricity protec- established before an item containing pyro-

tion technics can be packed, shipped, or stored. If
the hazard class of a particular pyrotechnic

(6) Fire fighting delay has not been established, il must be
obtained by means of standard tests de-ised

(7) Protective clothing and equipment for this purpose6.

(8) Good housekeeping practices. 20-4 PACKING

The safety regulations have been slightly Pyrotechnic timers and ammunition con-
abbreviated and rearranged n two volumes tairing them must be packed propwily.
for Department of .Vefense zgencies' and Packing drawings and specifications have been
their contractorss. These separate publica- prepared for essentially all military items
tions, available from the Superintend tent of containing hazardous materials. The drawings
Documents, U S Government Printing Office, and specifications cover all applicable details
are conveinient references. of wrapping, boxing, bracirg, palleting, and

20-2

Downloaded from https://www.everyspec.com

SAMSUNG EXHIBIT 1028, Page 346



I- AMCP 706-205

handling. If such drawings and specifications use. It contains a group of diagrams like the
are not available for a particular item, following:
Department of Transportation regulations
apply and they specify minimum require- ' 5
ments. Packing for different levels of L L-
protection are discussed in par. 15-1.

It states that the minimum distance from a
Federal- regultions reuire all containers of barricaded above-ground magazine to the

hazardous materils be cons;-uously marked door end of an earth-covered, arch type
and labeled. magazine is found in Table 5-6.3, column 3 in

the reference.
2045 STORING

In addition to quantity-distance, compati-
Hazrdous materials are stored in accord- bility also must be considered in storage. Only

ance with quantity-distance requirements. compatible hazardous items may be stored
These requirements are defined as "the together in one magazine. Compatibility is
quantity of explosives material and distance established by consideration of the following
separation relationships which provide de- factors3 :
-fined types of protection. These relationships
are based on levels of risk considered (1) Effects of explosion of the item
acceptable for the stipulated exposures and
are tabulatcd in the appropriate quantity- (2) Rate of deterioration
distance tables. Separation distances are not
absolute safe distances but are relative (3) Sensitivity of initiation
protective or afe distances"'4 .

(4) Type of packing
Quantity-distance tabler are contained in

the safety manuals3- ; a typical excerpt is (5) Effects of fire involving the item
shown in Table 20-13. The largest minimum
distances are required where a hazard exists to (6) Quantity of explosive per unit.
personnel, i.e., Lnhabited buildings. Intr'Jine
refers to the minimum distance between any 20-6 SHIPPING
two buildings within one operatin~g line or
asse liy operat.on. The nagazinc distanccs The m t,',spo-t of hazardous materials is
given i4 the excerpt are for above-ground the responsibili.y of the shipper. It has
storage, which is the least desirable. Earth- become expedient to pack and label hazard-
covered, arch type magazines are preferred ous cargo to met requirements for all kinds
because they are safer; their required of transportation. The Navy is the largest
separation distances are much less than those shipper of military cargo because most of itof abuve-ground magazines. Note that separa- ultimately ends up aboard ship. If a
tion distarce is roughly proportional to the commercial shipper is used, he should be
quantity of explosive, and that a barricade of properly licensed in all states and (.ountries
proper construction cuts in half the distarce invoived. Shipping regulations are complex
used for unbarricaded storage, and a qualified shipper is needed to cope with

them.
To determine distances etwesn differentj-types of magazines, Ref. 4 is the esiest to All safety regulation are enforced in the

20-3
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TABLE 20-1

EXCERPT FROM QUANTITY-DISTANCE TABLES

Pounds of
Explosive Distwe, tt

Above Ground
Inhabited Building Highway & or Railway Intraline Magazine

bar. unbar. ber. unkar. bar. unbar. bar. unber.

Class 1

No limit 100 100 100 FO

Class 7

1 40 80 25 50
10 90 180 55 110 30 40

100 190 380 115 2?0 40 80 28 51
1,000 400 800 240 480 95 190 60 110

10,000 865 1730 520 1040 200 400 130 235100,000 1855 3630 1115 2180 415 830 280 510
500,000 4510 4510 3245 3245 715 1430 475 875

shipment of hazardous materials to protect rail shipment. A train i; made up of many cars
life, property, and the cargo itself. All cargo watched over by the engineer in front and
must be properly blocked and braced during caboose personnel behind. The engineer is in
shipment. For some hazard classes, the vehicle voice communication with the tower. The
must be placarded and inspected. Mixed railroad controls traffic flow over its route. It
shipments in the same vehicle must be provides trained inspectors. In contrast, each
compatible. In case of an accident on any truck solos. It has no control over traffic on
mode of shipping, Form F5800 must be filed the public highway, and the driver must cope
with the Department of Traispo.'tation when with any situation that may arise.
the incident involves death or serious injury,
S50,000 property damage, oi continuing For these reasons, drivers of hazardous
danger. materials are given careful training and

detailed instructions (e.g., Ref. 9), and the
Considerations ior specific modes of vehicle is ca;efully inspected for safety (e.g.,

shipping follow: lights and brak%'s) and compliance with local• laws (e.g., weight limit).
(1) Rail Transport. Railroad shipment of

hazardous ma rials is covered in Department (3) Ship Transport. All ,ater shipment is
of Transportation Tariff No. 257. regulated by th: Coast Guard' ° . There are

many restrictions to the transp:, of hazard-
(2) Truck Transport. Motor Vehicle ship- ous materials by ship which must be taken

ment of hazardous materials is covered in into account. Some dangerous articles are not
Department of Transportation Tariff No. 118. permitted on passeng,.r carrying vessels. Also,
Motor vehicle shipment is more comple:: than many ports do not permit the anchorage of
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vessels carrying dangerous article-i. The Army hazardous materials is covered by Department
Corps of Engineers therefore has established of Transportation Tariff No. 6-D 11 . As insuitably isolated explosives anchorages at ship transportation, dangerous cargo is pro-various ports. hibited on passenger carrying craft.

(4) Air Transport. Aircraft shipment of
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CHAPTER 21

PYROTECHNIC DELAY COMPONENTS

The delay element is the heart of the design of initiators, see Ref. 3.
pyrotechnic timer. The timer also includes an
initiator and 1 relay or output charge. A 21-1.1.2 Ignition Charge and Loading
knovledge of- I) the various ways of applying
input stimeus, (2) the delay compositions Stab primers are initiated by a pointed
currently in use and their characteristics, (3) firing pin that-punctures the cup. The energy
the relay or output cliarge, and (4) the required to fire stab primers increases nearly
sensitivity of the delay compositicns to .nearly with the thi6kness of the metal which
external stimui will aid the designer in the firing pin penetrates. It is also a function
meeting the system specifications. of the firing pin dimensions and tolerances,

and the composition and density of the29-1 INITIATORS priming mix. Table 21-1." lists tha common

primer mixtures.
The first element of the explosive train of a

pyrotechnic timer is the initiator or primer. It Most expiosive charges are loaded by
is categorized according 'o its input stimulus pressing them directly into cups ai pressure
as (1) stab, (2) percussion, or (3) electric and between 10,000 and 20,000 psi. It is the usual
according to its c Atput as (1) pressure or (2) practice, when the chirge of an eXplosive is
flame. Stab and percussion primers are known longer than its diameter, to load in increments
as mechanical primers.

The primer is a transducer that converts PRIMING MIXTURE
mechanical or electrical energy into explosive APPROX. 0.063 GRAM
energy. It contairs materials sensitive to
stimuli such as heat or impact, has a relatively
small explosive output, and is not designed to MARK 102 MOD 0
initiate secondary high explosive charges.

21-1.1 STAB PRIMER ih OO IN. -0.160IN

PRIMING MIXTURE
21-1.1.1 Construction 0.116 GRAM

The stab primer is a rather simple item
consisting of a cup made of aluminum, M26
stainless steel, copper, or gilding metal. It is
loaded with explosives and covered with a
closing disk that is crimped in place. 0.115 IN. 0.I93IN.
MIL-STD-3201 describes design practices and

-] specifies standard dimensions, tolerances,
finishes, and materials for initiator cups. Two Figure 21-1. Typical Stab Primers2

examples of stab primers are shown in Fig. Reprinted by permission of Prentice-Hall, Inc.,
21-12. For more detailed information on the Englewod Cliffs, NJ.

21-1
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TABLE 21.1
COMMON PRIMING COMPOSITIONS

Composition, (percant by weight)
Ingredients FA956 FA982 PA100 PAl01 NOLW0 NOL130
Lead Styphnate, basic - - - 53 60 40
Lead Styphnate, normal 37 36 38 - - -
Barium Nitrate 32 22 39 22 25 20
Lead Azide - - - - - 20
Tetracene 4 12 2 5 5 5
Lead Dioxide - 9 5 - - -
Calcium Silicide - - 11 - - -
Aluminum Powder 7 - - 10 - -
Antimony Sulfide 15 7 5 10 10 15
PETN 5 5- - -
Zirconium - 9 .-

not over one diameter long (see par. 18. 1.1). priners are shown in Table 21-1. The loading

pressures of percussion primers are similar to
21-1.2 PERCUSSION PRIMER those of stab primers. Loading pressure has a

negligible effect upon sensitivity of percussion
21-1.2.1 Conctru ,tion primers in the ringe from 10,000 to 0,1,000

psi. Firing energy requirements can be
The percussion primer differs from the stab expected to increase with thickness and

primer; it is fired by a firing pin that does not hardness of the primer cup, and with
puncture the container. The essential compo- thickness of the primer mix between anvil and
nents of a percussion primer are a cup-con- cup.
monly brass-a thin layer of priming mix, a
sealing disk, and an anvil. Percussion Primer, 21-1.3 ELECTRIC INITIATOR
M42 is shown in Fig. 18-6 and Percussion
Primer, M39Ai is shown in Fig. 21-23. In 21-1.3.1 Construction
general, percussion primers require more
input energy to function than stab primers. Electric initiaton- contain the initiation
For more detailed information see Refs. I and mechanism as an integral part. A plastic plug
3. holding the initiation mechanism makes up

one end of the cylindrical housing. Electrical
21-1.2.2 Ignition Charge and Loading connection is by means of lead wires or pins.

Electric Squib, M2 is shown in Fig. 21-33
Priming compositions for percussion As a group, electric initiators are more

PRIMER DISK BD-

u 0.350 IN. ,-A

Figure 21-2. Percussion Primer, M39A 1

2 -2
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BRIDGEWIRE
PLUG-s.\ SLEEVE

FLASH CHARGE COMPOSITION - - J

Figure 21-3. Electric Squib, M2

sensitive than mechanical primers. While In lead styphnate, loaded at pressures
several types of transducers have been between 1000 and 4000 psi, the latter trend
employed-viz., hot wire bridge, exploding apparently predominates. On the other hand,
bridgel're, carbon bridge, conductive mix, lead azide loaded at pressures between 3000
and spark gap-the hot wire bridge is the most ard 90,000 psi becomes more sensitive as
common initiation mechanism. See Ref. 3 for loading pmssure is increased.detailed design information.

The response times of hot bridgewire
21-1.3.2 Ignition Charge and Loading initiators fired by capacitor discharge vary

with spot-charge material as well as bidgewire
Ile input characteristics of electric initia- charzacistics. Information that ir needad to

tors are subject to precise control over quite design hot bridgewire initiators is available,
remarkable ranges. Firing energies can be including deoign data on bridgzwire material,
selected to range from less than one erg to size, diameter, and r-sistan.e as well as firing
thousands of ergs, current requirements from energy and power3 .
hundredths to hundreds of amperes, ind
resistance from a few hundredths of an ohm 21-2 DELAY ELEMENTS
to tens of megohms. The input sensitivity
varies with the type of transducer and each The delay element consists of a metal tube,
type must be considered separately. usually aluminum or brass, loaded with a

delay composition. It is placed between the
The explosive in direct contact with the initiator and the relay or other oatput charge.

bridgewire is known as the spot charge. Sometimes al three are combined into one
Whereas normal lead styphnate has the unit. See pars. 18-2 and 18-3 for design details
broadest general use, lead azide has been used of vented and obturated delays. Fig. 18-2
for applications where extremely rapid shows an example of a vented delay element
response is needed. Information is given in while Fig. 18-6 -hows an example of an
MIL-L-171864 for normal lead styphnate and obturated delay element. Data on representa-
M!L-L-3055 s  for lead azide. Basic lead tive delays covering various time ranges have
styphnate, as procured under specification been compiled. In the paragraphs that follow
MIL-L-16355 6 , has particle sizes in the range there is a discussion of the basi,. chem..tr) ,f
between 5 and 95 micron which is highly delays and the characteristics of various
satisfactory for spot charges. compositions that are used.

Loading pressure may either increase 21-2.1 BAelC CHEMISTRY OF DELAY
sensitivity by improving contact between wire COMPOSITIONS
and explosive or decrease it by increasing the
rate of heat dissipation through the explosive. The basic ingredients of a delay composi-

21-3
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TABLE 21-2 t
FUELS FOR DELAY COMPOSITIONS2

Avg. Coefficient of
burning

rate Temp Pressure
Percent of at 700F, msec/ rmec/

Ingredients Ingredients sec/in. deg C/sec mm/sec Variation
BaCrO 4-KCIO 4-W 40 10 50 8,53 1.5 0.73

70 10 20 31.31 1.0 0.40
CuO-B 90 10 - 1.74 2.56 0.52 1.72
MoO 3 -B 88 12 - 2.75 1.77 1.14 8.b

92 8 - 5.21 0.58 2.11
Co203 -B 90 10 - 4.17 1.47 1.89 1.92
MnO 2 -B 87 13 - 4.35 3.88 1.44 1.88

30 10 - 6.41 6.02 - 2.18
V2 05 -B 91 9 - 4.50 - 0.57 1.11
W0 3 -B 91 9 -- 5.40 3.68 0.15 3.4

93 7 - 9.90 2.12 0.02 1.2
Fe2 0 3 -1'i 69 31 - 0,84 2.9 - 3.0

73 27 - 1.41 2.4 - 1.9
Fe 2 0 3 -Ti-SiO2  69 31 1 1.39 1.0 - 3.4
BaCrO 4 -Zr 79 21 - 5.11 2.1 - 5.6
BaCrO 4 -Ti 82 18 - 1.39 2.6 - 0.9

87 13 - 3.35 2.0 -- 0.9
89 11 - 10.30 1.7 - 2.7

Mo-BaCrO 4-KCIO 4  30 60 10 9.0 1.25 0.54
20 70 10 23.0 0.33 1.4
40 50 10 5.5

Zr-MoO3  49 51 - 0.18 0.66

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

tion are a fuel, an oxidant, a binder, and a be resistant to moisture, and be nonpyro-
lubricant. Delay compositions react when phofic. Fuels finding the greatest use are
oxidant and fuel in the proper ratio are mixed boron, silicon, zirconium, manganese, tung-
intimately, and then ignited. The rate of sten. zirconium-nickel alloys, and sulphur.
burning is dependent on the proportions of Table 2 I-22 lists common fuel ingredients as
the ingredients and their particle size. For a well as their burning rate and the coefficients
general discussion of the chemistry and of temperature and pressure.
technology of primary explosives, see Ref. 8.

21-2.1.2 Oxidants
21-2.1.1 Fuels

Principal fuels for delays are finely To be suitable for delay compcsitions, an
powdered metallic elements, nonmetallic oxidant must be stable at relatively 'igh
elements, and their alloys. Ideally the fuel temperatures, reactive, nonhygros.-opic, and
should have a high heat of reaction, yield yield solid reaction products. These criteria
rea:tion products stable at high temperature, limit oxidants to those shown in Table 21-32.

214
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OXIDANTS FOR DELAY COMPOSITIONS 2

-Chroates= Perchloratez Oxides Peroxides Nitrates
Barium. Potassium Ferric Barium ,.Potassium
Lead Cuprous
Strontium Tungsten

Lead
Manganese
Bismuth

-.9Rprinted by permision of Prentice-Hall, Inc., Englewood Cliffs, N.J.

21-2.1.3 Binders engineers for use in new designs. Still there
afarese l ets, c the unique bmlistic

For-a-delay composition to resist setback prop ertes of -black aowder e difficult orforces or *acceleration, a small quantity of impractical to duplicate. Foiil into com-
4binder may be added to reduce the changes of pressed pellets, columns, or -ring segments,

the charge braking. A-inimum quantity- of black powder has been used to obtain delay
gbinder is added to minimize the amount -of times-from milliseconds to a minute.-gas gene rated and when it-becomes necessary

to granulate the mixture to provide a The advantages of -black powder are great
free-flowing powder for pelleting. Binders sensitivity to ignition even at low tempra-
ued include lhiseed oil, glycerine, and ture, economy, multiplicity of uses, and
vinylalcoho-acetate copolymer 2 . Delay com- relative safety in handling. The disadvanta8es
positions adequately supported have resisted are hygroscopicity and limited stability,
over 100,000 g setback without a binder. It is excessive flash and smoke, undesirab!e 'solid
necessary to minimize additives, such as residue, difficulty in controlling burning rate
binders, to minimize evolution of gas. (high pressure increases the rate), poor

burning qualities under diminished pressure,
21-2.1.4 Lubricants and finally, :imited supply9 .

A composition may be difficult to pelletize Perhaps the maian reason that black powder
or press-if it contains a hard matei.2 'if it is considered for new designs is its relatively
sticks to the punch. A minimum qu- .icy of a high burning rate at low pressure and
lubricant may be added to alleviate these small-pressure bum-rate exponent. An empiri-
difficulties. Those used include graphite, cal relation that has proven satisfactory for
stearic acid, and stearates2 . predicting performance with an interijor-ballis-

tic computer program is9

21-2.2 DELAY COMPOSITIONS
r = 0.133P ° 3 2 1 (21-1)

21-2.2.1 Early CompositionsI where
A discussion of early delay compositions

follows: r = burning rate, in./sec

(1) Black Powder: P = pressure, psia

Black powder is not favored by most Experimental data indiwatoithat a transition
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in burning rate occurs in the region of 100 silicon, manganese, and chromium; while still
psia. It should be noted that powders slower ones occurred with iron, tungsten, and
produced by different manufacturers exhibit others. Metals that gave fast burning times
different ballistic properties. with, silver oxide, silver chromate, barium

peroxide, and lead chromate gave slower
(2) Studies of Gasless Compositions: burning times with cuprous oxide, barium

chromate, and iron oxide.
To overcome the disadvantages of black

powder as a delay composition, research was 21-2.2.2 Current Gasless Compositions
initiated to develop nongaseous delay pow-
ders, making use of inorganic exothermic Table 21-50 lists the gasless delay
reactions similar to those used for thermite combinations in current use. The range of
mixtures. Reactions which were studied aresumarzedinTabe 10 compositions given for some of the combina-

tions allows for adjustment of the burning
A large number of these compositions have ates over wide ranges. The powderedbeen considered and many subjected to mixtures are pressed into tubes t highexperimental investigations" , , 2 However, loadig pressures.

most of them have been discarded fur one or
another of the following reasons 3 : Two types of fast delay mixture have been

used at US Army Harry Diamond Laborato-
rates ies for producing delays in the millisecond

(1) Erratic burning rrange' 4 . Onr of these is a mixture of zir-

(2) Too large a column diameter necessary conium/ferric oxide/Superfloss and the other
for reliable propagation a mixture of zirconium and barium chromate.

(Superfloss is a pure iorm of diatomaceous
(3) Failure at low temperatures earth produced by Johns-Manville Corp.)A

gasless igniter study has shown that the
(4) Hygroscopicity addition of about 10% Superfloss improves(i the loading characteristics of zirconium/
(5) Rapid deterioration barium chromate mixtures and its use in these

delay mixtures is recommended' 3 . Although
(6) Unavailability of reproducible supply both of these compositions have been tested

of raw materials in the M9 Delay Element (Fig. 18-6), they
may be readily adapted tc other designs.

(7) Large pressure coefficient of burning
rate Two slow burning mixtures have been used

or investigated at Harry Diamond Laborato-
(8) Failure at low pressure ries' 4. These include (1) manganese/lead

chromate/barium chromate and (2) tungsten/
(9) Reaction products that are liquid or brium chromate/potassium perchlorate/

otherwise subject to movement by projectile Superfloss. Details of these compositions as
acceleration during burning of the delay well as a barium chromate/barium composi-
column. tion follow:

It was found that for each oxidizing agent (1) Manganese Delay Compositions. Mix-
used, under the standard test conditions, very tures of manganese. lead chromate, and
fast burning times were obtained with barium chromate can be produced with
magnesium, aluminum, zirconium, and ti,..,i- controlled burning times varying from about
urn. Slower burning times were obtained with 2 to 13.5 sec/in. Generally, a standard

21-6
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TABLE 21-5

GASLESS DELAY COMPOSITIONS IN CURRENT USE

Fuel, % Ox;dants, % Inert, %

Manganese Barium Chromate Lead Chromate None
30 to 45 0 to 40 26 to 55
Boron Barium Chromate Chromic Oxide None
4to 11 89 to 96 -

13 to 15 40 to 44 41 to 46
Nickel-Zirconium Barium Chromate Potassium Percilorate None
Alloy 26 60 14
Nickel-Zirconium Barium Chromate Potassium Perchlorate None
Mix
5/31 22 42

5/17 70 8
Tungsten Barium Chromate ?otassium Perchlorate Diatombceous earth
27 to 39 59 to 46 9.6 5 to 12
39 to 87 46 to 5 4.8 3to 10
20 to 50 70 to 40 10
Molybdenum Barium Chromate Potassium Perchlorate
20 to 30 70 to 60 10
Silicon Red Lead Diatomaceous earth
20 80 Max 8 parts by weight
Zirconium Lead Dioxide
28 72

pressure of 30,000 psi is used to load the dry heat of reaction, increase ignitibility, and to
mixtures in a column of 0.203 in. diameter' 4. insure propagation at low temperatut.s 2 .
Burning rates are affected markedly by the Burning times, gas volumes, and heats of
rat'o of barium chromate to lead chromate. reaction for various mixtures of these
Increasinig the barium chromate content ingredients are shown in Table 21-92.
decreases the burning rate. Experimental data Variation in the burning rate of a 55/10/35
on this effect are shown in Table 21-62. barium chromate/tungsten/potassium perchlo-
Burning rates also are affected by particle rate composition, loaded at 36,000 psi in
size; the finer.izs burn faster. vented bodies-as a function of tungsten

particle size--is given in Table 2 i102.
Table 21-72 shows the effect of the

housing material on the burning rate while The effects of the potassium perchlorate
Table 21-811 shows the effect of dry storage level on the burning characteristics of
on burning time of manganese delay mixtures. tungsten delays modified with a ceric oxide

flame sustainer have been studied' 1. The
(2) Tungsten Delay Compositions. Tung- results indicated that there is an optimum

sten delay compositions were developed to level of potassium perchlorate (9%) at which
satisfy the requirements for reliable, long minimum delay time variability occurs.
burning times (40 sec/in.). Potassium perchlo- Increasing potassium chloride sublimation
rate was added to the binary mixture of introduces delay failures and higher burning
tungsten and barium chromate to increase the times.
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TABLE 21-6

EFFECT OF INGREDIENTS ON BURNING RATE OF MANGANESE DELAY COMPOSITIONS2

Nominal Gas
burning Heat of Gas analysis, Ignition

rate, reaction, volume, % % 5-sec temp,Comp. Ingredients % sac/in__ ._ cal/g cm 3l1 H22 CO value 0 C

Manganese* 45.0

A Lead chromate 55.0 2.1 260 15. 550.0 45.0 608 382K Barium chromate ....

MLan rane 33.0 8. 256 18.3 77.7 22.3 660 522
Barium chromate 30.0 77:n2.0 CO 3a.uC ad chromat 32.8 13.5 262 11.4 65.4 34.6 702 478
Barium chromate 37.0

91Micron size 5.7
Reprinted b-i permission of Prentice-Hall, Inc., Englevmod Cliffs, N.J.

(3) Barium Chromate/Boron Composi- last charge increment in the-delay element, or
tions. A series of mixtures based on baium d separate component inserted into the delay
chromate and amorphous boron has been assembly. Typical relays are shown in Fig.
found to be easy to manufacture, readily 21-43.
ignitible, and capable of withstanding sterage
under adverse conditions with a high degree The usual relay consists of a cup into which
of reliability. Burning time values, heats o: lead azide is pressed at 10,000 psi. In some
reaction, gas volume, and ignition tempera- relays, a sealing disk is crmped over the open
ture with increasing percentages of boron are end, while in others, the end is left open; but
shown in Table 21-1 12. Incieasing the loading the skirt left by partial filling is crimped at an
pressure results in a small decrease in burning angle. When such relays are inserted into
rate. Typical data for 95/5 and 90/10 delay elements and crimped in place, the
compositions loaded in M 112 Fuze Housings crimp is compressed just enough to obtain a
are shown in Table 21-122. firm and snug fit.

21-3 RELAYS 21-4 SENSITIVITY

The output charge of a pyrotechnic delay 21-4.1 NEED FOR CHARACTERIZATION
timer is usually a relay. The relay is either the

To be able to minimize the hazards of
pyrotechnic delay compositions, it is neces-

TABLE 21-7 sary to determine their reaction and sensitivi-
EFFECT OF HOUSING MATERIAL ON ty zharacteristics. This information forms a

BURNING RATE OF MANGANESE basis for the establishment of opthnum safety
DELAY COMPOSITIONS Wpocedures in processing pyrotechnic devices.

Aluminum Brass The goal looked for is minimum risk to
bodiet bodies personnel who prepare, handle, test, and

transport the ,compositions.
Nominal avg burning

time, sec 8.15 10.3 Sennitivity is established by tests that
Column length, in. 0.676 0.845 simula e such external stimuli as impact,
Nominal avg burning frictioi , heat, moisture, and electrostatic

rate, s,.c/in. 12.1 12.2 dischaige 3 . The tests also are used to (1)
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TABLE 21-8
EFFECT OF DRY STORAGE ON BURNING TIME OF MANGANESE DELAY COMPOSITIONS

Burning Timeb (sec) After Indicated Exposure in Sealed Flasks at +165°F

Before Storage 1 Wk Storage 2 Wk Storage 4 Wk Storage 8 Wk Sto-ipc

Std. Std. Std. Std. Std.
Avg.c Dev. Avg."? Dev. Avg.c Dew. Avg.! Dev. Avg.! Dv.

1 6.56 0.123 6.73 0.089 6.73 3.095 6.85 0.127 6.86 0A172 5.35 0.122 5.46 0.028 550 0.036 5.56 0.077 5.62 0.064

833% Mn, 30% BaCrO4,,37% PbCrO,.
bMixtu, es loaded at 30,000 psi with 2-100 mg increments of DM-3 igntr in delay bodies 0.203 n. I.D., 0500 i. O.L,. 0.750 i.

long.
CAverage of ten tests.

determine the energy required to initiate a 21-4.2.1 Impact
delay composition, (2) serve as a quality
assurance gage, and (3) to indicate the effect The impact test consists of dropping a
of storage under adverse conditions. weight on a sample of explosive. In practice,

two types of tests are used, each requiring a21-4.2 SENSITIVITY TO INITIATION special type of equipment. The two most
prevalent impact tests are the Picatinny

There are a number of tests that measure Arsenal and the Bureau of Mines tests. The
how easily explosive materials are initiated, method of the Bureau of Mines cons:sts of
They use various stimuli that are capable of dropping on the simple a known weight in
setting off the explosive. The stimulus most guided free fall from a preselected height. The
widely used is impact by dropping, others used method developed by Picatinny Arsenal (PP.)
are friction -nd rifle bullet impact. uses the same procedure except that the

"rADLE 2*1.-9 sample fills a hardened steel cup that is
covered by a brass cap. A vented steel plug

BURNING RATES OF VARIOUS .rONGST-N that is centered on the brass cap is hit by theDELAY COMPOSITIONS" falling weight. Fig. 21-53 shows the PA test
apparatus.

Nominal Gas Heats of
Ingredient, % avg burning volume, reaction, The main difference between the two tests

W B-%CrO 4 KCI0 4 rate, sec/in. cm'/g cal/g is that the PA test involves greater confine-

85 .. 15 1.6 .... .... TABLE 21-10
80 .. 20 2.5 .... 301 VARIATIONS OF BURNING RATE DUE TO
28 62 10 48.6 8.5 .... CHANGE IN PARTiCLE SIZE OF
30 60 10 31.2 10.4 .... TUNGSTEN DELAY LOMPOSITION 2

32 63 5 28.7 3.3 ....{35 30 35 24.135 30" 35.24.1 Tungsten, Micron Siza Average Burning Rate, sec/in.
40 47 13 5.9 .... 346
50 40 10 7.8 4.3 305 4 9.0

4 65 20 15 3.0 2.1 .... 8 17.2
70 10 20 7.3 1.6 .... 15 28.1

Reprinted by Iprmission of Prentice-HII, Inc., Englewood Reprinted by permission of Prentlce-Hall, Inc., Englewood
Cliffs, N.J. CIIf't, NJ.
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TABLE 21-11
DELAY CHARACTERISTICS FOR VARIOUS PERCENTAGES OF BORON2

Nominal* Heat of Volume of Ignition
Boron, &v burning raoctiin, gas, Impact te.t tamp, 0C
% time, sec crl/g cm3/  PA, in. 5-sec value

3.0 7.56 Incomplete reaction 40+ ....
4.0 1.72 354 5.0 40+ ....
5.0 1.09 420 8.0 40+ app. 700
6.0 0.77 431 8.4 37 ....
8.0 0.56 462 7.9 28 ....

10.0 0.47 515 7.3 21 680

13.0 0.40 556 8.9 20 ....
15.0 0.39 51 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 ....
23.0 0.41 503 4.2 40+ ....
25.0 0.43 497 10.2 40+ ....

30.0 0.57 473 10.4 40+ ....
35.0 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+ ....

"Leaded in M1 12 Fuze Housings at 36,000 pliReprinted by permizton of Prentice-Hall, Inc., Englewood Cliffs, N.J.

ment of the sample, distribntes the transla- mately 0.5 lb of the explosive being tested
tion bl impulse over a smaller area, and and is capped at both ends. Because of the
involves a frictional component (between cap curved target surface, test results can be
and sample). Hence, PA test values are affected greatly by the condition of the
affected greatly by sample density. weapon, the characteristics of the ammuni-

tion and the impact angle 3. An improved test
21-4.2.2 Friction with a flat target plate was devised at PA 6

To measure sensitivity to friction, a 7-g 214.3 SENSITIVITY TO THE ENVIRON-
sample (50-100 mesh) is rubbed by a steel or MENT
fiber shoe swinging at the end of a long rod.
The behavior of dte sample is described Pyrotechnic compositions are subject to
qualitatively to indicate its reaction to this degradation or ixditiation by several environ-
stimulus. The most energetic reaction is mental conditions. Burning rate can be
explosion, it decreases in the order of severity adversely affected by absorption of moisture.
to no effA.ct 3. Initiation may be caused by heat or

electrostatic discharge.
21-4.2.3 Rifle Bullet Impact

21-4.3.1 Heat
The traditional bullet sensitivity test

consists of fi.ing a cal .30 bullet into the side A hcat test is used to determine a threshold
of a 3-in. pipe nippie that contains approxi- tenperature below which there is no readily
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TABLE 21-12 composition is determined because variations
VARIATION OF BURNING RATE WITH in moisture can cause changes in sensitivity. (

LUAD!NG PRESSURE OF BARIUM Basically, a known weight of sample is placed
CHROMATE:BORON COMPCSTIONS 2  in a vessel prepared to have a known relative

Composition humidity at a specific temperature. At

95/5 90/10 predetermined intervals, the percent gain or
ominal 9/lO loss of weight of the sample is calculated 2 .Nominal Nominal

Loading burning burningi
pressure, rate, Density, rate, Density, 21-4.3.3 Electrostatic Disciarge

psi swir,, g/cM 3  sec/in. g/cn z

The relative ease of initiation of a
200 1.21 1.89 0.53 1.89 pyrotecknic composition by an electric spark
500 1.2 i 1.91 0.54 1.95 is teimed its sensitivity to electrostatic

1,300 1.29 2.22 0.56 2.09 discharge3 . In this procedure, the sample is
3,600 1.39 2.41 0.59 2.26 loaded in a cylind.ical depression in a heavy
9000 1.49 2.55 0.62 2.43 metal plate, that serves as an electrode. AlC,000 1.60 2.70 0,55 2.5736,000 1.69 2.89 0.70 2.73 second electrode, whose height is adjustable,

36,00 169 289 .70 .73is placed above the sainple which is then
Reprinted by permisson of PrentlceHsIl, Inc., Enewood subjeced a hihae spark. the
Cliffs, N.J. subjected tzi a high-voltage spark. Te

maximum, 50%, and minimum energy levels
detectable reaction and above which a at which initiation occurs then are deter-
reaction takes place within some short time mined. Humidity levels must be controlled in
interval. Several ways of doing this are2 : this test.

(1) Measuring time to explosion or time to 21-4.4 INPUT AND OUTPUT S iESITIVITY
ignition

21-4.4.1 InputU2) Isothermal he*ating
A. discussion of the input sensitivity of

(3) Adiabatic heating initiators follows:

(4) Differential thermal analysis (1) Mechanical Initi tors. The input sensi-
tivity of stab sad percussion primers is

(5) Thermogravimetric analysis. determined by the impact test (see par.
21-4.2.1).I 214.3.2 Moisture (Hygroscopicity)

(2) Electric initiators. Depending upon the
In this test, the absorption of, or reaction appliration, the sensitivity of electric initia-

with, external moisture by an ingredient or tors should be charactedized in term; of !he

AI E .0. 213 IN.31A&I-4)

M7

Fig;ire 214, Typical Relays
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modification of the lead di,. test (amount of
lead displaced b 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 momentum 3 . A stop
watch is often satisfactory for measurement
of relatively long burning times. However, the
electronic chronometer is suitable for all

2 KILOGRAM WEtI ranges of burning time2 . In this method, the
timing instnment starts when the initiator
functions and stops wihen the charge flashes.
Correction must be made for the burning
times of the initiating source and the relayj 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

o:IE CUP ASSEWLY 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 normal distribution
and still others determine some point in the
distribution of particular interest: I

Figure 21-5. Picatinny Arsenal Impact Test
Apparatus (1) Staircase Method, the Bruceton Test

In the Bruceton test t' , the magnitude of
threshold current, voltage, power, energy, or the stimulus used in each trial is deternibied
some combination of these. Tests used for by the result obtained in the Lmmediately
sensitivity of electric initiators include 3: preceding trial. If the preceding trial was a

misfire, the stimulus for the next trial is made
(1) Capacitor discharge test one step higher, and if it fired, the stimulus

should be one step IoNer. The step used is a
(2) Voltage sensitivitybetween stimulus levels, such as 5

V or 2 in. of drop height. Misfires are
I; 3) tead curentfuntionngdiscarded because their sensitivity could have

(3) Steady current functioning.benafcdbytirhvo

~been affected by the previous test.

i 21-4.4.2 Output The validity of this procedure depends on

whether the assumptions are valid that (a) the
The output of a delay is a flame or hot slag. steps are of a uniform size, and (b) the

Tests for flame ou'pt,.t include (1) light frequency of explosions is distributed nor-
output, as measured by a photocell, (2) a really.
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(2) Frankford Run-down Test Method. A activated, and several points in between are
run-down test has been developed by determined.
Frankford Arsenal' 8 that, with the expendi-
ture of a much larger samrle, makes possible a (3) Other Procedures. Other procedures
greatly improved assessment of the distribu- include the Probit"9 , Normit, and Logit2 °

tion of the underlying population. The which are analytical methods of determining
number of trials is constant at each energy the underlying statistical distribution of a
level. The maximum level for all samples measured parameter. They are not data
activated, the minimum level for no samples collecting schemes.
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PART FIVE - FLUERIC TIMERS

CHAPTER 22
I NTRODUCTION

Flueric devices represent those elements parts are subjected to flexure, beading, wear,
that perform control or logic functions by or sticking. If the supply fluid is filtered,
means of a fluid (liquid or gas) in motion erosion practically is eliminated and fluid
without the use of moving or mechanical flow in the element itself produces a
parts. Flueric timers are timers fabricated self-cleaning effect. Even with the addition of
from fluid elements to provide an "output" some contaminants (dirty air), tests have
pulse after some known time interval has indicated that an oscillator performed satis-
elapsed following an "input" pulse. factorily for two weeks before cleaning was

necessary' . Of course, the degree to which a
A flueric timer can be constructed by series circuit can tolerate contaminants will vary

interconnection of binary stages that are with size and circuit requirements. A sound
driven by a fluid oscillator. In order to design principle is always to employ contarni-
construct a useful timer, e.g., one which nant free supply fluid.
indicates the elapse of a pre-programmed time
interval, additional auxiliary components are (2) Large Temperat,.re Range. Although
required. A typical digital interval timer is temperature will play a most significant role
shown in block diagram form in Fig. 22-1I. in system fluid whose dynamic properties are

i'dicated in the figure, such a system may inherently temperature dependent (and this
include a power supply, a time base oscillator, fact will alter element function), the element
a multistage counter, a setting mechanism, a itself (fabricated from metals, glass, ceramics,
decoder W determine when the set time has etc.) can be made to withstand extreme
elapsed, and an amplifier stage which feeds temperature ranges extending from -!00 °  to
the output transducer. At present the 7000F. At high temperatures, the problems
feasibility of flueric timing has been demon- associated with sealing, connecting, or joining
strated by several independent investigators, various elements can be more important than

the fact that the system fluid is at a high
Standard flueric terms and symbols are temperature.

covered in Ref. 2 and a bibliography appears
in Ref. 3. (3) Not Affected by Electromagnetic and

Nuclear Radiation. The components of a
22-1 ADVANTAGES flueric element, if properly made, are in

general not affected by RF fields or nuclear
The use of flueric devices ir:tead of the radiation. Flueric elements can be constructed

more conventional electromechanical types is to represent a complete Faraday shield that
attractive for the followig reasons: will minimize effects of electromagnetic

waves. Extending this line of reasoning, a
(1) High Reliability. Due to the lack of nuclear radiation shield also can be applied

moving parts, flueric elements in general can over the final design to minimize penetration
operate for almost indefinite time periods. No 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 discrete frequency and remain relatively
design and fabrication, unaffected by other frequencies. One could

conceivabl, capitalize on this phenomenon in
(4) Shock and Vibration. The effect of designing an acoustic switching device.

shock and vibration on a stored element or a
standby element can be reduced to practically (5) Reduction of Interfaces. Flueric de-
zero, by initial choice of fabricated materials, vices can simplify or reduce the number of
The shock effect on an operating, unit, interfaces in a system because the flueric
however, is another matter. Generally it is circuit can operate using the medium of liquid
agreed that the relation between the density or gas being controlled, thus reducing
of the working jet compared witi the density interfaces and the need for expensive
of the fluid surrounding the jet is of prime transducers. This not only adds to the
importance. Many devices, however, require simplicity of the system A :t increases
shocks in excess of 1000 g's to affect their reliability5 .
performance. Other devices, such as a
properly adjusted turbulence amplifier, can be (6) Low Cost. As the technology develops,"upset" by acoustic shock signals at one und3ubtedly the system cost will decrease.

22-2
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Potential savings often overlooked are the 200,000 Hz, but the outputs were not used in
lowering of a meaningful manner.

(a) Cost of maintenance (2) Limit of Signal Propagation. The limit
of signal propagation for a gas operated

(b) Servicing expenses system is equal to the local speed of sound
through the gas. For dry air at ambient

(c) Down time. temperature, the propagation speed is aboutone foot per millisecond.
(7) Not Affected by Corrosive Fluids. If a

proper choice of fabrication material has been (3) Large Power Consumption. Flueric
made, flueric circuits can function with elements require a continuous supply of fluid
corrosive fluids, and within corrosive atmos- while in operation, and considerable amounts
pheres. of power may be required s . This can be offset\to some extent by micro-miniaturization. The

(8) Miniaturization. The three major ad- power consumption of an element generally
vantages of miniaturization are: depends upon the flowing fluid, jet velocity,

and nozzle size. In wall-attachment devices,
(a) Speed of response can be increased, these variables can be related to two

nondimensional parameters: the Reynolds
(b) Smaller components require less pow- number and the ratio of nozzle depth to

er. width (aspect ratio). Bistable operation of the
device requires a minimum Reynolds nvmbor,

(c) Smaller dimensions and less mass are below which attachment no longer occurs.
desirable so that payload can be increased. However, this occurs only at very low

Reynolds numbers.
22-2 DISADVANTAGES

Pressure recovery in the output receivers is
Some of the most common disadvantages also important in determining the power

associated with the use of flueric circuits and consumption. Efficient geometries will re-
elements are: quire less power.

(1) Limit of Response Time or Switching In fluid timer applications, power con-
l Speed. Response time or switching speed is sumption is an important consideration. If the

very important in digital application s .  timer is being supplied from a bottled source
,§ 1 Changes in design will affect the switching or pyrotechnic gas generator, the power

speed of the element, but for various consumption of each stage must be known
wall-attachment devices having a nozzle width more critically than if ram air is used. This is
of 0.010 in. and using air at pressures below because bottled supplies have a limited useful
50 psi, an average range is 100 to 1000 Hz, or life, but ram air is available in almost
response times of 0.005 to 0.0005 see unlimited amounts once the projectile or
(switching occurs twice per cycle). Higher missile is air-borne.
speeds have been achieved at higher supply
pressures but at the expense of unacceptable (4) Need For Contaminant Free Supply.
powei consumption. Due to the pre.ent limits Micro-miniaturization of circuits has created a
of output transducing devices, it is question- need to employ pure bottled fluids to prevent
able whether speeds in excess of several clogging and malfunctioning, etc. Ram-air
hundred hertz can be used effectively. Units power supplies will require a closure to
(fluid oscillators) have operated at 100,000 to exclude water and other contaminants prior
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to firing. The closure will be opened or expense of pressure sensitivity, and a
removed prior to or during firing. This can be compromise is necessary in the actual K
done automatically by the firing cycle, such oscillator. With fluid oscillators of the RCR
as setback opening the ram tube or by having feedback type, claims of ± 1% have been
a plastic cap that-is blown off by blow-by as reported over a pressure range of 6 to 30 psig
the projectile leaves the muzzle. A small and 770 to 175°F 6. At the present time, RC
separator such as the cyclone type will be oscillators have been operated from -60 ° to
included in the ram-air power supply to +170* F, using power jet pressures from 6 -to
eliminate rain, snow, and dust in flight. The 30 psig with only a ± I% change in frequency.
use of a ram-air power supply increases safety The oscillator must be miniaturized for
since the system is completely inert until it practical use in a fuze. Hybrid systems (such
achieves a minimum velocity, as the torsion bar oscillator) that use vibrating

mass systems are virtually temp-crature and
(5) Dependence on Temperature and Pres- pressure insensitive, but are not strictly flueic

sure: devices. All uncompensated flueric oscillators
are temperature sensitive because they depend

Although a fair degree of temperature and on the velocity of sound of the operating
pressure insensitivity has been accomplished, fluid which is, in turn, temperature sensitive.
especially with compensated flueric oscilla- The sonic velocity is pioportional to the
tors, pefect insensitivity has not been square root of the absolute temperature.
achieved. This is discussed fully in Refs. 6 and7.

Since the precision of the basic oscillator
Theory and experitnents indicate that governs the overall precision of the flueric

temperature insensitivity in the resistance-in- timer, its temperature and pressure sensitivity
ductance type of oscillator is obtained at the is a major cgnsideration.
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CHAPTER 23

FLUERIC SYSTEMS DESIGN

23-1 FACTORS (3) Frequency Response:

Among the factors to consider before Response for flip-flops is given by the
developing a fluid system are gain, signal-to- switching time; the time interval that begins
noise ratio, frequency ;esponse, ease of when the changing input signal reaches 50%
interconnection of individual components, of its final value and ends when the
output pressure, flow and power. A discussion subsequent output signal reaches 50% of its
of each factor follows: final value. In each instance the output signal

(1)'Gain: can be flow, pressure, or power.
(4) Gain:netailt

The three types of gain are pressure, flow (4) Interconnectability
and power. Gain is defined differently for A good measure of the ease with which a
digital and proportional devices. digital flueric device can be staged is its

i J Digital-amplifier flow gain is the ratio of fanout capability-how many downstream
change of flow output to change in control devices it can control. In determining fanout
flow necessary for switching to occur. capability, all of the devices should be
Pressure gain is the ratio of change in output identical in size, input impedance, gain, and
pressure to change in control pressure power-supply conditions.
required for switching, Power gain is the ratio Fanout applies primarily to digital systemc4of change in output power to change inFautpliprmiytodgalste.control power required to initiate switching. where the flueic devices are used as logicelements to handle information. Gain be-

(2) Signal-to-noise Ratio: tween successive stages is not a primary°lobjective.
This is the maximum outut-signal ampli-

tude divided by the maximum noise ampli- Another approach to interconnection is to
tude. Good signal-to-noise ratio is not as match input and output impedances. If
important for the devices used in timers as it output impedance of the drifing element is
is for proportional amplifiers. matched to input impedance of the driven

F ,element, maximum power transfer occurs.
In timing devices, output is at one of two The impedance of the elements is adjusted by

discrete levels, each of which has a tolerance such techniques as providing output flow
band. Provided the noise riding on the output dividers, vents, bleeds, and varying duct cross
signal does not exceed limits of the tolerance sections.
band, the flueric device can be relatively noisy
and still function properly. However, care Table 23-I compares types of digital
must be taken to avoid spurious switching by devices with respect to power range, switching
a noisy input signal. time, geometry and ease of interconnection.

23-1
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"ABLE 23-1

CHAFACTERISTI'CS OF DSGITAL FLUERIC DEVICES

Switc'iing Geometry Ease of
Type of Device Power Rafna *ime of Ducts Interconnection

Wall-attachment Low to high Medium Rectangular Difficult

Edgeconj Low to high Fast Rectangular Moderate

High-pressure
low-flow Low to medium Medium Circular Moderate

Turbulence Low Slow RtctangI!ar Easy
or circular

23-2 MODULAR COMPONENTS feed through other holes to become inputs tosubsequent stages. -he small, centrally lo-

hi order for a flueric tinier to replace other cated holes are bleed-off port, as is the etched!
types in fuze applications, the overall size section open to the side of the element. It is
nuist be reduced to a minimum. The use of quite obvious that the proper order of
?hotoetching and other recent processes has stacking must be maintained throughout.

-:ade it posible to fabricate microminiatul'3
ieric elements. These are usually thin wafers Experiments have shown that if the proper

o, rectangular or circular shape made from torque is applied to each mounting screw and
mLl (phosphor-bronze). The external shape the wafers are etched properly, the use of
of thesu wafers is held constant anJ various gasket sealing material between each wafer is
geometries are etched through the entire unnecessary. In fact, the uso of a sealant is to
wafer thickness. These elements can then be be discouraged because the tiny nozzle
stacked together readily to form a final openings can easily clog.
package. This ide. typifies the modular
component concept. Mechanical strength of the wafer also must

be conusidered since high pressures permanent-
With modular components, the as,,ect ratio ly can deform overhanging sections of the

of nozzles readily can be changed sim-,!y by etched element.
stacking two or more -lcmcnts of similar
shape together. Also an entire stage can be At both ends of the stacked elements (as
removed and replaced quite readily. Fig. 23-1 well as at any intermediate location) one may
shows two typical element wafers, a relaxa- use thicker plates of sirailar external size
tion oscillator (A) ?nd its binary amplifier which serve to introduce or remove fluid
(B). These measure about 0.5 !n. by 0.75 in. signals, and also give mechaiical strength for
and are 0.003 in. thick. The corner holes on clamping by the through screws.
each wafer are used to clamp the wafers
together (by use of long screws) and the hole A complete timer package employing
spacings are standardized. The top and modular components is shown in Fig. 23-2.
bottom of the center holes are supply
presure manifold holes (power supply) which 23-3 INTEGRATED CIRCUITS
rway be used at a particular stage or may carry
flow through to another stage. Output arms Integrated circuitry as applied to fluerics is

23-2
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the incorporation of two or more functional means is ne-ded to predict tie performance
geometries on a single planar sheet. This of a stage in a system without actually
concept has several desirable features: assembling the components. Since system
(1) space can be us::d fully on any given conditions vary widely and generally are not
wafer, (2) overall size of the final unit can be known in advance, it is necessary to simulate
reduced, and (3) more efficient interstage a large number of operating conditions when
matching can be accomplished. The desirabil- testing a single stage. In addition, the system
ity of (1) and (2) cannot be overemphasized. may be required to operate over a range of
In par. 23-4 the importance and significance frequencies and power supplies. Thus un..s
of source and oad impedance matching are may have to be matched dynamically as well
discussed. Integrated circuitry offers a way as statically.
for better inter-stage impedance matching
since the input and output channels can be In general, he matching of fluid compo-
controlled more critically and fluid flow need nents is analogous to matching in the design
not confront any discontinuities that may be of vacuum-tube and transistor circuits in
present from wafer to wafer. electronics, which usually is accomplished by

using static characteristic curves. it is also
Since the geometries of the etched wafer possible to approach the interconnection of

cannot be altered after fabrication, the fluid amplifiers in this way. Indeed, in view of
designer must know beforehand the effect of the mathematical difficulties involved in
each part of the element. At present a design describing fluid motion in complex geome-
problem cannot be tackled straightforward tries, it may provide the only feasible
from a purely analytical technique, and usually approach.
a large-scale model initially iN fabricated, and
development proceeds from this model by Before applying characteristic curves to
empirical methods. Once the geometries have fluid amplifiers it is necessary to understand
been defined and the elements function as the general case of a fluid flowing from one
desired, the model is reduced proportionately black box to another. The first box may be
to its final size. called the source and the second box the load.

Under steady flow conditions, the flow
Integrated circuit concepts can produce supplied from the source must equal the flow

elements or high reliability. Some integrated delivered to the load.
circuit devices have been fabricated which
include 10 or more individual elements on a With any source of energy there is
single planar sheet. associated an impedance, limiting the flow

rate at which a quantity of energy can be
23-4 MATCHING TECHNIQUES removed from the source. This is called the

source impedance. Similarly, every load has
The coupling of fluid elements, stage to an impedance that determines the flow rate at

stage, may introduce a matching problem. which energy can be supplied to the load.
Matching may not be necessary with bistable This is called the load impedance. The most
flip-flops having bleed ports and in devices useful parameter to describe the performance
where each stage receives a supply pressure of a source or load is, therefore, its
from a common manifold. However, in staged impedance. In steady-state flow, tl e iy-pe-
amplifiers, matching must be considered1 . dance is considered as purtly resistive.
The main difficulty is that the performance of Resistive impedance, f'o inco--mpressible flow,
a stage depends not only on its cwa is defined as the total pressure t'op across the
configuration but also on the geometries of source or load divided by the volume flow
the previous and the following stages. A through it. Very often the impedance of a

23-5
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PsSecondary source pressure 23-3(B). This curve is ob t;Aed Qxperim-nt-
Primary source Re~ffence ally by measuring the volume flow and \t

c secondary source pressure over a range of load
4o7rceurce impedances. Each load impedance provides

one point on the source characteristic curve.+ source impedance Zs impedane ZL The complete source characteristic is theim pedgrce ZL
(j) SOURCE SCHEMATIC locus of these individual points over the entire

range of load impedances that could possibly
Ioccur in practice. Points on this characteristic
0, curve wlch fall in the first quadrant

represent pas,.ive loads (resistarces). The
curve can be continued into the s.cond and
fourth quadrants by using active loads
(pressure sources) that lower or raise the

a +- p reference pressure P0.

(8) TYPICAL SOURCE CHARACTERISTIC A schematic drawing of the method of
measuring load impedance is shown in Fig.

Figure 23-3. Characteristics of the Source 23-4(A)I. To obtain the characteristics of the
Reprinted with psrmission of McGraw-Hill Book load, one must -onnect it to a variable source

Company that might occur in practice. Again, for small
density changes, the volume flow Q( passes
from the source through the load impedance

fluid component is nonlinear, i.e., it is a to the reference pressure P,. Experimentally,
function of the volume flow. For this and the total pressure PL is measured upstream of
other reasons associated with the complexities the constant load impedance ZL. A typical
of fluid notion, it is very difficult to derive load characteristic is shown in Fig. 23-4(B).
an analytical expression for the resistance of a
fluid component. Resistance, however, can bedetermined readily from the experimental PLd pressure
characteristic curves. In discussing fluid prs, Pb
devices it is convenient to use primary and .._rible L7
secondary sources, as shown schematically in L... 1 L
Fig. 23-31. A primary source is the Lood i npdce Zt
constant-pressure source or manifold which (A) LOAD SCHEMATIC
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 son-
nected to a variable load impedance ZL. The ___

primary source supply pressure P+ is connec- .../:Pa PL-
ted to the secondary source through the
secondary-source impedance Z. In steady (8) TYPICAL LOAD CHDACTERISMC
flow the mass flow in the circuit is constant.
When density changes are small, the volume Figure 23-4. Characteristics of the Load'
flow Q. may also be considered constant. A Reprinted with permWior of McGra,,Hil! Book
typical source characteristic is shown in Fig. Company

23-6
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a P$- Pt one particular value of flow and one
I particular value of pressure. Graphically this

Soce means that the source and load curves
ad ..p intersect at one point when they are

matched superimposed on each other as shown in Fig.
"S - OL 23-5(B). This point is called the operatingpoint. Very often, in fluid amplifiers, the load

(A) COMUI1,,o SCHEMATIC OF SOURCE AND LOAD must be adjusted for a particular source, so
that the operating point falls in a desirable
operating region. The coordinates of the

Steady-state operating point shown in Fig. 23-5(B) are
opfroting point

ZL ZJ JZ P+ + i (23-1)
P+ - P

drop drop
8) MATCHING SOURCE AND LOAD CHARACTERISTIC CURVES where

Figure 23-5. Matching Source and Load P, pressure at the operating point, psi
Cha,-acteristics lb Am.3

Reprinted with permission of McGraKHill Book ZL = load impedance,=--- e
Company in. sec

lb in.3
Zs = source impedance,-- s

in. sec
To obtain each point on the load characteris-
tic, it is only necessary to set the load P+= primary source pressure, psi
pressure at some lk.vel by varying the source
and to measure the resulting flow. When the Pt,= reference pressure, psi
load pressure is equal to the referencepressure, the load flow is zero. Increasing the 3= flow at the operating point, in.3 /sec
load pressure increases the low. If the load _x
pressure is maintained below the reference Thus the operating point depends upon the
pressure, a reverse flow will occur. Thus the source and load impedances as well as the
curve represents the locus of possible supply and referenc pressures.
operating points for this one particular load
subjected, to a wide variity of source 23-5 DC AND AC SYSTEMS
conditions.

The concept of direct-current (DC) inFig. 735(A) is a schematic drawing of a electrical phenomena implies flow of current
specific load connected to a specific source. (electrons) in one direction, the amount of
As previously mentioned, under steady flow flow being controlled by the driving force
conditions the source.must equal the load flow (voltage). This concept applies equally well to
to maintain contiruity. It is also necessary for the field of DC fluerics wherein the fluid flow
the source pressure to equal the load pressure is the current and the driving force is the
since they are measured at the same point in pressure applied to the. fluid. Since the
the circuit. The connection of a specific control of air flow is in many respects similar
source to a specific load, therefore, results in to the control of unidirectional electric
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Control !n AC fluerics the term signal refers to the
id! pressure changes occurring in 'he circuit.

S-*OtThese pressure variations can be either
iWut Utno referenced to locd atmospheric piessure, or

to some other point in the circuit. The signal

Control is therefore a differential pressue. Signal
jt amplitude in an AC circuit generally ranges

from 0.01 to )0 psi. More typical values are
" Pr A - ubetween 0.1 and 1 psi. Speculation on the

"t-d c " ultimate frequency limit for flueric devices
, "----tp, ranges from a conservative 10 kHz up to a

rather optimistic 100 kz.

v v 0Time 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.

Figure 23.6. AC Rectificav' Plueric Device3

The specific advantages of AC over DC
flueric systems include faster response, greater

current, the design principles of DC fluerics accuracy, and less vulnerability to system
have grown to parallel closely those of DC noise. Present indications are that AC fluerics
electronics. Unfortunately, some types of is especially well suited to the measurment
flueric circuits also have limitations similar to and control of speed, temperature, and
those of DC electronics. Weak signals are pressure in environments that are too exti'eme
difficult to transmit and detect, and noise for conventional sensors or control devices.
from turbulent flow in fluidic systems is even The present types of flueric timers which
more troublesome than thermionic noise in incorporate oscillators and counters are a
electrical systems. To help alleviate this form of AC flueri(s. A widely used
problem, AC flueric systems are being component that well illustrates AC flueric
developed 2 . The use of the term AC applied operation is the rectifier or absolute-value
to flueric signals may be misleading to those amplifier. This device has an output port
who carry the analogy between electrical and centered downstream from the sup-ly nozzle
lueric circuits too far. A more precise as shown In Fig. 23-61. Two opposing control
description might be undulating or oscillatory nozzles impinge on the power stream and
flow superimposed on a steady flow. The direct it away from the outlet port to a degree
finportant difference between electric and proportional to the imbalance in the opposing
flueric AC signals is that the flueric signal control streams. When the two control
always has a DC component in addition to the pressur S are equal, the power stream is
AC comperent. In some ways, however the centereJ on the outlet and the pressure
features of the new AC fluerics often parallel outpuf is maximum, as shown in the figure.
those of AC electronics, and the terminology When the differential between control pres-
is also similar. Designers of AC fluerics sure is highest, the beam is deflected away
systems speak of inductance, frequency from the outlet by a ma;imum amount, and
r' lation, phase shift, and pulse width in the resulting power output is a minimum.
i n.. "e manner as do designers of electronic Sinusoidally varying control pressurcs thus
sys'ems. lp the power stream back and forth across

23-8

Downloaded from https://www.everyspec.com

SAMSUNG EXHIBIT 1028, Page 376



AMCP 708-205

radio, however, is very limited. It is generally
-400 Hz Input known that to get high directivity, one must400 Hzip4tsuse high frequency flueric signals. These

signals are severely attennated by atmospheric
conditions, and air currents can deflect the

superimposed on a 350 Hz beam direction. One possible use, however,
constant signal ... could be in short range communications in

exp.osive environments where the use of
electrical energy would be prohibited.

produces an additive signalContaining btats... One of the major difficulties facing
developers of AC flueric systems is the need

which filter to an easily to strengthen the analytical basis of the
monitored 50 Hz signal, present design technology. As a result, a

considerable amount of work is now done by
empirical methods. The lack of analytical

iigure 23-Z Hoterodyning a Flueric Signal 3  tools makes it extremely difficult to Gptimize
a device, or in fact to analytically derign a
system to serve the particular intended

the outlet port to produce output pulsations function. Continued effort and work with
of the type shown in the figure. These flueric systems will alleviate this problem.
pressure pulses are then usually filtered toproduce an average constant DC signal having An analysis of an AC flueric circuit follows
an intensity inversely proportional to the very closely the approach used in electrical-

amplitude of the AC signal. network analysis. The circuit is first sub-
divided into active and passive components.

Another example of AC fluerics which has Active elements include amplifiers, power
its counterpart in AC electronics is in supplies, and auxiliary sources. Passive ele-
heterodyning a flueric signal. In the wave ments are components composed of idealized
forms shown in Fig. 23-73, a 400-lz input resistive, capacitive, and inductive elements. A
frequency of 350 Hz to produce an characteristics of the individual components

,amplitude-odulated wave that can then be combine in a linear manner. This simplified
filtered to produce a beat frequency of 50 Hz ,.nalysis does not completely define the real
This principle has been used to produce a situation over all operating condition- but
flueric/acoustic transceiver, each unit pow- does provide an adequate bench mark for
ered by inflated balloons. In the transmitter initial circuit design.
unit the power supply air is passed through an
ultrasonic whistle, and the tone generated is For a more detailed comparison of flueric
amplitude modulated by acoustical inter- and electronic logic, see Appendix A.
action with a human voice. At the receiver,
which receives the line-ot'sight signal, de- 23-6 HYBRID SYSTEMSImodulation occurs back to audible frequen-
cies by AC flueric devices also powered by an Hybrid systems use flueric elements to-
inflated balloon. A successful transceiver gether with mechanical elements (diaphragms,
developed by H. H. Unfried of Genge etc.) to make an efficient final unit. For
Industries Inc. transmitted voice information example, output from a flueric circuit can be
over several hundred feet with fidelity used to deflect a diaphragm that is connected
approaching a pock,t radio. The acoustic to mechanical linkage to perform switching,
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NORMAL MODE deflects into the cavity and the free end
Tapeo Ctol Tap moves in its groove. Holes in the tape are
_ _ __ arranged so that, when the tape is deflected

f XI into the actuating cavity, the formerly open
port is blocked and the opposite port is
opened. Consequently, the device acts as a
switch.

ACTUATED MODE 0un ° fuI 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

f t !the control signal is removed, the tape snaps
back to the original position. Consequently,

Figure 23-a Monostable Coded-tape Valve4  this device is monostable.

Between application of control pressure
etc. Some typical hybrid devices are: and completion of switching to the deflected

position, some of the control signal leaks
(1) Coded tape valves around the tape and out of the venting ports.

When the tape is completely deflected, the
(2) Tape actuators tape seals the venting port and blocks the

leakage.
(3) Vibrating-reed frequency sensors

The same principles also can be the basis
(4) Moving part detectors for a bistable device, Fig. 23-91. Essentially

the s.,ine as the device shown in Fig. 23-8, it
(5) Flo-w control devices incorporates two actuating cavities, and both

ends of the tape are clamped. The tape is just
(6) Pneumatic switches. lc5ig enough to he flat across one cavity when

it is completely depressed into the other. The
23-6.' CODED TAPE VALVES configuration is stable and the tape remains

deflected into one cavity until a control signal
A coded, flexible strip can be used as a is applied to the other cavity. Thus, this

moving element in a valve, Fig. 23-84. The device can be used both as a switching device
strip is actuated by pneumatically deflecting and a storage element.
the strip into a profiled cavity. When Dressure
i" applied to the control port, the tape The coded-tape device has two impoftant

characteristics:
Control Outputs Control 0i) The element is capable of .controlling

rany inputs, hI the sketches show:, only two
ports are indicated. In practice, however,
many ports could be controlled by a single

Inp|s tape.

(2) The output is isolatdd completely from
Figure 23-9. Bistable Coded-tape Valve4  the input.
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In digital-circuitry applications, coded tape
-- devices can generate logic functions, Fig.

23-1 I4. Here a flexible tape with two cavities- is actuated by control ports, A. and B. This is
4_ an exclusive OR circuit; i.e., the signal port is
joopen when the pressure is applied to either
=~ / control port A or B, but inot both. A variety

- of other logic circuits- also can be generated
with devices of this type.

.50.025 Digital code-translators have been made by
placing several of these logic units in parallel.

4- When so arranged, all the inputs are in
o __ __aI __ parallel. As they switch, they produce parallelN 0

0 0.5 1.0 1.5 2.0 2.5 outputs, but in a different code.
0o Time, msec

"1- 23-6.2 TAPE ACTUATORS

Figure 23-10. Displacement- Time Relationship
for Tape-element Switching4  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

Although the coded-tape device has moving apply a force rather than to switch signals,
parts, the moving part is of light weight. Fig. 23-124. Here, the actuating cavity does
Furthermore, the device is simple and not limit tape deflection.
inexpensive. In practice, Mylar tape has been
found to be a suitable material. A sketch of the forces F acting on such a

tape is shown in Fig. 23-13 . Output force is
Switching time of the device depends on given by4

the signal pressure app!ied and the mass of the [ 2 A 
flexible member. In working devices, switch- F = Pb ( A - -, lb (23-3)
ing times of 2 or 3 msec can be obtained. A 8d 2 2/
typical time-displacement relationship for a
control pressure of 20 in. water is shown in where
Fig. 23-104.

P = supply fluid pressure, psi

b = width of the tape, in.

A B A. 4' 2 = span of the cavity, in.

N ju= 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-

Figure 23-11. Exclusive OR Coded-tape placement for a typical device is shown in Fig.
Element4  23-14 4.
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Figure .23-12. Tape Actuator4  Figure 23-13. Forces Acting on Tape SegmentI

H 23-6.3 VIBRATING REED FREQUENCY Output pressures as a function of input
SENSORS frequehcy are shown in Fig. 23-17(B). The

two signal pressures are applied to opposite
Vibrating reed frequency sensors may be sides of a stream interaction or other

used in applications where there is a proportional amplifier. A cuvre of the
requirement for the measure of a time-vari- pressure differential between the two output
able, repetitive, mechanical motion. A typical ports is howi; m Fig. 23-17(C).
application of this type of sensor is shown in
Fig. 23-15" where it is used with a Test results nn such a defice, with air as the
wobble-plate signal generator. This signal working fluid, are shown in Fig. 23-18".
generator has two nozzles 180 deg from each
other (with reference to the shaft) which can 23-6.4 MOVING PART DETECTORS
be used as shown to provide pressure pulse
outputs 180 deg out-of-phase with each other. Mechanical motion or flow can be detected

by a tightly covered foam-rubber filled cavity,
The outputs from the wobble-plate signal Fig. 23-194. An impregnated rubber-fabric

generator are directed against the sides of a diaphragm is placed across the surface of the
vibrating reed, Fig. 23-16(A)4 , and act as cavity. When moving parts hit the diaphragm
out-of-phase, sinusoidal driving forces. When of the foam-filled cavity, they create an
the reed is at rest, the paddle deflects all the
flow from the supply nozzle and none of the
pressure is recaptured in the output tube. As 1.20
the reed vibrates, the intermittent opening
between the supply nozzle and the output o1.00-
tube permits a portion of the supply p.essure
to be recaptured and used as an output signal. 0.80 Xi

W'hen the frequency of the driving jets is 0
not close to the resonant frequency of the
reed, the reed is not deflected appreciably. .0
However, as the dfiving frequency goes
through the resonant frequency of the reed,
the reed d.flections increase and the pressure 0.20
in the output tube goes through a maximum,Fig. 23-16(B). o0--

0 0.010 0.020 0.030 0.040 0.050 0.060

Frequency error can be sensed by use of DISPLACEMENT, in.

two reeds tuned to slightly different frequen-
cies, Fig. 23-17(A) 4 . Pressures P and P2 are Figure 23-614. Force-Displacement Relation-
the signals from a wobble-plate generator. ship for Actuator 4
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P, cutt signal 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

Supply inversely with density. Sensitivity can be
pressure made so high that a few grams of material

striking the surface give usable output-pres-
sure pulses, or the sensitivity can be so low
that several pounds are required to give a
usable output pulse.

Pz Output signa 23-6.5 FLOW CONTROL DEVICES

Figure 23-15. Wobble-plate Signal Generator In principle, most flow controllers are

With Out-of-phase Signal Outputs4  usually variable fluid resistors whose resis-
tance depends on some externa! parameters

output fluid pulse. This output pulse can be such as pressure or temperature. These

used to actuate a pneumatically operated controllers often involve moving parts and are

switch; it can be amplified by flueric thus subject to wear. As a general rule of

amplifiers for other uses; it can operate flueric thumb, an element that employs deformable

counter circuits; or it can be incorporated parts is generally more reliable and longer
U- lasting than an element that uses moving

Fixed base parts.
/ /& Signal from7 wobble-plate

, / 1 J signal generator/ Supply
'~Y pre~suC U = 3

f Outputs from
(L Ivibrating reed

frequency

P Signal from 
sensora

wobblelAote 

A/I

signal gC.4lr i

/ Output signal P, W P

,A) TYPICAL CONSTRUCTION (A) SCHEMATIC ARRANGEMENT

(n -I 
... prtn

Frequenrecync

Frequency Freq-ienCy I bnd
(8) OUTPUT CHARACTERISTICS (0) OUTPUT CHARACTERISTICS (C) DIFERENTIAL OUTPUT FROM

FLUERIC AMPLIFIER

Figure 23-16. Vibrating.reed Frequency
Sensor4 Figure 23-17. Double-reed Frequency Sensor4
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.0.5 -

+0.4

*+0.3
+0.2

S+ 0.1 Oicphrogm ,;" ''
,......,:. -'-Fluidic output
,) : ,..signal

-

-0.2 Figure 23-19. Flueric Moving-part Detector4

-0.3

-0.4 able fluid resistor consists of two flat plates
sealed by O-rings, Fig. 23-221. Resistance is

-0.5 vaied by varying the spacing between the'186 190 194 198 202 206 210 2

Frequency, Hz plates.

Figure 23-18. Test Results for Double-reed Spacing of the plates can be controlled by
Frequency Sensor4  temperature-responsive elements, Fig.

23-23(A) 4 , when used in conjunction with
the variable fluid-resistor. Here the dimen-

One type of temperature-controlled vai- sions of the inner rod and the casing vary with
able fluid resistor is shown in Fig. 23-204. the temperature changes, varying the spaciug
Silicon rubber has an unusually high coeffi- between the two plates. An example of this
cient of volumetric thermal expansion. As the resistor circuit is shown in Fig. 23-23(B).
valve body and the O-ring increase in Output pressure depends on the resistance of
temperature, the O-ring expands and de- the adjustable, laminar-flow restrictor. T:,pi-
creases the clearance between itself and ?he cal relationships of output pressure and
tapered needle screw. As the clearance temperature for this device are shown in Fig.
decreases, the fluid resistance increases. The 23-24'. Both plots show significant ranges of
lateral position of the tapered needle screw temperature varition over which the output
can be adjusted so that the valve shuts off pressure varies linearly with temperature.
completely at any desired temperature. Thus,
as temperature is increased, resistance in- 23-6.6 PNEUMATIC SWITCHES
creases until, at some predetermined tempera-
ture, the resistance becomes infinite. Historically, pneumatically operated

* A typical curve of flow vs temperature for
this type of resistor is shown in Fig. 23-21. 0-ring

A constant pressure of 20 psi was applied to na
the element. The tapeied needle screw was so
adjusted that the valve shut off completely at output "

approximately 65'C. With this design, fluid
flow varies linearly with temperature over a
relatively wide range.

Figure 23-20. Temperature-sensitive Flueric
A patented adjustable, aminar-flow vari- Resistore
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Temperature- Supply
sensing Pressurc

60 -element

U 50 - Fixed
" ~ Rssistor Output

ZFluid Resistor

, , I I It Voriobte fluidic
0o 5 10 15 20 25 30 35 40 - resistor

Air Flow 4 cc per sec Op

Figure 23-21. Flow- Temperature characteris-P

tics frResistor Shown in Fig. 23-20O
Figure 23-23. Temperature-sensitive Flueric

switches have been used extensively through- Resistor'
out industry and have the potential for wideapplications in hybrid flueric circuits. In -

principle, most of these switches include a knowledge of the effects of scaling down a
membrane o e e part which is larg model to one of greatly reduced size.deflected by applied pressure to actuate Furt2er0ore, in his evaluation of the
electrical contacts. Some of these switches, breadboard, he will most likely condict static
even though insensitive to external shock and as well as dynamic tests. He should be aware
vibration, sense pressures of 0.5 in. water or in the dynamic tests that even a short tube,less4. such as a pressure connector, can add a

significant shunt capacity as the frequency is
]23-7 TEST AND EVALUATION increased ar~d thus alter circuit response. Due

An initial effort in any new flueric design -o

problem is usually made with a breadboard /

msetup in which various parameters of the[I fircuit easily can be changed. At this time the
use of pre.sure and flow meters and special 75
test equipment will aid in the development. is

Once a circuit design is developed, it most thus atih-rure spoly
liely will be scaled down to a size that wllH
not permit further measurement. Because of -70this, the designer must have a thorough

Ocw-pressure supply

65-not/x IilI/7 / eri ute esrmeteas ft 0
0 10

Signul Output, psig

Resistor4  Characteristics for Circuit Shown in Fig. 23-23'

~23-15
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to the nofiline'ar behavior of most flueric, -is more useful for flueic circuitry is
-circuits, an analytical solution. to system e _

design, at the present time, ha3, not been as R = dimensionless (23-5)
practical as thecut-and-tr, met hod As fluid Qr-jlnology- develops,, however, it is hoped

that- m&'h of the work being, done will be where
documeted in the, form of handbooks and
textbooks: which might then faciitate the Q = actual weight flow, lb/sec
esignprocess. ?J- =.- reference weight 'flow, lb/sec

-23-7.1 FLOWMETERS
F f n c a m g =sea level acceleration due to

-lidflow can -be -recorded, as volume flow gravity, 3864.in./sp, 2

per unit time, or mass flow-per unit time. Ifj the. fluid is compressible, the flow is usually P fluid- (dynamic) viscosity-
_corcctedot0 SCFM units (standard cubic feet
per minute), generally at a reference level of
14.7 psia and 59PF s .

There are two types, of -fluid flow of Thus for each size, of tube and for a given
ifiterest to the fluerc- designer: laminar flow fluid, there is a definite reference curiret. If
and turbuient flow.'Laminar flow is character- the actual fluid current through the tub is
ized by' fluid particlesin, a tube moving'in less than 2000times this 'reference curient,
straightl parallel lines down the tube. Turbu- the flow i in the lam.,iar region. If the actual-
lent-flow is characterized by an unpredictable current is -greater than 4000 times_ the-
tumblig, churning flow as the fluid pro- reference current it -will be- turbulent flow.
gresses down the tube. If the Reynolds Between these values is the transition region.,
number of'the flow in a tube is below 2000, Fig. 23-256 -shows a plot of tube-diameter
the flow will be laminar; if the Reynolds versus flow for air -and water constructed-
number of the flow is above 4000, very from Eq. 23-5. The fluid viscosities used were
prcbably'it will:be turbulent. The Reynolds Pair = 2.6 X 10-9 and wate, = 1.46 XOl7.
number Remay be de-termined by Similar' figures can 1e easily constructed for

Sdimensionless (234) anvworkng fluidfthe viscit
V The product Of fluid pressure and fo-W'is

where power

v mean velocity of the fluid, ft/sec H = kPQ (23-6)

d =-tube diameter, ft Where-
= kinematic viscosit, ft2 /sec H = power (see note)

For air, p iLsl.57X-l0Y .The flow laws for the k = a factor
lamins r and hrbulent'regions are wellknown,
but fr "ith transition region the flow is P'= -fluid pressure, lb/ft2
crn: >x and no known law describes the
fluid , -r. Q = flow, ft3 /mini

An expression for Reynolds number which Note. When k = 1, power is in ft-lb/min. For

23-46
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0.4- POWER 0.5645 P0 (WATT)

0.2 .2 X08 02x.05
34 NOZZLE

0.t _ 01X-04
2 .

-~~~ IOX.0415
Z0.6

luiute.1Flo 0 2 4-6 8' 10 _17 14 16
CL2 gioni' -SUPPLY PRESSURE F.-PAG

105 2 4 - 4

Air Flow V'Ib per uc8
(A) AIR- 1. .02 x.0

NOZZLE
1.0 ~ 6(INCHES),

Loniflor. Flow .02.00.4-4.
Region

S2-

0 0.2 0O4 0.6 0.8 1.0- -1.2
o FLOW 0, CFM

044 -Figure 23-26. Air Power Expended in Typical
Turb-ienl.Flow Rectangular NozzlesLRegio

0%~ ~ I ~- watts unless someform of electrical analogy is
Wole Flow,Ib pr Ac desired. In some types of applications the

(BY WATER pioduct PA Q (P is absolute- pressure), is
u~sed as a measure of fluid current.- Thuis ter-m

Figure 23-25. Flow Regions for Air and commoply is called- throughput.
Water in Round Tbs

A wide-variety -of flow meters is commer-
cially available. -Many of them place- a known

power in watt, use-k =0.5645 when air fluid resistance in the flow stream and
is the fluid. monitor the pressure drop across it. Others

use rotating -cups and vanes whose- rotational
Fig. 23-265 shows the air power, in-watts, velocity- can be -related to flow rate. Some of

of-various size no:.zles -with rectangular cross these latter types -are in reality volume meters
Isection- as the pressure -and flow are varied at from which-a Q can be calculated.

constant teinperature. -Exit is to the atmoe-
pherp,. Fluid power need-not be converted to- Another type is an electrical flow- meter
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+r

Allernoling Yr-Tmocouple ',, .....,

Voltage- Oulpul A~..iii , \ ThrmcouleAlfern~ofing_
Heoer" Thetmocoupie junction ago Therm coupolee

Figuie 23-27. Indirectly Heated, Single- Figure 23-28. Three-thermocouple Compen-
thermocouple Flow Meter 7  sated Type Flow Meter7

shown in Fij. 23-27". In this type of a tube. This applies to, laminar flow. With
thermocouple wi.vth an adjacent -heater is turbulent flow, a different velocity profile
placed in ihe floW path. Output of the, exists. In many cases, with laminar or
theirmocouple can -be related to flow rate; i.e., turbulent flow, the designer is interested in an
for a fixed heater, current, voltage output will average velocity that can;,be-wsumed uniform
decrease for an increase in flow since the fluid over the cross-sectional 'area of, interest, so
will capture more heat from the heater- that flow rate can be relited to- this velocity
thermocouple 'bulb. This type must -be and the area through which it Acts.
calibrated with .a given fluid and a similar
fixed geometry. For a given flow, output The basic principle of the flow meters just-
readings will change if the fluid temperature described can be used to measure fluid-
changes. To eliminate this, a compensation velocity, but- most velocity meters employ a
thermocouple can be integrated into the light weight metallic film or thin wire. These
circuit as showi in Fig. 23-287. Thermo- are known as hot-wire or hot-film anemom-
couple C is the-compensating thermocouple, eter.. They work on the following principle: (
A-and B are heated, C is not. A hot wire (or film) in a- moving fluid stream-

loses heat energyto-that stream, if the stream
Changes in the ambient temperature of-the is at lower temperatare than the wire. The

flowing fluid affect all three thermocouples. amount of heat loss and resulting temperature
Since the output-of thermocouple C opposes drop .of the wire depend on-the temperature
that of the other two, temperature-fluctua- and velocity of the moving fluid stream.
-tion effects- of the flowing fluid are-cancelled. Resistance of the wire changes- with the
The compensation is so effective- that no temperatture. Energy loss or temperature of
-correction need be made for fluid tempera- the wire can be monitored, and is a direct
tures from 400 to 200'F when measuring the measure df thevelocity of the fluid.
flow of air. Instruments of this sort are
commercially available. The circuit- of Fig. Due to the small mass of the sensing
23-28, although normally used as- a- steady- element (5-micron tungsten wire, 1 mm long),
state flow meter, can measure flow fluctua- response is fairly fast and velocity fluctu-
tions up to 10 or 12 Hz. ations to 60 kHz are possible. This is far

above the frequency range of interest in most
23-7.2 VELOCITY-METERS -flueric circuit designs. To eliminate the fragile

nature of tiny wires of brittle materials,
When fluid flows in a tube, the velcity'is metallic film deposits on cylinders of quartz

not constant along any radihl line, but usuaV y or -glass are- the heart of rthe hot-film
varies from zero at the tube walls to a anemometers. With the introduction-of these
maximum at the centerline. The shape of tlhe types, fluid velocity measurements -from
velocity profile is a function of the surface 150 m/sec (a maximum for hot-wire types) to
roughness, fluid viscosity, and diameter of the above 500 m/sec were realized.
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Ele ctrical lends current is related to flow velocity. For a
-Core 'thorough discussion- of the instrumentation

employed with anemometers, consult Ref. 7.

0 00 ~ 23-7.3 PRESSURE METERS

7 77- pressure NO problem exists in the measurement of
steady-state or static pressure because many
gages are commercially available. These
measurements -can be made on extremely

Oiphrogm Inductonce coil small devices such.as those typifying flueric
elements. It- is in the area of measuring
fluctuating pressures within small orifices and

Figure 23-29. Stretched-metal Diaphragm channe;s that problems arise, primarily
Pressure Meter7  because the gage _must be physically small

with -low inertia. Since flueric devices have
frequency characteristics that could extend to

Under conditions -of thermal equilibium, 1000 Hz or more, an adequate gage must have
the rate' of heat loss .from the wire must be a frequency response to at least several
equal -to the electricalpower supplied to the thousand hertz. The-gage should not have~an
wire. A useful empirical equation has been acoustical resonant point within the range of
developed as follows interest, and its mechanical resonance fre-

quency should be high.I=A-+B(v)n , A (23-7)
Excellent piezoelectric gages with thewhere required frequency response are availab e for

I= current supplied to wire' or transient pressure measurements. They are
film, A -available in very small size and often can be

mounted directly in a flueric element, flush
A, B.and n = constants with some internal wall. These gages-however

are high-impedance devices, and are vibration
)I = velocity, m/se., sensitiye. Furthermore, they have a low

frequency cut-off, and cannot be used to
The values of A, B, and n are determined measure either a steady-state or a slowly7; I empirically to give the best -it to the changing pressure. Since the gage is. aexperimental data within the desired velocity high-inpedance device,- it requires a preampli-

d range. This formula is known as King's Law. fier reasonably close-to the gage.
The value of n = 0.5 fits the hot-wire case well
when the probe is operated in atmospheric air In applications where a preamplifier is
and the velocities lie between I and 100 prohibited, an electrical pressure gage with
m/sec. For a hot-film protbe in the same low interial impedance is desirable. Such a
velocity range, a value of n = 0.33 gives a gage, using a stretched metal diaphragm as the
better fit to the exerimental data7. pressure-sensing element, has been developed,

as shown in Fig. 23-29 . This gage is small
The anemometers can be instrumented and can be mounted in a very small volume.

such that the current through idie element is However, it must be connected by a tube to
held constant, then the voltage across the the region in which the pressure is to be
element -is related to fluid velocity; -or the sensed. In high-frequtncy measurements,
current iszvaAed such that the element always correction must be made for capacitive- effects
remains at a fixed temperature, thus heater of the tube. A typical ca!ibration curve is
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A typical inside diameter -for the ceramic
tube is 0.002 in. This diameter is so small that- \very little disturbance is introduced into the
region where -pressure is being measured. In
applicatiohs- where this small amount is-
importarit, .another tube adavalve can be

E installed adjacent to the pressure-measuring
-t:thi- and' adjusted so that as much fluid -is

bled off by the second as is introduced by the
first. Frequency response of this type pressure

._ ' ! . I 1 I I gage, which is comparable with -that of the
4 3 -0 -1 o 1 2 4 hot-wire anemometer, extends-into ,he kilo-

Pressure, psi hertz range.

Figure 23-30.:Calibration Curve of a Typical -23-7.4 FLOWVISUAMI1TON
Pressure Ga e7  In device development, -knowledge of the

actual flow -paths of the fluid tth )ugh the
devices is often- usefui. The e paths can be

shown in Fig. 23-307. This plot shows that determined by waf.r-flow tables, smoke
-the-linearity over-the indicated pressure range utilization, and optial tochniques.
is very good..

23-7.4.1 Water Table
A recently developed pressure meter uses a

heated f2ament mounted inside a-very small In this technique, the device-to be studied
ceramic tube. One-end-of the tubeis attached is built to a scale, usually many times its actu-
-to a reference pressure while the other end is al size, and water is pumped through it. The
connected to the pressure to be monitored. flow paths of-the water give an -indication of
The ceramic tube is sized so that the flow the flow paths through the actial device. Dye
velocity thiough it is a direct function of the usually is added to the water supply, and the
difference between the pressure being moni- flow paths may be photographed for per-
tored and the reference pressure. The hot manent record as the dyed water proceeds
fiament measures the velocity, which in turn, through the element under test. Since the
gives a measure of the. pressure diffeience. fluid behavior of the free surface-of water and

-' air are similar, a knowledge of the behavior of
'The reference pressure is set slightly lower the typiccl flueric device in the water table

or slightly higher than the extreme of pressure may be used as the basis for the scaled-down-
fluctuation expeetin-the monitored source. design of a device in another fluid. Water
One advantage of holding the reference tables- are useful in new element design
pressure higher than the pressure being because the geometry of the element can be
measured is that gas is bled into the system changed readily. For example, the shape of
being monitored rather than out of it. Since the channel walls can be changed easily since
the reference pressure can b-. filtered, dirt is they usually are made from a-soft malleable
kept out of the pickup tube. Flow from the material such-as lead.
-reference also can be kept at a constant
temperature. If gas is bled into the system Water tables-are expensive to construct. A
being measured, pressure measurements will less expensive method is to pass smoke
not be affected- by fluctuations in the through a transparent plastic model of the
temperature-of the measured source. device under study.
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2-4.2 Smok6 picture of a density gradient- can be37. mileading iunless proper anialysisbe made.

Whein smoke is introduced in the input Quantitative analysis becomes more practical
nozzles of a transparent-.model, the 'flow for'Schieiren methods than the'shadowgiah,
O atterns ofthe smoke, and hence the flow especially if the fl6wis two dimensional.
! atteimOrhe-flvid-within-the.device, readily
are seen. Smoke can be made.by vaporizing Atother optical tecnique, the intrfer-
keroene in,a -smke generator, producing a ometer (Mach-Zehnder type, "is .the inost
smokewhite- ncolor. With time, however, the expensive, most precise, and most difficwt to:
kerosene droplets cndense and collect 9n the adjust. This method is considered favorably
sides 7of 'the' device, under test. In mot be';ause -of its. ability to record 'density
instances, thiscollection is ndt enough to directly; t4erefore, quantitative analyi be-
-disturb the experiment. ,C6mmercially avail- come s relatively-simple for twcmnsional
'able smokegeeritihng michines :produce a -problems.
pure white sffoke. In sofe- of these, 'the
-smoke is generated by .oxidizing mineral oil In consideration of all-facdios involved,,the
and mixing it with carbon dioxide. 'Schlieren method has received' the greatest

application. A reltively simple sig pof thi
'23-7.4.3 OpticalTechniques: system can -be constructed, capable of

:permitting (lY-Wide-rang sehsgitivity (2'the{One of the most .commdn optical tech- use of color to, enhance contrast, "and (3)
niques is. the- shadowgraph. Itis the simplest simple adaptation to a shadowgraph or an
and cheapest to employ for, flow visualiztion. interferometerof the polarizing or diffraction
With this method, light is passed through a grating type.-In addition, the Sclieren system
transparent model normal to, thefluid fl'w is more compatible for the restrictions
-impinging on -a photographic -plate on the -imposed upoi the field of c6verage and the
opposite side.The resultant pictures-represent mechanical re uirements of the test'section
-the rate of change of the densit gradient in than the interferometer. Also, a preliimiinary
space normal t 6the transmitted 'Since ysem can be set up using readily available
this method represents the second derivative :optics such as photographic lenses. A
-of density, it is insensitive to uniform density thorough description of these methods is
'gradients. Consequently, its -usefulness for given in Refs.8-afnd 9.
-visualizatibnis-restricted to-suddenly chang-
fronsin supersonic flow);-therefore, quanti-

tative analysis- seldom is made with Athis Measurement of fluid oscillations can be
-technique. accomplished with a hot-wire anemometer'or

a sensitive pressure transducer. The hot-wire
Another optical technique, the Schlieren anemometer has the advantages of very small

method (based on Toepler's theory), reqbires size, and thus min-mum 6bstruction to flow,
mo=e costly and precise equipment than the and has excellent response. Unfortunately,
shadowgraph. With this method, the resultant considerable care must be used in handling
picture represents the densily gradient and these anemometers. Calibration is time-con-
furnishes detail in more "gentle" flow than suming, and tile output is a -fourth power
the shadowgraph. It generally is considered function.the most sensitive--of all optical-methods, andthereby offers- much use for visualization. 23-7.6 SIGNAL-GENERATORS

tCare must be taken, however, if interpreting
the 'flow characteristics, in -that a single A low-frequency signal generator can be
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Signal out Wobble plate dynamically, higher speeds can be obtained. A (C variety of output -waveforms can be obtained-

Supply _ _ by varying the-cam shape.

on str,,m oRifie/ oletng An electrcall1-driven flapper provides for-
easily changeable output wave shapes and

Figure 23.21. Wobble-plvte Type Signal higher freqaencies. The flapper part of the
Generator& 7  valve is attached to the- voice cone of a

loudspeaker, Fig. 23-337. Since the -speaker
cone can be driven from an electrical-signal-

obtained from a variation of the flappervalve; generator, a wide variety of output-wave
-a wobble-plate-attached to a rotating shaft, as shapes can be obtained by varying the shape
shown in Fig. 23-31. Shaft rotation varies of the electrical-input signal. This type of
the distance between the surface of -the signal generator is very versatile and useful in
-flapper, or-wobble-plate, and the downstream laboratory development work.
-orifice. This changes the resistance of the
orifice and the pressure within the-volume. Pressure oscillations can also be provided

by piezoelectric elements. -In this type of
The lower frequency limit of this type of signal- generator, the elements are monted iin

signal generator is -zero, or a -steady-state a cavity. When excited electrically, the
pressure. The upper limit depends on elements distort and- create a pumping action.
wobble-plate speed-and the frequency charac- This pumping action excites the chamber, and-
teristics of-the flapper valve-itself. Response a tube connected-to the chamber produces a
of the flapper valve drops off with frequency varying pressure output. These generators can
-due to the reactive -capacitance of the volume produce-pressure oscillations from 20 Hz to
and the resistances- of the upstream and between 5,000 and 10,000 Hz. The upper end
downstream-orifices. of this spectrum is well- beyond the

requirements of most flueric work. The
Since the simple wobble plate is dynami- pressure variations available from piezoelec-cally unbalanced, it produces- undesirable tric generators are small; at least -in the

mechanical vibrations. This fact limits the pressure ranges of interest in- flueric work.
upper frequency available from this type The variation in output is a function of the
signal generator. This limitation can be electrical power applied, the bias- pressure
overcome :pardaily by usc of a circular cam level (the supply pressure applied to the-load),
Fig. 23-327. Since the cam can be balanced and the volume of the attached load.

/ Circular com Fluidic signal out
Roloting shaft Loudsleaer

Signa ou \ --/--

Electicol input lgeod

Figure 23-33. Loudspeaker-actuated Signal
'Figure 23-32. Circular Camw Signal Generator7  Generatori
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-CHAPTER 24

COMPONENT DESIGN

The timer package is composed of a (2) Packaged supplies
number of individual elements connected
together in a modular fashior to fit within a (3) Evaporation of liquids, sublimation of
specified volume. For example, present fluerc solids, and gas liberated from chemical-timers have-as components a power source, a -reacticns.
stable oscillator, a counter circuit, and an
output transducer.- The operation of each of Ramn supply appears to -be a logical-choice
these as an entity must be thoroughly fo: timer circuitsfor missiles and projectiles,
understood as well as their operation when and for objects which have a relative motion
integrated in the timer assembly. The with respect to their environment. -In-military
par-graphs that follow discuss- some of -these projectile applications, the utilization of ram
elements with the emphasis on their use in a air has certain advantages- and disadvantages,
militay timers or timing circuits. Standard namely:
terminology and symbols are used.

(1) Advantages:
24-1 -POWER SUPPLIES

(a) Inherent safety becaise- the system
All flueric elements require a- continuous -cannot -be activated until- the projectile is-

OLow of fluid -through them during the period airbor.e.
of time that they are functional; Thus the
source of power for a flteric timer-becomes a (b) No internal power sup-hes needed;
most basic component and should -be -therefore, a savings in -weight, volume, and
considered carefully before a supply source is cost.
decided upon. Also present devices ope:ate
mainly on "flow" rather than "pressure". To (c) Unlimited supply of source fluid.
achieve isolation-betweenclcmcnts, "vting"
or "bleeding" -is employed. These conditions (2)- DisadIvantages:
necessitate an excess of supply fluid.

(a) Contaminants in ram air (dirt, water,
It is completely feasible to use almost any ice) can make the system inoperative.

type -fluid as--a source supply for a flueric
device. Some examples- of tested fluids are (b) Filtering to eliminate contaminants
air, gases, water, oil, and process fluids. At causes an increase of weight, volume, and
present, air is used more widely than any of cost.
the others.

Packaged supplies, on the other hand, offev
There are pimarily three distinct way; -of several desirable features, and are being used

obtain:ng a power source: in missile timers,primarily because-the timer
can now be a complete package, independent

(I) Use of environmental fluids (ram air, of environment and motion with environ-
water, etc.) ment. One serious drawback is its limited
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supply. If -we conisider bottled supply fluids, operate a flucric system. The stagnation Q
~wecan cite the following disadvantages: pressure is obtained from- F!ig. 24-1 from

atitude. ,air speed; and air temperature dataas
(1) Additional weight, volume, and~cost follows:,

(2) Limited-fluid supply (0' Read the stagnation pressure in stand-
ard atmogpheres from-the-graph for-a-certain

(3)- Pressure-variation air speed- and air -temfperature -(use theF standard -temperature from the- table above()Supply Ic-akage-intolerable. 35000,ft

.A summary- of the advantages -and disadvati- (XMultil -the .,stagnfqt*o rsuei
takes- of environmental ' and bottled~ gas tpsstandard atmospheres by the standad~atmoi-
of power supply is shown in-Table 24-1. s§pheric prsuein pounidspTer square in h,

correspondi 'ng, to, the proper-altitud6 from the6
Power supplies ,ih the third- cate- table.

gory- evaporation of -liquids,, etc.,- are ,pr-
maly pot~ritial' ways -,of generating a "fluid' Effectiv6- velocities can -be quite -low for
but at-present- have not been employed in any spcificall. eini ytm.IS Am) military timer application. 4a&ry Diamon Lbrties i oprto

with Afrmy -Aviation Laboratories -hds de-
24-1.1 -RAM AIR POWER signed a -flueric- flow '-se-paration iniaor

which is a stall sensor for a-wing.-The device-
Ile fluid streaming past a- missile,. pro- indicates flow separation. down to 35 kt, with(

atmosphere or water provides a direct source 2 in.-of water.
of power without, transduction for flueric
systems.- The-movement must- be-fast' enough Ramn air power supplies have many

TABLE 24.1

COMPARISON-OF FLUID POWER SUPPLIES

Enivironrnentdi Cupply -Bottled Gas Supply

Acvantaiws Disadv'~ntages Advantas* Disadvantages

Lass weighit, *ie, and -Contaminants; from en, Pure source-fluid Additional weight, volume, and
cost vironment can clog cost-

Operate in any en- Limited fluid supply
Inherent fail safe .,Pump required for -environment,-

stationary systems
Tailored for precision Supplylleakage intolerableIUnlimited supply Filters required circuits

Pressure regulation required
Any fluid, liquid or gaz

Limited to gases

24-2 -
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Figure 24-1. flelation of Altitude and Air Speed.to Pressure
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(1) Safety. There is no ,power until the This- fact' necessitates flame resistaht. con-,prOjectile _acitves a Prqdetermined velocity,. t ainers, and heat and, -erosion resistant
It-is completely inert during storage. downstream hardware.

'(2) Reliability. For example, the ,power- Containers that- are charged initially with-supply -unit can be sealed until it is fird, in a ari- inert: gas- under pressure =are classifiedi'as
projectile. When the project.le is fired, -the transiert siuppjies. With these a falloff of
scal isautomatically opened: Before ram air is pressure with. -time occurs. However, -with
used, rain drops and particles can be removed transient supplies the designer carh- almost-
'by a centrifugal separator. guarantee a particle-free fluid at ambient

tem!perature, and filtering may 'be unneces-
(3) Less weight and space. No fuel-supply sxy.

or hiigh-pressure tanks are-needed.

(4) Less- pressure regulation. At high 241,3 STADY-STATE SUPPLIES
velocities,_ the flow can -w choked to-limit
-pressure recovery. 24-1.3. General

(5) iong term storage. -Completely inert in
storage. Thic steady-state supplies (gas generators)-

are devices producing gas in a controlled
Electricalrpower also can be suppliedby a manner3 . The supply may be considered -as

flueric generator -which is driven by ram air. either a constant-rate or constant-presstre
The generator has no rdtating parts. However, source.
it doesthave a diaphragm which flexes at avery lowstress level. Ram air also can-be used The prime advantage of this type of gas
to drive-a pump 2 . generator lies in its ability to deliver a

maximum of power for a given weight and
24-1.2 PACKAGED PNEUMATIC POWER volume. The gas in most cases is generated-by

SUPPLIES the reaction of a pyrotechnic mixture.
Efficiency is maximized when the gases can

Packaged supplies are usually metallic be used at high temperatures. This advantage
containers with auxiliary equipment-suc l as inthe-gqs-.generator-m.ay -be-a-0disadvantage sorelief valves, filters, and- regulators-from far as the flueric tinier is concerned because it
which a gas emerges to operate downstream makes it more-expensive.
fluerib elements. The gas within the package

beay e generated from the combustion of In some applications lower temperature gas-
solid or liquid propellants, or a bottle may is available because' the flueric--,ircuits can be
have been charged with an i.ert gas such as operated by Waste gas from other systems
air, nitrogen, or argon at a-high pressure, such as a servo control system.

The types using the combustion of Of prime importance in the design of gasproefant- usually ae classifted asstead unpropelantsU y are lssi a y- generators is piovision for furishing the gas
state supplies. With these, ideally, one wisies at the time, rate, and pressure required for
to supply a quantity of gas at a fixed pressure operation of the flueric system. This provision
(no change with time) and temperature. By is-met in most cases by control of the shape,
virtue of a chemical reaction, the gas size, and weight of the-propellant grain used
temperatures of steady-state supplies are-eigh. to supply the gas.
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2-13. -Solid-propellant Gas GaneratorsCP

Solid-propellant gas generators occupy
little volume, are light in weight. can be <sE
controlled easily for quick initiation or INHIBITOR
terminatiG,,, of the-generating action, and can
Supply gas at steady-state conditions. The PROPA
properties of the piopellant to be considered
are:

5(!) Q Burning rate of the proPellant

(2) Equilibriumcombustion pressure S GIC FLM IGNITER

(3) Temperature dependency of burning NOZZLE BLOCK-RUPTURE DISC
rate and equilibrium- ombustion pressures :RE. LEF , - N

REGULATOR(4)- Density- -
Density -SUPPLY

(5), Characteristic-flame temperature.

TodFigure 24-2. Basic Gas GeneratorTThe- most commonly used -types of
propellants are double-base or composite.
Nitroceilt lose and ntroglyceri are cormpo- cylhidrical c.sing, capped at both ends, and
nents -of the double-base propellants. The contains a single grin of propellant which
composite types contain an oxidizer and a completely fills the case. Gas is allowed to
reducing agent or fuel. Ammonium nitrate in emerge through a nozzle in-one end after thea butyl-0r acetate binder is an eiample of a grain is initiated by an igniter. Vaious
composite propellant, auxiliary equipment su'h as a filter,-regulator,

and-relief ',alve are-needed to operate the unit
Both double-base and composite proper., successfully.L! i lants are-presently used as gas generators, but-

-are notconsidered-ideal materals.-Composite With restricteJ, ond-burning -uns the
type propellants provide the lowest burning supply tire is a direct function- of grain
rates and are cooler burning. As disadvan- length and burning i-ate. The amount of gas
tages, composite propellants require pressure generated is directly proportional to burning
regulation, burning rates are dependent on rate, burning surface area, and density of the
temperature, ignition is difficult at low propellant. The mass-flow rate of the unit is a
pressure, and gases may contain solid function of the exit orifice, chamber pressure,
material. and characteristic flame temperature. Ii,

addition, the chamber pressure is a -function
Nitrocellulose and nitroglycerin-have higher of the ratio of burning area to exit area. In

burning rates, and also higher burning designing a gas generator, the interdependence
temperatures. Unlike the composite materials, of these variables should be considered to
-the burning rates of double-base -propellants provide a satisfactory unit.

-l dependent upon grain temperature.are _ - The volume for steady-state supplies can be
Fig. 24-21 shows a gas generator in its expressed in terms of the mass flow rate,

simplest form. It consists of a section of propellant density, and operating time as

24-5
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IV reaction initiation. The chemical compounds (

V = -,in. (24-1) have rather short-shelf lives and therefore Mil.
PP not conform to -the usual military require-

ments.
where 

...
t-;

24-1.4 TRANSIENT SUPPLIES (PRESSUR-
V = supply- container-volume, in. '-  IZED BOTTLES)

IV, = propellant gas flow rate, lb/sec Bottled supplies- are the most reliable-and
simplest -of packaged powersupplies. Some of

t = burning time, see the factors affecting the selection of a gas for
these supplies are:

p3 = propellant density, lb/in. (1) -Safety in handling
The container volume in cubic feet is

plotted in Fig. 24-3', using a p of 0.053 (2) Toxicity
lb/in., against requiied flow. wit in pounds.
From this- figure it is -seen that the (3) Criiical temperatures and pressures
steady-state- supplies occupy sma'er-volumes
than-do -the transient or-bdtiled gas-suppl;es (4) Purity
when the flow rate is eaual.

(5) Cor,,sive-properties
24-1.3.3 Chemicai Gas Generators

(6) Noncondensible content
Gas6s may be produced from chemical

reactions or chemical decomposition-of liquid (7) -Dew point
oxidizers and reductants. The gaseous prod-
ucts may be complex mixtures of CO; H2 0, (8) Availability-of the gas.

i4 2 , _CO 2 , and many other gases. Some
examples of combination -fuels are -nitro- The most common gases selected are -air
methane, nitric acid-aniline, and hydrazine argon, and nitrogen. -Because- of leakage
hydrate-hydrogen peroxide. Nitromethane problems, compressed gas bottles should -be

Sj and other monopropellants can be decom- charged shortly fhefore use. Leakage rates of
posed into hot gases by increasing the -bottles produced to commercial tolerancesI) tempe.rature and pressure of the reaction. may be too high for-long-term storage. For-a
Nitric acid-aniline and hydrazine -hydrate- given minimum mass flow . is known that
hydrogen perioxide are self-igniting (hyper- compressed gas systems require greater
golic). Other generators depend upon chemi- volume-and weight-for the tanks, as compared
cal decomposition of compounds through the -with other-packaged systems. Both mass flow
use of catalysts, such as sodium per- rates and-storage-tank pressures decrease with
manganate, calcium permanganate, and potas- time after initial use. Therefore, -the bottle
sium-chromate to produce hot gases. must cany a greater-supply than is necessary

to provide the minimum mass flow.
Gas-generation by chemical decomposition

presents several problems. Fuels and oxidizers Wit transient supplies, the volume re-
usually are highly- reactive and extreme -care quired to -supply gas for a given- time, pressure
must be taken in storage, _transfer, and ratio, and-flow rate is given ass.:

24-6

Downloaded from https://www.everyspec.com

SAMSUNG EXHIBIT 1028, Page 397



AM6 706-205,

V ~PMAX (PSI)

100-
I 300-

500--

'AA

-00

zw

{ 0.0

0.01-01 . 0

REQUIRED FLOW) 1 13

Figure 24-3. Con taner -Volume vs Required. Flo w for A ir Bo ttle)44 and Giis Generator' 6
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-12RT itt relief valve in case the pressure iad-
V - vertently is exceeded. -Safety factors between

P 'M 1.5 and 4 usually are incorporated, and a
where minimum wall thickness of 0.1 in. is-specified.Steady-state supply containers slhould be

s l cfabricated from a good grade of ,tiinless steel
that is flame resist.nt, but transient con-
tainers have been made successfully from mild
carbon steel. Typical design shapes for
containers are shown in Fig. 244'. This

g emeratconainer is somewhat idealized to aid
analysim and is composed of a cylindricalt = time required- to supply- the gas, scinwt w n-cn fhzipeia

-see section with two endcaps of hemispherica
shape. The -ratio ./d (length-to-diameter) is a
useful quantity and is denoted by S. When S
equals I the container reduces to .a sphere.
The container may be analyzed in terms of a

at miiu rsuet supply a
in psithe velicuniform maximum principal stress (tension-in

whoop or emispber)or on the basis of a
P =-npuniform Wao tlokness If the uniform sressI axiti theuid c sid dis used, heory shows that the cylindrical

section thickness always should be -twice as
fw iee itt ae-g a w spherical section th0ickness.
-Maximum flow will occur when the velccity g oreat sare n to, by

requiredtio flowse are isglctd plte-i Fi. 3.of01 n

pat Ce thrcf atis Mah I.-This will takeplace smooth transition from one thickness to thewhen the pressure patio sequal to orless than wteqt
critical.

The container exter:l volume, t!!ikness,•If air at 70OF is the fluid considered--nd Pt and weightas a function of S for each design
is taken as 30 psi (to guarantee supersaofuc type can -be expressed as shown on Table
flow since vent is tO nthe atmosphere); the 24-2. If awall thicknesless tha-t 0.I in. is"container volumes for-various P,,x- versus calculated, the designer should use a thicknPess
required flow wtt is plotted in Fig. 243.s

Usually the tminimum mass flow rate wt is Fr the unifonn str,ss condition, by
specified along with the time duration t to combining and rearranging the volume and
supply this flow. Since space-is at a premium, weight equations, a weight to volme ratio asthe smallest practical volume shoufd be as

S-considered. This will necessitate using tan s, charged to high pressures, and- usually

supersonic rather than subsonic flow will opano.n ote ters - di24-3
occur in thesupply noze. (43

i 24-4Z STORAGE CONTAINER DESIGN
where

iIn the interest of safety, foremost in a k = P=P
! ~ ~designer's mind should be- the ability of the Pa~
!-container to withstand the-maximum -pressure
Swithout rupture and the incorporation of a and other terms are defined in Table-24-2.
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d> 
F h

ii,

(A) UNIFORM STRESS DESIG-14

d h

C 4______________ 

__________________

lei__t

(8) UNIFORM THICKNESS DESIGN

Figure 24-4. Two Examples of Idealized Container Designs"

Eq. 24-3 -shows that the- -best shape is a- It is-seen that this -expression, approaches. 2
sphere for which S = I (since S can-never -be k as S approaches infinity, but remains greater1ess than 1), and %,IV= 1.5k4. Thbis gives the than -2 _k -for practical -values of S. Since- the
ninirium -V, eight tovlm ai.A s container thickness hC was its ed in the

iftcrcased from I to oc W IV increases -fromdvepenofh.uiorticnsdsg,Li to mxiumof2.k.Eq 24-3pp n os nt al-ifor 1 tcknes e/Vp

For he nifrm hicnes deignsho ul d equal 1.5 kc as was true fcr the uniform

in -Fig.- -24_54. Ihe- dotted- curve -for the
S - 6S (24-4) uniformi thickness design -should be used for S

/ 3 -1 between about 1.5 and I. For values -ofS

24-9
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TABLE 24-2
EQUATIONS FOR CONTAINER DEF'IGN

Uniform Stress 2h ) Uniform Thicknen(h-h)

P- d
* 4a
Pd 3  P prd3 S

=-x-( -- (2S-1) I =__ -_ )

where
~.i4V -ex,(eral container volume, irl 3

d -external cortainer diameter, in.

S = R/d ratio

£ total length, in.

Pw herentainer weight,lb

Pmax maximum expected internal pressure,_
-psi

p = material density, Ib/in.3
ai  - mrximum alihowable stress i n tension,

ii Isi-(includes any design safety factors)-

he - -cylindrical section thichlcess, in.
Shs = mhemispherical secton thickness, in.

h = -thirckness of uniform design, in.

SNotemmIf h. orh, is < .01 In., u"eh -0.1 for minimum dslgi.
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-ater than-5, the difference in the weight to ()hladesEchotee-oscillators is
(4 volades.Eme-fths

-vlm-ratio for-the two curves does not- discussed. See also Ref. 6.
-excee d 10 percent-of their me an value.

V4-2.1 FEEDBACK OR RELAXATION OS-
24-2 -OSCILLATORS -CI LLATORS

tie base oscillator in a- fiudfic timer is-of The feedback type of oscillator is advanta-
~ futmost -importance since it- determines the geout-since its frequency can be controlled by
SIprecision- -of the overall timer. Ideally- the- adjustments and modifications of the fe~d-'

' oscillator frequency mnust niot be-sensitive to back- path configuration in addition to design
-Ithe- variations i n 'temperature or supply changes in the os .illator amplifier;,, i.e.,

prsure-and-it must-function in te following setback, splitter -nin, nozzle width, etc.
e~ , environ ments:

Ref. 7 -gives detailedi results on- three
(1) -65o to +1600 F (225 deg F spread) -relaxation .--cillators (d&signed to he-insensi-

tivez to -both -temperature and suoply-,pressure
_2) -Spin up-to-30,003 rpm vasiations) using 'R-c-R feedback looks. One

specially tailored oscillator achieved a ± I
-Osilltor have- been constructed using percent -frequency change. over a pressure

four different- souirces- of oscillations: range of 6 to- 30 psig. and a frequency
-(I)Jfeeciback,-(2)- torsion bar,- (3)onic, and variation of less -than I percent over a

temperature range-from 770 tc 175OF at 10
ssg Aimilar oscillator atapressure input of

3.0 10 -psig did- not excecd- 1%o for a temperature4 - _________range froin -55' tol 75 0F.
-A 4~ 0v.al relaxation oscillator is shown. in

Fig. 24~' This model used a fixed

AI -

UNIFORM STRESS A

2 4- G a 10 12
Sw 1/d- -4- - S

Figuir 24-5. Weihtto-Volurne Ratio vs-
Length-to-Diameter-Ratio for Cylindrical Teaks

With Hemispherical End Caps 16  Figure 24-6. Relaxation Oscillator"
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capacitance volune cf 0.366 in. 3 -with the a lift on the plate due to BeTnoulli's effect.
restic'on at R2 being, variable. Best results This rotates the leading edge of the plate
were obtained when R2 -was 0.01 in. wide toward the Upper plate until the lift is spoiled;
with the addition of two small adjusting due to the loss of air flow. The restoring
screws placed in the R, line to control flow torque of the torsion bar then rotates the
into the feedback loop. Adjusting screws pressure plate back toward and beyond its
were set to obtain best tempt2rature and neutral position. The cycle then is repeated at
pressure insensitivity Experiments illustrated the natural frequency of the spring-mazs
that a-fair degree of temperature and-pressure system. The oscillations of the vibrating plate
ins,-ncitivity could be obtained by a critical produce significant pressure fluctuations in
choice of the RI -C-R2 parameters. Of the the throat of the device. These are picked up
two, temperature insensitivity was considered via tubingand fed to a fluid counter circuit.
most- important, and it should be noted that
above models -worked over a- temperature Since the physical dimensions of the
range of approximately 100 deg F Ref. 7 oscillator elements are- affected only slightly
gives a mathematical treatise or the condi- by temperature variations, the natural fro
tions for pressure and temperatue-insensitiv- quency of the vibrating plate remains
ity. relatively constant over--a wide temperature

range. It is -for this -reason that good
24-2.2 TORSION BAR OSCILLATOR frequency -control can be expected using such

a hiybrid system.
Ref._ 8 discusses- an oscillator that deviates

somewhat from a-true flueric-device in that-a 24-2.3 SONIC OSCILLATORS
mechanical vibratin element-is ernployed.- A
torsion- bar oscillator is shown- in schematic The sonic -oscillator, as seen in Fig. 24-89,
form in Fig. 24-7". It consists of a circular also dc.pends -upon feedba- k for its operation.
torsion bar fixed at one end with the other However, in this case there- is an unrestricted
end free to rotate. A flat plate attached-to the tube teplacing-the circuit elements. Pressure
free end of the bar not only provides the waves propagate through this tube at sonic
inertia -for the system but is: the element velocity, controlling the fequency of oscilla-
driven -by the air flow across it, thus tion. Since the sonic velocity varies-dirzctly as
furnishing the pressure pulses necessary- -to -the square root -of the-absolute temperature,
drive a- counter. The air flow between this the frequency of the sonic oscillator will vary
plate and the upper stationary plate produces in the same manner-increasing at higher

j ______________________ rternperatures- and decreasing at lower temper-

The frequency of oscillation f of the sonic, FLOW -oscillator is9

(INPUTY

-OTU-a+ IH -(24-S,

where

VIBRATING-PLATE TORSION BAR a = sonic-velocity in-the operating fluid,(FIXED AT-OWE END) ft/sec

Figure 24-7. Torsion Bar Oscillator' 6 = length of fie feedback passage, ft
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LEFT OUTPUT RIGHT OUTPUT

RECEIVER 
-C A N L

LEFT CONTROL RIGHT CONT.90LK
NOZZLE_ NOZZLE

POWER JET
NOZZLE-

SUPPLY PORT

FEEDBACK CIRCULATIO~N LOOP

Figure 24-8. SonicOscillator"6

T= amplifier switcldng time, sec temperature ,haracteristics. The disadvantage
is that the temnperature can be compensated

One m-mthod for providing temperature only over-a naliow-range.
-compensation for the sonic oscillator is the
use of a temperature sensitive element (an 24-2.4 HALF-ADDER OSCILLATORS
orifice, slide etc.) to vary the impedance of
-the sonic delay: I ne a.s the temperature varies. Another type of oscillator uses the
A sonic oscill tor ,,ith such- mechadcal half-2dder element -(excl""ivr -, -=d) vth
temperature compensation is shown in Fig. the addition of a feedback loop. The element
24-9. The position of th -:slide (the degree of is a two input device shown in Fig.
obstruction) in the lira' is controlled by a 24-10(A)8  If either inputs- C, or C, are
temperature sensitive element. Channg the present (but not both), the output of the
position of the slide in t~e line varies the devic~e is at port O .-However, if both C, and
impedance of the feedback line which changes C2 are present simultaneously, the output is
the switching time T (sWeEq. 24-5). at 01 . If now, see Fig. 24-20(B), powersupply

fluid is applied to input C1 and feedback
An advantage of thv. scheme is that from output port -2 is applied to input C2,

relatively large slide movrme at is required-for the device will oscillate. The cyclic action
small frequency changes. Thus large dimen- co-tinues for as long as fluid is supplied to

-sional tolerances ae permitted, and the C1 .
schemne lends itself to miniaturization, and
permits close matching of the oscillator The frequency-temperature characteristics

24.13
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LEFT OUTPUT RIGHT OUTPUT

RECEIVER

ILEFT CNO RGT CONTROL

SUPPLIY PORT

FEEO8ACK CIRCULATION -SPRING

TEMPERATURE -SENSITIVE

-igqure:24-9; Temperatur-e Compensating . cheme for Sonic Oscillt r16

of the -half-adder oscillator has frequency- Pressure -!ensitvitv. Ideally- for militaryreversals. as the temperature is increased,. applications, a4 self-compensated (i.e., noFrequency variations -occur with changes .in- moving- parts) -flueric oscillator would be most.su-ROly 'pressure except -at: the specfic- 11iac This is especialY -true -for thosetemperature where -frequency crossover systems, required to operate in an extreme
WOcrs. At-this temperature complete ins ensi- environme ntsuch as high spin.-tivit to- pressure is --observadck Yhis suggeststthat, -element geometry- plays an important 4.5HGPRSIJELWFO O-role -in establishing the frequency-temperature CiILLATORS
characteristics of flueric -oscillators. In fact,
theoretical studies -indicate that for any given- A high-pressure, low-flow (IIPLF) oscillatoroscillator there exists -a region of temperature is shown -in--Fig. 24-110 -All _HPLF devices4in sensitivity. By proper -selection nf feed- are based on colinear source- -And receiverback-lie dimensions and -'operating pressure,. nozzles. A- jet leaving the -source nozzlethis -region can be shifted- to one at which- impinges on the receiver port, causing increaseopcration is desired. -Unfortunately, -both- in receiver pressure. When- the receivertheor-y and experiment-indicate that-tempera- -presure -rises above a critical- value, there is a
ture ~isensitivity is obtained at-the expense of sudden change in flow direction as flow is

24.14-
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01 02 01 02 01 02

II ~ 2

(A) HALF-ADDER (EXCLUSIVE OR, AND) ELEMENT

PULSED OUTPUT

FEEDBACK

AIR SUPPLY

(B) HALF-ADDER OSCILLATOR ELEMENT

Fngur 24-10..Development of an Oscillator fom the-Half-adder Element
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WO DW complexity of the equations tobe solve4. For (.
__ _. _ example, Ref,. 11 discusses a fluid- oscillator

x " employing distributed parameters- as -the
k I Z - -feedback -loop (ducts of constant crvs

section).- The theoretical frequency vs temper-
ature relations~iip for a physical model using a

1i j 4 71 ftr6  _f edback line 12 in. lo hng, 0.027 in. inSFigufe 24-11. IPL F Oscillator diameter, and operat ig,qt 50 Psigis as shtown
-in, -Fig; 24-12" -' . This- cu .re -w as -generated

- using, _ equki= n.. presented, in'Ref. I L. The

expelled from the receiver. A wave front is theoirtical 2max (point, around which maxi-
produced by the two opposing flows. As the mum temperature insensitivity is to bepressure drops in the receiver, the wave frnt extracted) is approximately -196°F for this

moves toward the receiver nozzle'iTere is an model. Hbwe'ver, when- an txperimental
-audible snap and a change of flow dirattion mbdel-was fabricatedand:tested at 50,psig the
when the wave front contacts the receiver curve of Fig. 214-13i was. obtained with
nozzle. The receiver pressure begins to rise, Tmx -in the- hge 1250 to 2250F. -The
and the proccs repeats. disimilarity was explained as follows:

24-2.6 DESIGN OF OSCILLATOR3 FROM "The, temperature regon at which the
THEORETICAL CONSIDERATIONS frequency peaks is shifted appreciably friom

the -theoretical curve; however, error is to be
Siace the time base oscillator of the flueric expected: because of the many variables not

timer iust function accurately in a given taken ito account; these include the
environment, a great deal of attention should variations-of Mach number witl position, the
be given to its design. In the design, we shouid capacitance of the amplifier itself, the
be cognizant of the following requirements switching time of the amplifier, and the
for-?. time base oscillator: -nonlinear effects due -to tle waves being of

large-amplitude."
(1) Temperature and pressure insensitvity

within its workirg Iiritations Apparently, complete use of all variables in
their proper manner was too complex to be

(2) Small size investigated at the time. The large disagree-
Sment -between- thcorctical- and experimeofi

(3) Functionai with respect to its down- results indicate- that the variables not
stream components (insensitive to loading) considered -are extremely important, and

apparently additional study is required before
(4) Rigid construction, it is possible -to precisely design oscillators

solely-from theoretical considerations.
Asrdiscussed earlier, f lueri e oscillators can

be fabricated with a asonable degree of 24- FLIP-FLOPS
temperature a pd re rtinrasensit, pity n at least

owever the milita-y o erating range At present, 24-11 -GENERAL
however, -an os; lator cannot be- dsiaedTdirectly from theoretical considerati ons, and- The simplest fluid device is the binary
must undergo a series of experiments to flip-flop shown in Fig. 24-14. This is a digital
achieve the inal model because of the device that has- two stable modes; one with

24-16
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400 FEEDBACK
OSCILLATOR

360 1 D = 0.027 IN.
- I= 12 IN.

Pin = 50PSiG

"d 300-j U-im 280o
~260.

:40-
220- I- 1 1 _1_ I - -_

-340 -244 -148 -52 44 140 236 332 ;F
66/3 1192/3 - 173 226V; 2792/3 333 386V3 4392/3 OK

TEMPERATURE
Figure 24-12. Theoretic LPerformanceCurve for Feedback Oscillator

Employing. Distrbuted Parameter Ducts

the stream attached to the -right wall with A more refined configuration of -a flip-flop:
o!.itput at 0- -and one with the stream -element is- shown in Fig. 24-15. Ths figure'
attached to th, left wall with output at 0-*, -portrays the fluid flow in a schematic manner
Flipping is accomplished by introducing a while the unit is in operation. Also in this'
control pressure at C1 or -C2 of sufficient figure, relative sizes of-the physical features ofmagnitude to satisfy the entrainment charac- -the device are indicated as multiples of the
teristics of the-stream. The stream then moves -nozzle width. Use of -the nozzle Width as a
to- the opposite wall at which- tine control scale factor permits scaling up or down of the
flow can be removed and action is stable-in element at -will. At the -present time nozzle

_ the new position. Load vents are provided for -widths of -0.010 in. are in common use.
stability and isolation. Thus, the device-can be Smaller sizes--to 0.004 -in. or smaller may be
looked at as iavirg an "on" and "off" used but the problems with particle entrap-
position. Elements can be "stacked" or ment are increased.
"staged" to produce binary counters similiar
to electronic logic circuits adr many of the Fig. 24-15(A) shows the flow pattern with
control elements that are possible with the outputs unobstructed, and Fig. 24-15(B)
present-day'electronic circuits. shows the flow pattern with one output-

partially blocked. The outputs are- almost-
completely -decoupled; blocking one output
has only a rinall effect on the opposite output
and keeps -full p-'essure- on the load. Because
there is ample gain, devices designed in this
manner easily may be staged and- such a unit-

*Stream attahrment i,, a fundamental principle sometimes has been found capable of switchingas many
referred to as The COANDA effect. It is well covered in
mn' referenczs t , and % II no', be discussed here. as 16 others with a pressure recovery as high

24-17
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380 -_ _ _ __________

370 - K
-360- TEMPERATURE 1= 12 IN.
350 INSENSiTIvE ID=0.027IN.

OSCILLATOR Pin-= 50PSiG

F 80100 125 1507 175 200- 225 250
K 306 9 307' 3 2'3 ;355/%e 34/9 363V3 3772/9 3s11/,

TEMPERATURE

Figure 24-13. Performance of-Experimental Oscillator

as 50 percent. Similar designs provide for eyvn opened to the atmosphere or by orifice
higher rates of pressure recovery, but with restrictions, and auxiliary supply can also besomewhat lower gain. controlledl idependently,

To maximize the effect of the side, walls, it (3) Por pessures ?1 to P5  can be
is desirable to have the nozzle of the-power measured.
jet deep with -lelation to -its width giving a
high aspect ratio. It is also desirable to bring (4) Flows Q1 to Q5 ,an be measured,
the sidewalls in close to the stream to
maximize their cfftct,, thus giving a hig gain. (5) Elements can be Ioad d by orifice
If a wide range of operation-is desired, it can restrictions in their output'legs.
be- achieved at the sacrifice -of some gain by
moving the sidewalls back from the stream. The real element will, have sone fuite
The minimum aspect ratio for operation pof a oiLtput restriction diameter, (of orifice): we
wall interaction amplifier is about 1. The wil cafl do and the nozzlwll ingeneral be
optimum aspect ratio for minimum flow is of rectangular cross section W. We can define
-about 1.75. an equivalent circular area 'of diameter J,

~ *aaI~&such that
T -!A - TYPICAL, PERFORMANCE -CHAR- s t
ACTERISTICS OF A BISTABLE ir I b 2,26

FLP-LP ~(d~ )2- Rb; d. -(24;.6)-FLIP-FLOP n.

The element of Fig. 24-16 is a sch e natic
representation of a 5-port flip-flop, for which is a constant for a given nozzle size.
perfonnance characteri-tics, may- be- de-perfnnane ehactei~tis: my. de-We can now define a loading param~eter'-o
veloped. In the following -discussion assume d01
that these conditions can benet:d n  where an increase in this ratio is

synonym.us with less restriction in the
(1) Supply pressure at port 1 (P1) can be output legs. We will consider stable output-o

varied over some given finite range. port 4, with control ports open- fully. If we
take measurements of flow and pressure at

(2) ports 1 to 5 for various size output orifices,
-we will generate typical -curves as -shown in

24-18
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ATTACHrIENT WALL -POWER-NOZZLE 0O 0

.... DORTI POT...f _

S
..................................... A UN.TUTDOTU

UTPUT OUTPUTPOTCBLE

................... PR... .... PT... ....
V.__

LI ~....... orific s.s(rotu as J n 0 ....., between .... which usfu opraio anWanwl .
be ralied. iamter d0  is oun at he

intersection~ ~~~ of thI 5 P n 4 P s
while~~~ .... is at.... th.nescino h 5

.n .... crvs.N tethtsice..i.oe
to -atmophee orzerogag presure th

thtotu sa :Xaorpa teaoe

Fig.24-1 an subtitte P forP 5.Por his()PAALL )-EOSTRUCTED OUTPUT
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OUTPUT OUTPUT water (0.18 to 0.62 psi) and the output
( channels measured 0.36 X 0.36 in. without

orifices. The ratio (do, Id,,-was observed at
a Point where do = 0.3725 in. and- (d0 2 Idh)
was found-at a do of 0.338 (average values5.
These values were- obtained with zero coitrol
port flow (open to atmosphere). At ado ofo 0.348 in. best results were obtained-where:

CONTROL CONTROL Pressure gain:= 3.0

I Pressure recovery = 31.5%

Efficiency= 43%

SUPPLY The. preceding example indicates the
Figure 24-16. Five Port- Flip-flop Scematic manner in -which-the performance characteris-

tics of a- typical bistable flip-flop may be
determined. This- type of performance mea-

f surement and analysis aiso presents another
Pressure Recovery R P4 /i technique that may be useful in the

P development-of flip-flop elements. Using the
Flow Recovery R = Q4/Q1 empirical design approach, the designcr can

RQbuild a large scale model, test it to obtain the
Efficiency N = (Rp) (RQ) response curves as described in this paragraph,

then using a linear design reduction factor
Pressure gain Gp = scale it down to the desired miniature size.

P 4 - P3 24-3.3 ADDITIONAL REFINEMENTS
P5 (to switch) -- PS

The addition of a concave cusp -in- -theFlow gain G = splitter region- can result in a high-pressure,
Q 3IVagh recovery, high stablity, flip-flop asQ5 (to switch) - Q shown in F'g. 24-1 910. A vortex is establishtd

Power gain G, = (Gp) (G,) in the cusp region. When output is at-01ihe
P a= (vortex rotates clockwise, helping to maintain

The gain as a-function of loading will-decrease flow to 01. When output is at 02 a vortex is
ine laing ta a s stown oaing Fi. 24-re established on the opposite directi.on. thus~in loading typically as shown in Fig. 24-1814.

osupporting output to 02. The vortex increases'The best operating point is where N is a the. stability of attachment of the supply jet,
maximum. giving high-pressure recovery. However,- flow

Reugzin and switching time ar. degraded. With
Ref. 14 gives detailed test results on a-large this anmplifier, if one output (i.e., 01)isbistahle element constructed at US Army completely blocked off,.flow will commence

Harry Diamord Laboratories. In this example at the opposite output. If the block is
the nozzle dimensions were 0.12 X 0.36 in. removd, output is again obtained at 01 since
(thus d,, was 0.234 in.). The element -was the direction of the vortex (which has not

tested over a pressure range of 5 to 45 in. of been altered) returns the supply flow to Jts

original path.

24-20
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CONTROL ORIFICE (FULLY OPEN TO AMBIENT)

0-

-. ATMOSPHERIC
CA PRESSURE I

I USABLE I

P P,
-(o RATOR--di i~do i)  OPER -r-,,I -d6

OUTPUT LOADING td-/d n ) - , - RATIO INCREASING

Figure 24-17. Typical Operating Curves

-Switching in a'high speed flip-flop capable- be produced with some degree of temperature
of 0.1 msec or less is illustrated in Fig. and pressure insensitivity. This paragraph
-24201 . This componentuses a fluid-dynam- covers the function of counters Which,

ic pohenomenon known as the edgetone effect. couiped IWith-a stable scillatbr and an output
Under proper supply conditions, oscillation sensing device, forms the heart of the flueric
wi occur between the cusp of one output -timer system. If stable oscillators could beport and the splitter wedge. These oscillations constructed such that their period between
remain in a dynamically stable condition until pulses was the time interval desired, there
a small control flow shift; this action to the would be no need for a counter system,
other side, at which time oscillation occurs However, since timer application may be
between the cusp on the opposite port and- concerned with time durations in- the interval
-the splitter wedge. of 0.001 to 200 see, only the -ver, shortestperiod timer could be obtained by cotipling
244 COUNTERS directly to an oscillator. If we consider that ai

useful pressure disturbance is obtained. in a
Par. 24-2 on oscillators discusses various positive as -well as negative pressure wave,

methods in-which a stable series of pulses caii then to obtain a period of 0.1 sec we would

24-21
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-Pod 0, Por 0i

I-

PortC o Poo C2

Ii 0 AII 
oGt

"~~Pr Pot5 [L

-OUTPUT LOADING !d./d.)2

-- I-RATIO) INCREASING Figure 2449. High-stability, High-prasurn-Figure 2418. Typical Pirformance Curves recovery, Wall-attachment Amplifier' 0

need an oscillator working at 5 Hz; considered whether or not the adjacent stage of lesser
f a low, unstable, and uncontrollable fre- significance (the Stage to the right in-the truth

quency. Also, since we would like to trigger table) switches from a "one" time to a-"zero"o ur~timer at -time zero,- and/or charge time -uigtetasto rmtime "n", to time

intervals, an-intermediate counting system is "n plus one". This logic can be mecbAnized in
mandatory. many ways.

Therefore, any digitally sequenced and A signal passng through a single -bistable
controlled system will employ some form of flip-flop will have its frequency halved, and
counter network. The- complexity of these time period doubled.
counter networks varies, depending upon the
needs of the controlled system. Types of Example: An oscillator working at 1000Hz
counters include binary counters, binary- coupled to a 3-stagebinary countez A, B, C,
coded-decimal counters, gray code counters, -provides-the following time-periods:
nonsequential counters, etc. Normally in a
timer the counter design will be matched to tl1-the application; the result generally will a From A 2 7XI-O =2nsc
unique counting and- sequencing netwo'k
which uses fewer components and performs Fromi 4X - 4msec
the-prescribed task more adequately than thepure bina-y-fbrmn. 1 )From C 8 X 8 msec

24-4.1 BINARY COUNTING

The-binary countei is the mast widely used From n (T) mse
counter type in both eleetronics and fluerics. stages 2 X u
Table 24-3' 6 is a truthtable for a three-stage A more general ewample of binary counting
binary counter. The table shows that the is shown in Fig. 24-21. Tids figure shows how
condition 6f each stage in the counter at time N stage5 can be !nterconnected and the
"n plus one" is dependent only upon the
condition of that stage at time "n" and available outputs of each stage. Note that all

24-22
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0uta Output TABLE 2-30

TRUTH 4ABLE FOR A THREIE- SlaAGE.
Splitter - BINARY' COUNTER,

Stat t

Ow l PKcoiint C B AC
0- 0 0 00C21I- PUS 2l 0- 0 1 00.1 1

A0 010 1 .01
Figure 2420. Edgetone Amplifier2 0  -5 1 0 1 1- 1 0

-6 1- 1 0 1- 1 1:
1 1 -~-0- -0 0 [

~stages are -coupled- to- a ,common supply S
- dlierig anifold pressure and the O

output feeds -the inp~ut of -the: next stage. All -One also should realize that in the final
02 outputs' are- available -(or, -simply vent) at timer. design, a means of r-setting the counter
slightly less -than -S-die to- pressure loss withi. -to- zero, ,s well as a-rieans of varying-the, time
the element, set oeaprid opehs01to200 sci

0.1-se intervals- mn -be- -desired. Some of
The fluid-counter operates due to the same these projicins redsued*npar 4i0

pressure differential that holds the stremno of a
bistable amplifier- agaist- the wl 1 .Te 24-4.2 BINARY COUNITERS- -IN SLOW-
entrainment ofthe strea-n-lowers the,pressure RS~DN YTM
betwecn the stream and-Lhe -wall. This -low
pressure- induces a small -flow from the higher In-a very slow responding system, the-state
ambient pressure on the-01 side of the stream, of -the counter-may be simply- decoded -and
around-the loop to the low--pressure adj aceat uised directly -to- generate the appropriate-Li to -the wall on. the 0,2 s ide (see Fig. 24-22), funiction. Fo-xmli tis desired to close
This flow is- too- small to -switch the stream. a- con tactor at count five of the counter- state
When a fluid puldse to be counted is inmerted at -shown in tabular- form in Table 24-3, a set of
the -bottom J*of -the j, i t joit small AD!NN rC1NRgts"" as
induced flow adpoiesufcntfow-to 24S-5and 24-.-2)-may be usnA-to decode-the
satisfy the -entrainmeit- -and switches the existence of five-(101 ABC) -in-t~e-counter.
stre-am to thle 01 output. Whcn the pulse-flow Thke decoding- circuits.- then may be ,used- to
ceases, the- 19w pressure is -now adjaceivt to the dlose the, w~ntactor. With- -the gating, so
wall on the-01 side of thfe counter. A-small -affanged, each- -tm, the counter-reaches five,
flow is now-induced from- the-Ihigher ambient the contactor would close.

j-pressure on-the 02 side of -the co-4.nter-to-the
lower pressure adjacent to- the wall on the-0 24-4.3 BNR
side of the counter. The next pulse inserted at RESPONDING SYSTEMS
the bottom of-the loop-joins-the induced flow,-NR(CUTESI AT

an sichsthe-streA m bac to th -side-of When tic -counter is being ued tcotl
the counterz where the. pattern repeats.- systems or circuits which-respond almost- as

F 24-23-
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0001 0,-I-

Figure 24-22. Details of Fluid Flowina -Counter

-fast, or even -faster, than -the counter itself, n ;aximum-possib!_- count. -An ixample Of this
other charat'ristics of the-counter operation- type -of counter is the binary-coded -decimal
-mist be taken- into account-such- as tOe counter. -It is -designed to -count to nine, the.n-
transient condition generated by the "Tlutter" return to-zero, and is- used widely to-provide
of the counter. Duing-hs proso upicnro-ftdcmldslysses
transiency -t-i-highly probable that false T~.le- 24-416 is a truth table fojr -the
sta -tes might' edecoded, thus imposing a new binary-coded-decimal BCD-counter. Note-that-
condition on.-the- design of the-counter. These

~ 4-problems can--be -eliminatedzby-di-vidjng the
pz.iod between _state changes in-to at least two TABLE 24.4

I-Phases: a-counter -change phaseand a system
control -phase.- -Complexities -added to theBCTUTTAE
circuit by these'new conditions' include the state- Stat
necessity for-developing two-phase clocking- Timen Staft n+1 -
systems, -usually accomplished- by higher Count D C 0'. A D C B iA
speed countrsorthe useof one-shots- 0 oo 0o 0 0
operating dirr;ctly off the oscillator. 1 0 011V 0 102 00 1 0 0 0 1 1

2444 DECiMALCOUNTERS- 4 _0 1 01 0- 0 1 0 1
1 5 -01 01- 0110
A simplt counter, onse step-more complex- 7 _0 1 1 1- i 0 0 0than the binary- -counter, is the.counter that 8 1 0- 0 0 1 0 0 1-

-returns to zero pfior to- reahing the 9 1 0 01 0 0 0 0

1- 24-21
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this is -not the only possible design for a bas( Set A: (clock pulse)• ((- " Start + CB)
ten counter. Tables 24-511 mid 24--61-1 areother possible combinations of sequeritial Reset A: (clock pu:se),(delay corn-
counters which can serve the same purpose as plete)'(E-B + C-B)
the counter of Table 24-4 with the simple
exception that different decoding matrices Set B: (CA) (clock pulse)
would be used to decode the appropriate
states. Reset B: (AC)(clock pulse) + Malfunction

24-4.5 NCNSEQUENTIAL COUNTERS Set C: (B-A) '(clock pulse)

One interesting variety of nonsequential Reset C: (Failure) (Monitoring) + off
counters is the Gray code-counter discussed in
Ref. 16, which changes-only a single bit when Set Monitor: (CB)
changing to an "n plus-one" state. Because
eachczhange of state -expe'dences only the Reset-Monitor: C
change, of a single bit, -a~l of the transient
change problems mentioned earlier as ,n- For the-convention of bars over the letters,
herent in other counter designs are elimi- see par. 24-5.1.h1ated. The-efore, the number of phases can
be reduced to one. Table 24-716 shows a 24-5 LOGIC CIRCUITS
Gray code sequence for a counter designed to-
generate the control sequence for the flow Logc circuits are made up of a combina-
diagram-of Fig. 2 4 - 2 3 i 6tion of elements such as flip-flops connected

so that a meaningful output can be obtained. It
The simplicity of such a Gray code design was already stated (par. 24-3.1) that the

is demonstrated b, tht set-reset equations for flip-flop element can have-two stable modes,
the counter. They are: either "on" or "off". These can be so chosen-

TABLE-24-5 TABLE 24-6

-EXCESS THREE BCD TRUTH TABLE EXCESS FOUR BCD TRUTH TABLE

T.Ime n Time n +-1 Time n Time n + 1
Cuunt 0 C B-A D C B-A Count D C B A D C B A

0 0 0 1 i 0 1 0 0 0 0 1 0 O 0 1 0 1
1 0 1 0 0 0 1 0 1 1 0 1 0 1 0 1 1 0
2 0 1 0 1 0 1 1 0 2 0 1 1 0 0 1 1 1
3 0 1 1 0 0 1 1 1 3 0 1 11 . 0 0 0
4 G 1 1 1 1 0 0 ( 4 1 0 0 ft 1 0 0 1
6 1 000 1 00110 10 0-- 51 0 0 1 0 015 1 0 0 1- 1 0 1 0
-6 1 001 1 0 10 6 1 0 1 0 1 0 1 1
7 1 0 1 0 10 1 1 7 V 0 1 1 1 1 0 0
8 1 0 1 1 1 1 0 0 8 1 1 0 0 1 1 0 1
9 1 1 0 0 0 0 1 1 9 1 1 0 1 0 1 0 0

24-26
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TABLE24-7the--action of some -logic elements that are

TH TABLE-FOR GRAY, CODE- COUNTER refinements- of the Simple flip-flop element
00-0 MWCANI'Z1NG FLOW DIAGRAMF .FOR ftrm whch logic circuits are constructed. A

tT14E ~'YPCAL SEQUJENT CONTROL faniiiarity with Boolean algebra -willt aid in
SY3TEM OF FI[G. 24-23 understanding the- no tations used. Appendix

A lists the more important identities -assoc-i-
Counter State- Counter State- ated mith Bool ean algebra.

Coatval 'fm n riman+1

Can~on BA CBA24-5.1 -OR/NOR ELEMENTS
Stta-e A- 0 -0 0 -0 ii 1 un- -The -OR/NOR element is a bistable.flip-flop

start button depressed

StsteB 8 0 -0 1 -0 1 1 un.

tdock pulsSfe-agize STATE -A ORMAL OFF TJjH' F
starter- ODTO

stat C 0O 01 0-n
conditional upon next - IPRTJTT0N

r cdock pulse after do- STATE 8 I"SAT

lay ust for mulfuinc-
tion

tts D 0- 1 0 0 0 EI_ -un- STATE C NAIESA7R
conditional upon M-al-
function

StateE- 1- 1 0- -1- 1 . V -un. TM -
conditional upon-next STATE 0 MALFUNCTIONED
clock-pulse lintion on

State F 1 1 1 1 01 Un.
conditional upon next

-saeGclock pulse Fuel on- STATC E IGNITION_-O
-StteG1 0 1 1 0 0 -un-

conditionAl upo n next
clock pulse after delay- FUATL FO

toring
State H 1- 0 0 0 '0 0 INITIATE -SYSTE~M

conditioral upon fail- STATE G - ITRn'm -

ure or9 oft signal

to represent a- "true" or "false"' statement STATE IH SPEED ORALI.

dependen t on whether- "positive" or "nega- GC
tive" logic is chosen, respectively, -13y virtue of
,he bistable acti -on, an element will remain in 4E
on state until-acted upon by sozne external
contro pressure, thus tecneto

44 emory" is -inherent in each bistable Figure 24-23. -Flow Diagram for a Typical
element. The paragiapils that follow discuss Sequential Control System1

24-27
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that will solve--thc following Boolean -equa- SUPPLY SUPPLY
* tion, A + B =C whi-ch is to be interpreted as C

equals A or B; iLe, Cis-true if either A or- B is IPJPUTA-IPTA-~

then C is false. This-is -portrayed- most.-easily 'ptt I
by--means of "truth, table" shown in- Tible
2 g1 6.4 Here, the .1 's-,represent true values NORt OR HAND-AND
and~the 0's false values. This; reiationship- is C C C

called an "OR" relationship. When-it is-used 4A) ORNR8)ADND
in -a system using ficurkc components, it is Figure 24-24. Symbolic Logic
called an "OR"1V elcment, circuit,- or gate. -Then Representationl 6
C,, being the -omplement of C, furrtions as
the -NOR element.- ments -may be staged- to -form working-logic

~ Ie O elmen ca cotai moe tan circuits, but usually -arc combined -with -other
Tih Reeen a otinmr-tta logic- elements such as- AND/NAND and will-

two inputs, thus w- could write A +-B + C= be-discussed; (NANID means "not axid".)_
D fo a 3inpu devce'24-5.2 AND/NAND ELEMENTS

-Applied to -a tworinpui& fluidic device we
may- interpret the -preceding logic as -follOws The normnal AND/NAND -element -is ,like-
(see Fi.2-4() 1 :Wise a- bistabie flip-flop- with two -output

ots upyport --dtwo input Ports. It
(I)- Us"~d as an OR element. An output is will solve-the following relationship:

obtained at C if a-contro. input is-present- at
either A or B, or -both. -No output is obtained A* B 1 C
at C if no control -flow exists at A and- B.

wnich means that C equals A and B. That-is, C
(2)- Used as a NOR-element. No output is is true only- ,vhen- both A and B are true. The

obtained at C if control-flow exists-at A or B. truth table for the AND/NAND -element is
Flow--out of C -ny spresent if A ndBae shown on Table 24-91r5. C is the NAND
simultaiteously -absent -(off). OR/NOR -ele- function of the elemenit.

TABLE 24-8
TABLE 24-9

TRUTH TABLE =FOR--A -SINGLE OR/NOR
ELEMENT TRUTH TABLE-FOR A SINGLE

A B ANO/NAND ELEMENT
A BBC

0 0. 0 01
1 0 1 0 0 1- 0 1
1 1 1 0 0 0 0 -1

1 1-1 0
OR NOR' AND NANED

'NOR-= not OR 'NAND not AND

17
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Applied to a flueric device we may -A

interpret Table 24-9 as follows (see Fig.
24-24(B)):

(I)- Used as an AND element. An output is
obtained at C only if control flow exists at A
and 6- simultaneously. No output is obtained OVERALL

at C if only A or B arc present or neither is OUTPUT

present.
(2)- Used as a NAND element. Output- is C

obtained at C at aul times, except when inputs F

at A and B are present simultaneously. OT -HLIC
C --SYh'OLS FOX Oft124-5.3-COMBINED LOGIC ELEMENTS MW AND GATES'

" As an example of a digital system using Figure 24-25. Circuit Arrangement
logic elements, consider the following (assume for Comparison Circuit1'
that we have two sets of three variables with
-their complements):

Call them (A, B, C) and (D, F). The first The problem c3uld have been soh q by
set-is-varying in some manner. We would like using only OR/NOR gates aid making u%, of
to arrange the second set mar; ally to a fixed DeMorgan's laws. This solUtdn is presented in
combination. -When the first set is exactly detail in Ref. 16 (pp. 7-8). I
equal-to the second set; i.e., when A and D

j are the samne,.B and E are the- same and C and In using-combined logic -elements, there-is
F are-the same, there-will be an output. With an easily defined- re'ationsbip between the
this given information, the following truth OINOR elements and the AND/NAND4 table is made: elements. In orderto construct, a system using

logc c0mponents: logic: levels must -be
out- out- out- defined. It makes little difference which level

A D put B E put C F Mt- is chosen as the "true" level. In digital control
S0o 1 0 0 1 0 0 1 system,, however, -a name is assigned for
0 1 0 0 1 0 0 1 0 either choice. If te higher level is chosenm-as
1 0 0 -1 0 o 1 0 0 the true -level, the entire- system -is called
11 1 1 1 "positive logic" system. If the higher level -is

chosen as the falselevel, then the system is
The overall output is truie only when each called a "negative -logic" system. By higher
combination is true. Wemay write (including and lower levels we mean the following: for a
the implements) flueric system we may choose- th. two

outputs of a bistable switching element as A
Overall output (AD + AD),(BE + and A. These outputs are, alternately, flowMng

FE),(CF + CF) at some rate, or not flowing, If we itzide to
use the positive logic scheme, we may call-the

See Fig. 24-251" for a circuit arrangement flow condition the greater level and-define it
to provide this operation and Fig. 24-261 6 for as the true condition; then, the nonflowing
the fltueric equivalent of this circuit. level is the false condition. It may be just as

24.-29
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__P (4) Variable _resistois- in ay be z; 0ekies of
4 ORtapped resi~bfs of the types described~or' they

OR may-be continuously jarable as,,for eximple,
iR.~Tha needle valve -A special categor-y of variableii4~j - resstoishasetabe -resistor wh'ich may have

its rsfcihvizzied by tools, but prnce having-

24-6AT BESISTORS
OVERAILL

Tqb reistf~scanbefabricated-from glass,
NOT AVILAL17Y- F BTH ORNo# A~l mtal ceamis, pox, and like materials-

AND-NAttD OUTP -UTS Typical reitr-1aethe characteristics
indiate' b lh soid lines 'in Fig. 24-271 '1,
obtaind with -air aa fixed disk'siarge

pre~sue. staig Hie-with -a sdope of 45 deg

of ig.24. 51 reistrs avetheadvantage of lh'earity, btt
thed~iadvntae~o berieasily clogged.

-Tube resistors :mn be- flattened -to alter
corierient if not inre-s~n ome sitatins, their- cross-sectional area (and shape) and their

to -rireteerls oefo tetuh resistance. (Fig 24-33 showsacipn tool-

logic -levels am~ reversed, the OR- -crcmlif
becomes the A1ND circuit and the AND-circuit

There the O vra difrn types of -- FW I

~11resistance elements. which -may -be used ini the-
I fluerics system:

(M- Tube resistors are -small lengths of
appropriate cross section having -a length -

Several -tinhes their width. T7hese elements are

to ihe-fltid flow in the passage.

fg3" Porous nietal resistors are sugs -of a
sintered porous-metal placed-in the passage to Figure 24-27. Pressure ' Fow
resist-fluid flow. -for Etched-glass Resistors 17
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to be used for this purpose.) ypical linearity /

curves for flattened tube resistos are shown in ,
Fig. 24-281 ' for air discharge at fixed output FLUID AIR /
pressure. Flattening tends to decrease the
slope below 45 deg. Tubes or capillaries are -7 /
chosen for the resistors because of their more 1 Slope ftttC
nearly linear characteristics in comparison to 0 /
an orifice resistor. The resistance of a
capillary tube of rectangular cross-section can
be approximated by the expression c/

AP_ 87rjg2 7pQ
R +- -P -2 (2-7Q_ (bh) 2  6(bh) 2  (2'-7)

I I 1111 I , .l I-L

where, U 3 4 5 6 Z V 2E 8

FLUID CIRRENTS LB/SEC

R resistance of capillary = channel,
lb-sec/in.5l Figure 24-28. Pressure vs Flow

AP pressure differential across capil- for Flattened-tube Resistors' I
~lar,/, psi

Q f low rate, in.a/see
24-6.2 ORIFICE RESISTORS

A =- viscosity, lb-sec/m
An orifice resistor is simply a thin disk with

2 = length of channel, in. a restricting hole placed normal to fluid flow.
Usually a coupling or adapter is provided so

b = width of channel, in. that different size resistors can be substituted
at a given place in the flow line. -Drill' jig

h = depth of channel, in. bushings available inna variety of sizes-also can
be used, These bushings are usually short

p = fluid density, slug/m 3  tubes, available with a collar on one end.
Since the bushings are precision drilled,

Each parameter in the equation- will- be reproducible resistances easily can -be cob-
iffected by temperatuie changes. Thus,-one tained. Fluid orifice resistors a"re available
expects the resistance of the capillary to vary commercially. Dirt and contamination are
with temperature. Theoretical analysis and cleaned moie easily from crifice resistors than
experimental results indicate that the resis- from tube or porous metal types. Orifice
tance of a capillcry cube fabricated from high resistors are cheaper to fabricate than tube
temperature epoxy resin increases with an types but are nonlinear as shown in Fig.
increase in temperature.* 24-2916 where RP, is the effective resis-

tance.

*The viscosity of ideal gases increases dixectly with the 24-6.3 POROUS-METAL RESISTORS
square root of the absolute temperature. For real gases, the
viscosity usually changes at a rate somewhat greater :han
this because of the effects of molecular ittraction which are Although normally used as filters, sintered
Piumed zcro for ideal gases. porous metal parts can serve as fluid-resistors.
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01 0.1 .20.3

Figure 24-29: Resistance of an Orifice1

'L _ _47 __D

S 21 4- ~ '
Metals: that -can- be pwered and stred Fo~p
include niel, 'bronze , stainless -stiel, gold,
cones, plates,._and cylinders-can be-produced Porous-mefal/Rpsistorl'7
-where required~by the application. 1

Porous-metal resistors- are- -nonliner -but
the pressure vs flow curves -have I o g resistances. In -circuit deiielopmelnt,'variable
straihtlinie sections. -Typical plots fcr water Cstralo reedd.Tpedreios
and hydraulic- fluid- are shown -in Fi easily -are fabricated by interconnecting either

2430 7 'nd 4-3 arorifice or tube resistors, aidsupplying -taps at
the points-of interconnection. raie must be

Porous-meta, resistors are hiot cleaned w exrie 'qnuigsch eitr oesr
~asiy a orficeor u'b reistos. oweer, -that unwanted capn.citancei; are- not intro-
the ca beclenedby crubin, bck- duced. One -disadvantage of tapped- resistors is
fluhin, r cemcalclanig.Oneexellnt that their resistance is- -not ccntinuousiy

fiethod is to &b ackflush While &-the el61ementis -variable.
immersed in -an- ultrasonic -bath. Surfacec of

) poousmetl ~istrs- ustbe anded ithThe. -traditionial variable fluid- -resistor- is
care and protecbted from dirt -and, mechanical- sma vle h eel av st-ems
injury. 'Porous-metal -resistors caninot be widely used, tyipe in ~flueric-drcdit develop-

plugedbya snge drtartcl -~~ Y~fCC ment. It offers the convenience of~ Jfie
or tube7 types. -Instead, the dirt settle -on, the dutetmfo vrwd agsNel
p1orous metal urf a nilt does not change-the -valves have been constructed with only -orw

resitane aprecabl. Anaccmulaionui' degree- of taper, producing extremely fine
dirtis equiedto luga prou-n~tal control of flow throuh the valve-(see Figure

resistor.- 24-3216). If -only staady-state conditions are
considered, an entire circuit can be -developed

2446.4 VARIABLE RESISTORS with -needle valves- as the- only resistors.
Hfow,-yer, since these-valve-s-are ndnlinear,-it

-All resistors -discsed thus-far have fix e d myl~ncsayt elc ay fntal
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_100 1
- L . v isco sity ---

High viscosity

~Flow, g pFwp8 1Figure 24-32. Needle Valve With-l-degt

--Fige 24-31. Flow of Hydraulc:-Fluid aperAng,'s1

Through a Porous-metal Resistor7-

il settabc resistor. A crimpable resistor is
installed in the circuit in the nonristrictive-of the valves with fixed linear resistors before Aircrimpcd) condition. A termialicrinping

the smat-signal behavior of the circuit can be tool (Fig. 24331 ) is used to e duce the
studied. resistor cross-sectional area until tle desired

Adownstream flow or pressure, readings are
Scommonly used-laboratory technique for attained.this substitution is to adjust the needle ralve

until the proper values of pressure -and flow
are obtained. The Valve is then removed and 24-7 CAPACITANICES
its reststaisce mt.zsured. Next. a piece of
copper tubang is substituted for the valve ii? A luid capacitanc- is simVy -, tank of any
the resistance-rnwxsuring circuit and the geometry into whi, "he fluin may flow and
tubing flattened with a small Vand vise until be stored for a time, the.. discharged. Any
its resistance equls that of the valve. The tank or container which is safe at the
flattened-tubing fixed resistor is thc.ii installed maximum pressure used is suitable for a
in the circuit in place of the valve. With capacitor. Since the pressurez are uually low,
compressible fluids, it may first be necessary the problem can be solved easily. In American
-to measure the resistanue of the valve and Engineering units, capacitance can be defined
then fabricate -the flattened-tube resistor as volume per unit pressure, and the units are
while maintaining the same values of up- fts /lb. As in electrical circuits, fluid capaci-
stream and downstream prssure as in tht, tance will effect a phase shift such that flow
-circuit under development, will lead pressure by 90 deg. In a circuit: the

fluid capacitor corresponds to the electrical
A valuable device has been de,!.op-d for capacitor to" ground. It. cannot duplicate the

solution of the circuit balancing problem: the action of an electrical in-line capacitor since it

24-33
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S - !then its frequency ot oscillation should \
decrease as -the temperature increases. This is

. ,in direct contrast tobthe usual assumption of
UAIM.  increasing frequency proportional to the

-"-square root of the absolute temperature.

248 TURBULENCE-AMPLIFIERS

Figure 24-33, Crimping TcoI Placed Over 24-8.1 GENERAL
Resistor Tube1 6

Turbulence am Iifiers make use of the fact
that an interacting control jet can vary the

faviors direct current flow. Sine pressure is a degree of turbulence in the main jet, and thus
function of fli id density and temperature for vary output flow or pressure x s. Consider -a
a fixed volume, capacitance C can -1e stream of flaid-exiting fromn an input nozzle
-expressed -ore basically-as as shown in Fig. 24-34(A). -At low velocities

flow is laminar and, if properly designed,
V" ft44ec2jlb (24-output pressure may be only- slightly belowC (p2input pressure. As the supply pressure is

increased, output pressure is increased.
V =volume, ft3  Continuing the pressure incriease (and stream

velocity) a point then- is reached where the
p = fluid density, lb/ft3  flow is turbulent ahead of the output receiver

(Fig. -24-34(B)) and the output pressure is
a = local speed of sound in fluid stream, reduced. Once total turbulent flow has been

ft/sec attained, further input pressure increases
output pressure. These stages are shown on

Eq. 24-8 is particularily applicable in RC Fig. 24-35. A-B represeots laminar flow; B-C
fluid -oscillators where it has been substanti- is transitional region from partial turbulence
ated Athat the oscillator frequency is normally to complete turbulence; and C-D represents
both temperature and pressure dependent. total turbulent flow.
AltIough it is difficult to determine either
analyticaliy or experimentally the vadation-of A control flow jet-introduced at right
capacitance with temperature, there are angles and close to the input nozzle, Fig.
indicatio,7s that the effective capadtance 24-34(C)-can increase the degree of-turbu-
increases with rising temperature. In any case, lonce and- the shape of Fig. 24-35. -Since we
it does not appear that-effective capacitance desire small changes in- control jet pressure to
decr-ases with rising temperature. Thus-if an effect klxge changes in output pressure (high
oscillator can be designcd such that its gain), initial design parameter should be

i'equeneyir approximated by operational around point B, Fig. 24-35-i.e.,
k natural turbulence should just start near

f = (24-9) output receiver with zero control pressure.
The addition of a small control pressure then
wi:% increase greatly turbulence and output

where & = proportionality constant- pressure, see Fig. 25-3618.
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INPUT FLOW OUTPUT
(RECEIVER)

B , CONTROL OFF D

fl CONTROL JET-OFF -

(A)YLAMiNAR FLOWCONTROL JET OFF w-

INPUT 
0UTPUT 0 A-

.. (RECE'VER

H CONTROL JET OFF

INPUT PRESSURE(E) TURBULENT FLOW, CONTROL JET-OFF IPTPESR

- TFigure 24-35. input-Output Pressure Rela-

tionship for Turbulent Amplifier
oUTPUT With Control Flow Off

INPUT MPU.. (RECEIVER)

tube and output tube, the greater the
N, 'sensitivity of the device; i.e., the greater the

CONTROL JETON effect of jet disturbances. However, the
maximum allowable velocity of the laminar

(C)TURBULENT FLOW, CONTROL JET ON stream decreases with increasing distance
bet,'een the tubes. On the other hand, the

Figure 24-34. Stages of Operaton-Turbu- lower the jet velocity, the lower the output
lence A, ;ifier pressure. The selection of a supply pressure

and a distance between- the tubes represents a
compromise between sensitivity and useful
output.

24-8.2 DISTURBING THE MAIN JET
hlieoretically, turbulence amplifiers can be

Small dis r:tbances cause the point at which any size, but in practice, there are upper
te stream goes turbulent to s!J-f toward the limits. Commercially available devices are
input tube. Disturbances can be iftroduced used for control rather than power purposes,
into the lara'nar stream by other fluid streams and they have jet diameters of about 0.030 in.
impinging on thi . main jet, intrusion of a Distance between supply and output tubes
mechanical agent, or by acoustic waves. ranges from 0.375 to 1.5 in. In a turbulence

amplifier of this size, high sensitivity to sonic
The greater the distance between the input disturbances beginE at about I 3-in. separation

24-15
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0.15" Supply pressure ToHiiVoge (
SE0.2psla E W

Figure 24-37 Turbulence Created by
- _Ele.trophbresis Effect' 0

00 0.02 24.8.3 INHERENT ACOUSTIC REPNSE

0- 0.02-illcO e, . Acoustic waves are difficult to shield and,
in fact, are generated- by flueric devices

Figure 24-36. Typical-Output Pressure vs themselves. If acoustic anmplification -is not
Control Input Presure for a wanted, the acoustic sensitivity of the

Turbulence Amplifier18  turbulence amplifier should be low so that
only flueric amplification is obtained. This-
can be-achieved readily in any given-amplifier
design -ecause the distances between -input-

betwcen supply-jet and output tubes. When and output ports at which sound -sensitivity
the device is operated-in the acoustic mode, become significant is usually much greater
frequency sensitivity- varies with the separa- than the distances requiredwhen fluid jets are -
tion. Acoustic sensitivity-of these devices is so used as the disturbing input. Most turbulence
high that they can be triggered by a mouth amplifiers used for- control purposes are
whistle at a distance of 300 ft. operated in the range where -they are not-acoustically sensitive. "hese amplifiers usually

The most commonly used turbulence are used-to sense or respond to a control flowamplifiers are designed to be disturbed by a that is directed at approximately right angles
jet of air projected: perpendicularly to the to the main laminar input jet, and the
mainjet. In practice, several jet inputs can be distances between input and output elements
used. The number of possible inputs is limit.ed are held to a 'ini mum.
only py available space.

24-8.4 CASCADING
An input signal also car. be introduced-

mechanically by moving a small object, such Shice the output of a turbulence amplifier
as -a wire, into the jet stream preferibly near is a pressure, this output can be used to drive
thepin rt jet orifice. This ar'angarnen carn-be the control jet of a second stage. Thw',
used as a basis of a mechanical-flueric turbulence amplifiers can be- cacaded. Some
transducer. A small, pressure-actuated dia- care is necessary, however, since~the output of
phragm also can be deflected into the- jet the amplifier never drops completely to zero
stream to produce turbulence. Another over the-practical operating range. Thus, if the
manner in which the main supply can be output of one unit is directly coupled to a
made turbulent is through the electrophoresis second, the second stage -must be unre-
effect. A pair of high voltage electrodes sponsive to small signals from the firt.
positioned across the main supply as shown in
Fig. 24-37' 0 can develop an "electric wind" From Fig. 24-35 the required characteristic
that can disturb the main jet. can be obtained by operating the frst stage so

24-36
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that its- output lies- somewhat to the left of it on, it is ineffective-if the input signal pulse
the peak B. Actually, the amplifier can be is too short., -because the amplifier does not
designed to operate considerably to the left of have time to build up a laminar stream. This
1B, and a lqrge range-of relative unresponsive effect is shown in Fig. 24-391 1.action dan'be obtained.co c24-8.6 -PRIMARY USES AND TYPICAL

Another approach is to provide a jet stream SIZES OF TURBULENCE AMPLI-
with sufficient-stability Tat it is undibturbed FIERS
by the range of the-input and can be ignored.

Although the turbulence amplifier can be
24-8.5 OVERDRIVING med in proportional applications, its primary

use is in logic circuitry. It is partit;ularly
When turbulence -amplifiers are, used in usefu! hn this case because -a turbulence

-high-speed circuits, care must be taken to amplifier can drive Up to ten or more
avoid -overdiving since the resumption of scc6ndary units. Furthermore, the turbulence
laminar flow after very strong- turbulence is amplifiers are isolated completely, a:,d a
somewhat delayed. When- a control signal is single amplifier can have a iarge-number of
turned off;* the fluid ,tream has to become inputs. Again, the limitation is one of physicallaminar again before 'full output pressure is room in which to place the multiple inputs
regained at the output port. This effect can be rather than any theoretical limitation.
-observed readily ifi fhe output of oscillators.
The effect on pulse- circuitry is shown in Fig. The turbulence amplifier performs a logical
24-38 8. Note that the recovery time is much NOR function. A NOR function can be used
greater than the initial reaction time. as the basis fcr all other logic functions such

as AND, OR, and counting circuits.
In digital ciicuitry, this behavior is

particularly important where-a given device is Amplifiers have been constructed with
turned off, and thus has a low output power gains of 40 to- 80. If some acoustic
pressure. When a negative signal is applied to sensitivity can be tolerated, pressure gains of
the turbulent amp'dfier in an attempt to turn 1000 can be-obtained in a ingle stage. With

op I-fl Sgnal

0-~0
0 - Time 0 r- Time

0 uput sgnot 
u ptlg O

0 --- Time 0 V~ ime

Figure 24-38. Output Pulse for a Positive Figure 24.39. Output Pulse for a Negative
Input Pulse' 8 Input Pulse' 8
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this sensitivity, the air currents produced by 24-9.1 BALANCED PISTON OUTPUT D .I-
even small blowers can .be- detected by open VICE
amplifiers many feet from their source.

-One type of output device uses the
In digital applications jet sizes can vary balanced piston principle. Applying this

over a wide range, with typical supply tube pririciple to an output mechanism results in
diameters ranging from 0.010-to-0.70 in. For the device shown in Fig. 24-402. Since there
diameters larger than this, the length of is clearance between the- spool lands and the
straight supply tube required to obtain cylinder walls, pressure supplied to port I
lamLnar flow becomes so long as to be enables the spool to float in a centered
impractical, position. A bleed passage through the spcol

-prevents pressure from building up behind the
By use-of a typical-supply tube diameter-of right-hand land thus eliminating premature

0.030 in. an amplifier can operate with supply operation due to pressure unbalance. Upon
pressure of approximately 0.15 psi- and the elapse of the set- time, an output signal of
produce an output of 0.0"75 psi with a no load I- psi is delivered to -port 2. This signal,
flow of 1.2 X 10-1 lb/sec. If a control although small, upsets -the equilibrium and
pressure of 0.01 psi-is used, the-control flow causes the spool to move to the -left. As soon
would be-about 5 X 10-6 lb/sec. as the trailing edge of tte right-hand land

passes port -, the full supply pressure acts on
24-9 OUTPUTS the exposed- piston area and results in a

signifi.cant output force-sufficient-to-perform
It is obvious that in order -for the flueric work of fairly high magnitudes.

timer to serve a useful purpose, some way
must -be found to use the energy output from Compared- to passive type devices, this
the low-pressure fluid signal at the end of the device requires a continuous air supply
set time. In designing a military timing throughout the timing cycle. Power Consump-
system, the difficulty of the design problem tion can be reduced by keeping the spool and
stems -from the conflicting requirements of cylinder clearance to an absolute minimum.
the pneumatic signal sensitivity that must be also the balanced spool is sensitive to
combined with sufficient ruggedness to avoid external shock and ,,ibration. Sensitivity to
premature operation. A convenient example external loading along a given axis is reduced
of the design problems that must be solved is by addition of the counterweight. Any
found in the case of a fluerie fuze for artillery loading in the horizontal direction, such as
ammunition. projectile acceleration or deceleration, would

act equally on the spool and the counter-
The-usual output function of a mechanical weight. Hence, the net torclue about thetime fuze is the release of a spring loaded balance arm pivot remains zero, i.e., the

firing pin. Since spring preloads of 5 to 7 lb system is still in equilibrium.
are common, a significant output force ii
required to trip the pin. It appears that the For ammunition ,nd-Itermi use, a suparate
signal or actuation pressure from an end-item gas bottle capable of providing 20 psi for 180
sized flueric timer will be something less than see might serve as a power source. A more
I psi. Several investigators have constructed desirable approach would have the ram-sir
functional, low pressure transducers; however, driven pump supply the deviue. In any evemt,
in most cases these devices require more although this balan ed-piston scheme may not
volume than that necessary for the entire prove to be entirely satisfactory from a power
flueric circuitry package. consumption standpoint, it does satisfy "ne
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- BLEEDHOLE SUPPLY PRESSURE}] B LEED,' HOLE PORT' I

I PORORT

I Ph/3PRESSURE ..

OT FROM FLUERIC TIMER

A

-BALANCE- ARM

[ I ---- COUNTERWEIGHT

Figure 2440. Output Mechanism-Balanced piston Type

requirement for extreme sensitivity to a low gap to be operable at o'tput pressures near 2
level flueric cou: er output signal. psi. The nominal linear travel of the bellows

at 2 psi-was-determ-ined to be-about 0.012 in.
24-9.2 BELLOWS-ACTUATED OUTPUT The placement of these transducers is shown

TRANSDUCERS in Fig. 24-42 2. No change of response was
noted when the assembly was spun about an

An output transducer used in a study at axis through the center of the timer at
Picatinny Arsenal is shown in Fig. 24-4112. It rotational rates up to 150 rps. The arrange-
consists of a smal! ten-convolute bellows, an ment of the contacts is such that initial
adjustable contact, and contact leads. The setback iorces tend to increase the -contact
bellows are 0.090 in. in diameter with a wall gap. Thus, unscheduled contact closure would
thickness of 0.0006 in. One end of the occur only due to deceleration forces such as
bellows receives the output pressure of the those produced by impact.
timer and the bellows elongate to close
electrical contact. The transducer functions In another application, the output interface
satisfactorily up t0 100 Hz. The adjustable consists of a bellows-actuated rotary switch as
contact is set to between 0.004 to 0.006 In. shown in Fig. 24-4319. The bellows switch is
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i"ADJUSTABLE CONTACT l~ r, " " ,

IV

sV-s

I :1: ,," .. BELLOWS -
ADJUSTALE CONTCTP4E-

V-I ;,n .Fiue24.BosTasu orFliLLO

2!made symmetrical to promote balancing and ity, the third NOR gate used in this circuit has
to lower the sensitivity to inertia forces, a larger nozzle (0.010 in.). Fig. 24-44(B)
which would tend to operate the switch shows the output pressure flow characteristics

! prematurely. Lateral support antd damping are of the third element that drives the bellows
provided by p!astic tub,.m surrounfing the rotary switch.

- bellows. Also the bellows are designed to ber; stacked solid when not pressurized. This 24-9.3 THIN MEMBRANE
, prevents any displacement in one direction

.,imnit any inertia forces that might cause switch was developed to close contacts with
Sdisplacement in the other direction, pressures as low as 0.5 in. of water

. (approximateiy 0.02 psi)2 O. The only moving
i'The present switch requires two output element is a very thin stretched mermbrane

Ssignals from the output logic circuit as shown 0.75 in.2 in area on which is held :rne
in Fig. 24-44(A)1 9. Here the output circuit is movable contact. The othier contact is
built from three NOR gates; the output signal adju:;table to actuate closing over a variation

Sis on only when A and B are .in. In order to of output pressure. The switch is shown in
, obtain fast response of the output interface Fig. h4-45(A)20 along with a view of the

!.( switch, with its associated volumetric capac- .overali timer unit in Fig. 24-45(B). After

424-40
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Specification test procedure, ihicluding tern-
p-rzatui-6 (-65* to '165*F), shock, and

- vibration- with a- change inprsure of less
than 0.5 in. of water, required- for closing the
normally open contaicts-

-K 2410 SETIN( METHODS

um ar: 1)salst,2):rvdThe requirements for the setting mecha-

P-1 ablein icreents-to-provde-sufficie-it
-accmcy Thefuntionof he stte isto

-program the air flow -between the output-
OU TNT channels of the -binary stages comprising the

-TIMER" TRNDUESflueric counter and- the input (i.e., control
-jets) of the decoder circuit- For-timers having-
binary stage setting ports, the settin&,

41 -mechanism programs the air delivered from
i, . KA0WGthe-common setting-manifold to each stage.

Somne proposed setting devices have-4incorporated punched- -tape with a -geared-
driing system or entirely geared arrange-

ments. Printed on 1the- tape Ls the decimal

SPRING LOADED ELECTI'. AL CON4TACT

FIXED ELECTRICAL, WNTACT.

Figure 24-42. Location of- Transducers on
Timer Body -

ELLOWS

CONTACT RELEASE

assembly and test, the switches were encapsu-
Ilated -in epoxy, and no further adjustment wasSE
possible- or- required. These switches were FL IEVE

~1}-demonstrated to operate -for billions of cycles
with less than 1595 change in -the pressure
necessary to effect closing. One-package of six -Figur 24-43. Bel/lows Actuated Rotary
switches was subjected -to the complete Switch

24-41
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A(
FROM COUNTER

3

-eE
FROM COUNTER - *IT~FC

(A) APPLICATION OF THREE NOR GATES It tPUT CIRCUIT

100

800-
Ijoo , -. ,-

200

0 2 4 6 -8 to-
PRESSURE ,IN. 9S

(18) PRESSU-16-FLOW CHARACTERISTICS OF THIRD NOR GATE
WHICH ACTIVATES BELLOWS ROTARY-SWITCH

Figure 24-44. Outp'.t Interface Circuit for F/tier/c Timer

eq~uivalent of tiit set time corresponding to scale or down scale. Also the device must be
jthe binary- coded number. Set time is rugged enough to withstand military oper-

displayed through a window -or the timer ating environments. in an attempt to
housing. Although the concept of tape setting overcome some of r'iese-possible Ifiuitations,
is -attractive and natural for a binary to digital intermittcit. gearing should be considered.
converter, 'gifficulties may arise when one The apparent advantages of this system are
attempts to package such a device within thle ruggedness, positive two-way drive (no slip
available space. For example, the tape length clutches, etc.), and compactness.
must be sufficient to provide for the

:1maximum time and the tape must be capable The feasibility of this scheme was demon-

,,x

of -being driven in either direction, i.e., up strated at Frankford Arsenal by the bread-

24-42
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( A ) SIX PORT'i DIAPHRAGM PRESSURE SWITCH ,L

Figure 24-46. -FluericTimer Setting Device
~Using Intermittent Gearing

~geared to the innut shaft of the first sleeve,
Sproviding a decimal reeadout of the set time.

, The sleeve hoies are positioned in such a
:i way that each 45 deg of sleeve rotation opens

and/or closes the air pa.zsageways between theFixed cylinderand the shoe (Fig. 24-482). The
intermittent gear ratio between each sleeve is
a8 to 1. Thrs 8 revolutions of the first sleeve

are required for one complete revolution of
. -the second sleeve. Or one revolution of the

__-way thafirst sleeve indexes the adjacent sleeve 45 deg.
(8) SANDIAad/o clDTME oeai -the-i opaeraoys beteie the-

Fijg_,r 24-45. P res.wre Sn~itive Switch ,,_ t*a o cpecific example, Suppose it is de-•
Usdfin Fluid Timer sired to set 50.0 sec into the unit. Since a

4 to 5 gear ratio (reduction) exists between
the digital counter and the input shaft, for
setting of 50.0 sec, 62.5 turns are rquied of

board device shown in Fig. 24-462. The the input shaft. Referring to Fig. 24-48, 62.5
mounting plate is 8 in. square. As shown in turns, starting from the all blank position,
Fig. 24-472 each housing contains a station- would program 44.8 sec on the 3rd sleeve, 4.8
ary Uylinder with three equaly spaced in-lin sec or. the 2nd sleeve and 0.4 sec on he 1st
tubing holes; a thin-walled sleeve with twelve sleeve. The 4th sleeve would not have moved,
holes arranged in a binary type sequence hence remains blank. The sum of theJ which is free to rotate about tht fixed individual suleeve settin equals the total or

acylinder; ad s spring-.loaded shoe carrying desired time of 50.0 sec. If this device now
thee rn-line hose connections. When bread- were c uped to an eleven stage co.,nter

boarded, the sleeves are interconnected by an circuit and an eleven input: NOR decodingimntint gear train. Audigital couner is circuit, upon the first coinckdnce of zero

24-43

Downloaded from https://www.everyspec.com

SAMSUNG EXHIBIT 1028, Page 434



AMGP 706-205

ZNIERITTENT

I TO PECOPER

F19gwe 24-47 Housing Assembly-Flueric Timer Setting Device
signals from -binary stages 3,-5, 6, 7, 8 and 9- for a~rtfflley fuze application, it must -be:an- output -signal- from the -decoder could redesigned--to t witin -the fuze contour2 '.occur 50 sec -after the initiation -of the, tinning Fig. 24-491 -indicates th e -location and ,dhapecycle, of the geared setting mechanism. Notice that

the setter -is-positioned- between the- binayTo make this setting arraugemqent suitable counter circuit- and the decoder .ircuit- Tis

0 I BINARY
3i J ~G .5 .6 .7 STAGE N CCLAOr 0 0 0 O

0 0 0 0
-- 0oj I - 1 

CIRCUI
23LEAVCSINARY

at 34 
COUJNTER(

cc R~ 1. 84 J 4.0 4.8- CICI
#0 0 0 4

0 0_ 0 jj0

0 0 6

4.4 FE I"--~ MO b& 44
S0 0 0 0 C POUTERMCANS

0 C KOUT20 0 0 0 0~A

WIVO
0 0

0 0

4 Figure 2"-9. Flueric Timer Packaged forFigure 24-48, Seevew Hole Locations A rtillery Fuze
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is a natural location- since, the function of the An examiple. of- a flueric timer developed at
setteE is totinterrupt the fluid signals-between Picatirnny Arsdnal emplby§ puriched cards ~to
the binary stages and the eleveu-input-decoder set time intervals.'betwveen 2 and'200's.-c. in,

Arcuit incremients of 0. 1 sec. A sketch of the -timer
~ciruit-assembly is shown on-fig. -24.401 2.This unit

-This miniaturized'setting device consists of contains -five dividng-stages, twelve counter
four intermittently driven gea wheso stages, and an output stage. With an oscillator
approximately 0.5 in.- pitch diameter saner working at 640 Hz, -the- 17th -stage would
wiched between two parallel metal- _plates. provide-a pulse to the output stage (19th) at
Each gear wheel- hub contains the -rquird the rate of 6401217, or 0.0048828125 pulse
twelve through holes and in function-replaces -per, see; or approxim'ately 200 sec pulseI the sleevtes of the -breadbzardunir. Thle plates separation. This is the maximum- time~delay if
-3erve notkonly to-suport the gearing, but act the: oscillator frequency is not changed. The

ts-aiolthe-to -permit connecting -tie Iluid- counter stages-are presettable. by inseiting'an
circuit totedvc.Setting isa1ccomnplishted enccoded card into -the timer whi~h, -upon
by rotating an- internal ring ge?,ar that drives, receipt of a "preset pulse", initially sets a- "0"

-adthe digital readout counter, The-larg. ring time lapsed desired. Thus if the -minimum
gear would be fixed to the upper portion of -time delay'is desired; -which- is- 1/640 sec, the
the fuze body while a readout vAndow- would first 17 stages, would preset to "lI's"-as-shown
be located in the -lower or stationar'y portion in Fig. 24S1() 2 the last stagetoa".

of- the fuze. Upon initiation of the first pulse from ,the.

f- GASj - U Y I Ap OUTpffT

US
~ - INAiW, £ U11VIDZ STt S)

_;,AA PL PQ)~l

~~~~~~PL RFUPFO ~TIN:2t 0
~P~W~ &S~SJPPY~ \POEA E~x.~<0.i$R7

Fiue 450 ludTie WtZCr Pee
24-4d
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+21 ' IL I =I I I- " I I- -(

0Sd'..LATM , '4 ' U5 6" 7 0 '91 10 11 12134 5 6 7 8

i (A) SEJTf NG FOP MINIMM TIME 0' 1/640 SEC

3S-lLLATOR

S-,ill 5 417 0 9 4 16 1

0. 0 O° '0 '0 0 0 '0 O- O 0 0 0
(B) TIMER AFTER 1/640 SEC DELAY

0 01 0 0O 0 0 O O0O 0

OCLLATOR 1 2r § B4P 5§ j 8v fffQ 1,12I K17 1

(C) SETTING FOR 17.5 SEC

-Figure24.51. Preset Sth for an 18 Binary Field-

'oscllator, the-first-seventeen stages would fiP codd card iially wold preset all "O's"

to "0's", the output stage to a "1" which into the 18 binary'field. If an elapsed time
would provide the output pulse in an elapsed between these extremes is required, some
-time of 1/640 sec,-provided propagation time stages -initially would be. preset to "0s" and
delay, errors a'e negligible. This is shown in others to "l's".-Fig 2451(C) shows the initial
Fig. 24-51 (B). For maximvm- time delay the preset for an elapsed time of17.5 sec.
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CHAPTER 25J fPRODUCTIONTECHNIQUES
Techniques for fabrication of flueric productionof flueric devices, while others are

de rices are not difficult. In fact, the most usefuI on!y in development work. They are
useful -techniques are well-known. However, mentioned here with the thought that at some
the fact that the performance and characteris- time in- the future the -processes may be
tics of a flueric device are-related closely to its. fepsible on a production basis. For additional
geometric shape can lead to problems. guidance onproduuibility, see Ref. 1.

Although models have been- constructed 25-1 MATERIALS
which have adjustable parts, in most in-
stances, a crange in a geometric shape or in a 25-1-. GENERAL REQUIREMENTS
dimension rmnuires the fabrication of a new
device. Then, when a atisfactoiy design is Materials for flueric devices should be
attained, the problem of reproducing the dimensiona)J] stable, capable of being formed
design-in production units arises. with precision (nozzles with limeusions of

0.010 in. -or smaller may be required), and
Foremost among the considerations is the suitable for sealing. Due to the critical

choice of material to use in the production dimensions of fluid elements and the trend
units. Flueric devices are subjected to both tovard miniaturization, h material must be
structural and hydraulic forces. The material selected that does not drastically change its
must have sufficient strength to withstand phyeical size and shape when exposed-to the
these forces without undue distortion. intended-working envircnment. The environ-

mental conditions may require that the
Surface hardneas of the material alsi must designer consider chemical, thermal, and

be considered, particularly If the fluid carries moistu:.' effects on the device. Also the
abrasive particles. Wear of the component is de-igt.-r should consider strength, weight,
especially critical in nozzl,-s and at the splitter size, -cost, and shelf life.
in stream-interaction devices. Other factors,
such as operating temperature and type of A-material must be chosen so that pnrcisely
working fluid, also enter into -the selection of sizud and reproducible elements, , an be
a material. fabricated. Also, since present -fluid devices

are built from laminates: a material must be
The problems of quantity manufacture chosen with its sealability (between layers) in

differ somewhat from the.ie .,f a development mind. Leaks in a complex fluid timer are
laboratory. hi the laoratorj, ease of difficult to locate and will cause the unit to
fabrication is desirable to permit-rapid change operate erroneously.
in designs. Long-term properties of the
material, such as wear, are often not as 25-1.2 SUITABLE MATERIALS
important as workability of the material.

Flueric devices are presently fabricated of
Some of the production techniques dis- materials of three general types-plastics,

cussed in ths chape x ,re suitable for mass metals, .nd ceramics. These thiee provide

25-1
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TABLE 25-1

SUITABLE MATERIALS FOR FLUERIC DEVICES
I

PLASTICS METALS CERAMICS

Thermoplastics* Tharmosetting" Suitable Suitable

a. Most suitable: a. Most Suitable: steel glasses
acetals, nylons, melamines copper carbides
polycarbonates, phenolics aluminum nitrides
ABS nckel oxides

magnesium (base
b. Usable But b. Slightly Less metals and alloys)*

Less Desirable: Suitable:
acrylics epoxies,
polyethers polyesters,
polypropylenes silicones
polystyrenes ureas
vinyls
-fluorocarbons

c. Not Suited: c. Used Mostly
cellulosics for Coatings:
-polyethylenes alkyds
polyurethanes

"Softened or resoftened by treat; then formed; no chemical change.
"Initial molding by heat and/or pressure-after set chemical change occurs and further shape

change difficult or impossible.

properties required for each application. Also, 25-2.1.1 Casting
any of these may be used in combination with
each other to extend their usefulness. Table This is a rapidly developing process.
25-1 lists materials of each type; Table 25-22 Starting from a two-component catalyst
gives the general characteristics of plastics, system in liquid or paste form, the two
metals, and ceramics, and consequent applica- components are mixed and -rmediately
tion considerations. poured into a mold. The process can be

K conducted at 'oom temperature and with low
25-2 FABR!CAT!QOt mold pressure, and is suitale for complex

precision parts. Types of thermoplastics usedA Various processes have emerged in wcrking include methacrylates, polyesters, nylons,
with plastics, metals, and ceramics. These are acrylonitrile, and epoxies.
discussed in the paragraphs that follow.

The epoxy casting process produces a
25-2.1 PLASTICS one-piece unit quickly and at low cost. With a

suitable master unit, the design can be
The processes generally used in fabricating changed quickly and easily. The basic process

plastics include casting, thermoforming, cortsists of making plastic duplicates of an
photoetching, injection molding, compression item, with the intermediate step of a rubber
molding, jet molding, and transfer mo)ling. mold. The item to be duplicated is placed
Typical comparisons with reference to eco- within a suitable form, which may merely
nomical quantity of production are shown in consist of blocks of wood or metal arranged
Fig. 25_12. on a flat surface to contain the liquid rubber.

25-2
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TABLE 252

GENERAL CHARACTERISTICS OF MATERIALS AND
CONSEQUENT APPLICATION CON$1DERATIONS 2

Chara,-taristics:

Plastics Metas- Ceran~c
Dimensional stability F G E
Precision formability G E E

Seal integrity and
durability G F F

Strength F E G
Chemical resistane G G E
Therma Iresistance- F -G E
Moisture resistance F _F E
We~igt E F G
Processability E G G
Cost per element E G G

E =-Excellent G: Good F 1 Fair

Applications:

Suittble for Applications Not Suitalle for Applications
.. jaterials Involving or Requiring: Involving or Requiring:

Plastics Mild environmental con- High mechanizal, thermal, and
ditions moisture resistance

Low cost High procision
Low waight High dimensional stability

Metals High thermal shock Low weight
Mechanical shock High moisture
High precision Very high dimensonal

stability
Ceramics High chemical, thermal, High thermal shock

-and moisture rezistanc3 Mechanica . shock
High precision
Very Iigh dimensionalf starjility

The liquid, a silicone rubber compound detailS of the master. Vulcanizing time,
(RTV) that Vulcanizes at room temperature, depending on mold temperature and the
then is poured over and around the master, curing agent used, ranges from a few 2iGurs to
Use of a vacuum chamber at this time is 40 hr. When vulcanized, the mold is
helpful in removing bubbles of entrained air sufficientdy flexible and elastic to be removed
from the rubber. (Another technique for from the master withbuit gxeat difficulty or
removing entrained bubbles is to worK the deformatiou. The mold is examined after its
rubber with a very fine stream of high- removal from the master, and "flash" is
velocity air that punctur the bubbies.) The trimmed off. Modifications may be caned
rubber penetrates qi le well into the surface into it at this time. When the mold is fully

25-3
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1, 25-2.1.2 Thermoforming k
4Anufaciring

*1!_:_/ '', This process uses a thermoplastic material.
" Scroll sainy, JHeat and pressure, or vacuum are used to

nd ill force the material to conform to the die
contour. The process is suited to large planar

Therooforming flueric elements where precision and detail
requirements zre not-too high.

casting

Photoetch'ng 25-2.1.3 Photosensitive Plastics

Transfer Molding 7 DuPont has developed a photopolymer
J plastic (TemplexT MIl) that is being used to
J+t Molding form flueric elements. Because of the speed
Inject:on Molding-and simplicity of the process, it is especiallyuseful for breadboard experimental work,
Compreacton Molding where the de.signer must kno w qikythe

effect of small design changes. For large lots
better methods are available. The process

Figare 25-1. Comparison of Plastic Forming centers on the fact that the photosensitive
Processes for Fabricating Economic Production plastic when exposed to ultraviolet light

Quantities2  becomes insoluble. The unexposed part
remains soluble in dilute aqueous sodium
hydroxide spray. The-proce% is shown in Fig.

prepared, the epoxy compound is poured in. 25-22.
Bubbles are removed from the epoxy either
mechanically, with a pick or brush. or by This process offers several advantages:
means of a vacuum. After the epoxy has
cured, the piece is removed from the mold. (1) Construction Ease. Three-dimensional
Here, again, the elasticity and flexibility of
the rubber allow pieces to be removed whichI have no draft. With little or no further work,
the resulting piece accurately duplicates the Uilroviolet Light
desired features of the original item. Cace the Film Negative ,, I . !:
optimum geometry is found, the process can Photopolymer
be used to duplicate units indefinitely and Bonding
with considerable uniformity and accuracy Suppo, -
from copy to copy. if the mold becomes
damaged, second and third generation mold- (A) Exposure Unexpoied Exposed
can be made from the epoxy pieces with little Photopolymer Photopolymer
or no loss of detail. (Soluble) (Insoluble)

As a material fo; use in flueric devices,
epoxy has several d-sirable 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 (8) Cross section after Washout
broken; and it can be made with different
degrees of softness and flexibility in each of Figure 25.2. Photoetching of Photosensitive
several layers. Plastic
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Plastic Material speeds ond with -little material waste. The
Mold CaJ1process is similar. to. .the die vasting of metals

lHopper ty in some respects. Injection molding usually is
Chamber accomplished by the plunger method or the

screw method. The screw method, shown in
Fig. 25-32, uses a ;ontinuous screw to

Mold transport the granulated material from the
wClamp hopper, through a heating chamber, and into

the mold. The movement of the screw
F r 2thoroughly mixes the constituent resins,
Figure 25-3. The S:rew Method of Injection plastics, and fillers as they are being liquefied

Molding2  at temperatures-that range between 2500 and
5000F. The choice and control of tempera-
ture. are important; for, while increasing

piastic configurations car, be made from- temperature facilitate the raovement of the
two-dimensional black and white copy. plastic into the mold cavities, -too high a

temperature may degrade the material The(2) Speed. Once -the negative is- prepared, mixture sfocdapressrsoI000t

processing requires about 20 min. 20,000 psi through a system of channels into
t, -mold- cavities. Cooling channels keep- the

(3) Smeth Side Walls. An uneven surface mold temperature below the fluid point of
can disruptlamnhar flow. the plastic. After the part has solidified, the

mold opens to eject the part and then closes
(4) Simplicity. Both material and -special- as the cycle is repeated. The operation usually

purpose machinery arc available and, because is entirely automatic to this stage. Little
no unusual skills are required, in-house finishing work is necessary other -tar
manufacture is possible. "degating" to remove the excess material that

solidified in the channels between the nozzle
(5) Precision. A mean side wall taper of 2 and the mold .avities.

deg can be maintained.

The plunger method uses a ram to force the
Several limitations also should be noted: material into the mold. This technique is not

as satisfactory ac the screw method because of
(1) Operating Temperature Range. Present- occasionally incomplete mixing of the mate-

ly limited to approximately -i000  to rial charge, somewhat higher heat required,
+2000F. and the increased complexity of the plunger-

type equipment. Roughly 80 percent of new i
(2) Aspect Ratio. Cannot exceed 3:1. injection molding machines purchased are of

the screw type. The use of multicavity dies
(3) Sensitivity to Moisture and Some allows simultaneous production of many

Chemicals. The results of long-life experi- identical parts which may weigh only a
ments to test dimensional stability and other fraction of ait o-ance. Since thermoplastics can
critical features are being determined, be remelted, the excess material can be

reprocessed. Mpnufacture of multicavity dies
25-2.1.4 Injection Molding for injection molding is a costly and

time-consuming process. Therefore, injection
Injection molding is a process for forming a molding should be used for flueic device

granulated thermoplastic material into a components only where the design configura-
complex, precision-finished part at high tion is fixed and large quantities are required.
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Press Huid Press Head
Top- d Mlssd

Mold-Pins 
HeateBMold Cavflsd,. -Ram

Botto -Mol-- 0 Transfer PotI, ,+ r---'--' W iner'
+ Mold
. ++--" Cavities

Bottom Platen

Figure 254. Compression Molding2  Figure 25-5. Transfer Molding:

25-2.1.5 Zet Molding where -necessary. Like other molding tech-
niques,- close tolerances specified but not

This process is used with thermosetting actually required inciease the cost -of the
-materials and is-an adaptationof the plunger finished- part. Excess flash created- between
method of injection molding used with t&e top and bottorn molds must be reinoved
thermoplastics, The feature-of this method-is from the molded part. The scrap r.ate,-whi-n
to use. controlled heat so that-the granules of is sometimes 30%, is higher for compression
the thermosetting material become "soft" but molding than for injection molding -mainly
-the material does not "set" or polymerize because- thermoset rejects and flash cannot be
-until sonime time later when the mold is filled remolded. Compression molding requires
-completely. These critical controls make the more corplex machines and more highly
process some ten- or twenty- times longer than skilled operators than the injection process.
injection molding.

25-2.1.7 Transfe~r Molding
25-2.1.6 Compression Molding

In the transfer process (Fig. 25-52) the
A die for compression molding is shown in molding material is placed in a chamber called

Fig. 25-42. A fairly precise "charge" of a transfer pot usually located above the
thermosetting resin is placed in the mold closed, heated molds of the machine. Mold
cavity, and the-top mold is brouglht down to heat and plunger pressure cause the thermo-
induce pressures of 2000 to 4000 psi (or setting preform iPo plasticihe enough so that
greater) on the mold. The temperature-typi- the material flows through the runners into a
cally between 2500 and 3750F-and pressure mold cavity. The total time of pressure
are held until polymerization occurs, then the application may be as long as one minute.
part is removed. After the material has been cured, the mold is

opened and the finished part ejt.cted without
Compression molding is a high-pressure cooling.

process most advantageous for the forming of
identical parts of relatively simple design from 75-2.2 METALS
thermoset materials. Compression molding is
more economical for high volume than small Fabrication processes for metals include
lot production. The operating cycle-a func- conventional machining, powder metallurgy,
tion of the material, part thickness, and die-casting, chemical machining, electroffrm-
size-may be a minute or longer. Tolerances ing, electrical discharge machining, and
can be held 0 ± 0.005 in. per linear inch electrochemical machining.
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25-2.2.1 Crqv.entional Machininb, pressing, and sintenng. Blending produces the
desired mixture, then cold poressing between

The most comm3nly used processes include 20 and 80 tons produces a "green state" item,
milling and engraving (pantograph). There is a which is still fragile. S;ntering i, the next stage
definite lower limlit of size to which these which is -performed in an oven at high
processes can be used, and-they are not usable temperatures, but below the melting points of
for the microminiature elementh that have the metal powders. Sinterinig provides a strong
begun to appear. However, these processes are chemical bond and "recrystallizes" the
suited for laboratory breadboard construc- pcwdered particles. The atmosphere of the
tion. By using the pantograph method, a large furnace usually consists of inert gases that
scale master of the element i generated, then prevent the sintered material fion oxidizing.
a model .s aLcurately milled-in Bakelite, using Powder metallurgy requires certain special
a pantograph engraver with a lower limit tool design considerations. First, thin parts and
diameter of about 0.1 in., which a.;o becomes narrow, deep sections should-be avoided: the
the channel width limit, former may- break and the latter may prevent

complete formation of the part. These
In conventional m,.:hiring, if a separate limitations may make the process unsuitable

unit is made to incorporate each design for flueric- elements with high aspect -ratios
change, a great many hours of valuable shop and for delicate splitters. The tolerances
time is used. In addition, zuccessive units may permitted in the direction of pressing should
vary slightly in those dimensions that should be grcater than those at right angles to
have remained unchanged. While not often pressing. Dimensions perpendicular to the
seious, such changes add an unknown factor pressing direction can be held to about
to the analysis of test data. To assure that -+0.0015 in./in. Slots and channels must be
only the desired dimensions are changed, tapered to two or three degrees to allcw
sometimes only one unit is built. This unit is ejection of the part from the die after
then tested, disaisembled, modified, reassem- compacting.
bled, and retested. This process takes less
shop time than does the construction of 25-2.2.3 Die Ca&ting
separate units, but only a limited mnmber cf
variations can be made o. one unit. In Die casting is a proce,s that forces molten
addition, if the desired configuration. is metal alloys into metal dies to produce
passed, it is usually not practical to "back up" complex parts. Thi; technique ib a rapid and
and re-examine it. In any event, th. number relativ-ly inexpensive method of producing
of combinations possible in such a study large quantities of precision metal parts.
makes any process that involves machine lhcre ae actually four principal methods of
woik on each unit prohibitive in both time die casting. plungei, air inje.tion, vacuum,
and money. and ,old chamber methods. The first three are

examined in the paragraphs that follow.
25-2.2.2 Powder Metaliurg-' Selection of the proper method is determined

primaily by the kind of alloy tc be cast and
Powder metallurgy is a technique that the production quantity desired.

produces finished parts of uniform density
and high strength, starting from powderel For all these methods, section thicknesses
metals. Typical metal are copper, tin, lead, are also a function of the type of alloy used.
zinc, nickel, and iron. The technique is A practical minimum is 0.040 in., and
suitable o.ily for relatively high production maximum settioas up to 0.5 in. are possible,
quantities (1000 units or more). The process although problems with shrinkage are likely.
consists of a sequence of powder blending, Tolerances attainable vary with the type of
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01. (1) Plunger Method. As its name:implies,
Plunger Noz the. plunger method (Fig. 25-62) uses a-

plunger to force the molten metal alloy into
the open die. The-plunger moves vertically in

Part a vessel imme''sed in a large metal pot
containing the molten-metal. Molten metal is

-allowed to flew from the pot into the vessel
K -during the upstroke -of the plunger. On the

metal downstroke, the metal in the vessel is forcedpot - into the spout -through the nozzle, and into
- the die cavity. When the metal, in the die

- " al hardens, the plunger ,mpeats the -cycle, The
Furnace," die is opened and the casting is ejected-during

Fi~dre 25-6 The PIonter Method of Die the plunger "pstroke.
Castinji2  (2) Air Injection Method. This -method

differc from the plunger method in that air
alloy, -but a figure of ±  0.004 in./in. gives a pressure of 300 to 600 ps, rather than- a
rough -order of magnitude -for linear ditmen- plungtr, is used -to-force the metalinto-the
sions. die, and the whole vessel, rather than the

_plunger, moves through an upstroke arid aExcept for finishing, oecondary operations downstroke. The air injection method is well
usu.,lly are not required for die cast parts. In suited to production of aluminum -alloys,
all instances, however, flash and cores must be although low melting point alloys may- also b-
sep;rated-from the finished-part. Mechanical, used.
chemical, -electrolytic, or electroplated fin-
.shes-may be used where they are required for The vacuum process (Fig. 25-72) offers
proper performance of the flueric elements. certain improvements of particular interest to

the designei of small flueric elements and
A discussion of die casting methods circuits. Thin walls, important for miniaturi-

follows: zation, can be achieved with the vacuum
process. Wall thicknesses of 0.030 in. are

To common, and 0.018-in. walls. are obtainable.
Improved surface-finishes reduce the need tor

-Valvadditional Ainishing operations after casting.
Lower porosity throughout the casting

- increases the part tensile strength and

Movable i
Plate is iMoltetMo- A puttiai vacuum is mantai:e .n the

injection chamber and die cavity. The plunger
then forces the molten metal into the partial

Dis.P vacuum of the die cavity. After solidification,
-Dies, O the vacuum is released, the part ejected, and

the piston withdrawn for another cycle. The
J".urnae vacuum proces can pioduce parts as rapidly

as conventional die -casting methods, but- at
Figure 25-.Z The Vacuum Method of Die the higher cost of maintaining a partial

Casting2  vacuum.
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TABLE 25-3

TYPICAL SURFACE DIMENSIONAL TOLERANCES* IN
PHOTOETCH PROCESS 2

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 0.003 0.005 0.005
Aluminum

Alloy,; 0.002 0.005 0.005 0.005 0.005
Molybdenum 0.0005 0.002 0.003 0.006 0.005
Titanium 0.0005 0.002 0.003 0.005 0.005
Nickel 0.001 0.003 0.005 0.005 0.0075

"Toleranus ± (in.)
25-2.2.4 Chemical Machining that are important to the manufacture of

flueric units. A specified amount of material

Two general types-of process are included may be uniformly removed fro ',i the surface
under chemical machining: photoetching and of a metal pzrt to leave a comp'ex 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 F ]1. Mister dr Wlng from
employing chemicals to "etch" away exposed customer spoclfications
metal areas while P, photographic technique
"masks" out other areas that are to remain
unchanged (Fig. 25-82). This process has been ,-wa
used with the following metals in order of Fhtogaphictl-.. . -" iincreasing di fficulty: copper, nickel, carbon Reduced -

steel, stainless steel, aluminum, titanium, andmolybdenum. Etching rates var from 0.005
to 0.003 in./min, and dimension tolerances 3. Photounaltlze. coat'd
increase with increasing metal thickness (see patterns In stoiant
Table 25-32 ).

(2) Chemical Milling. This process is Slots t Holes Sharp Corners
similar to photoetching in that both piocesses r =b/2
use etchants to remove the metal. However,
chemical milling uses tape or pai:it rather than
the photographic method to prepare the rE1
metal and is suitable for thicke; parts. It can b2b but Metal Thickness
be used for almost any metal (st e Fig. 25..92).

igure 25-8. Photoetching Process and Design
Chemical milling has several advantages Considerations2
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UnmeDd the etchant and material. Secondly, impropermasking may not-be-obvious until after the
Tank., etch has been made. Finally, the process

Mask ng presents some design pxoblems. Undercutting
is unavoidable and must be taken into

.....__- account in design. The resultant rounded
comers may have a'i undesirable effect for

-Maskint cut here fluid flow. There is a limit to miniaturization,
Metal Is oaten back first 'for-the

k-under TAskant equal greater depth imposed by masking techniques, beyond
tde ths 2 cut, which chemical milling cannot be used.

Smllr-deth -Greater 25-2.2.6 Electrical- -Discharge MachiningIsmalur ept Ag~~h EDM)
-This method of metal' removal employs a

lorkpiecs spark discharge between, the tool -and the
N eskant workpiece. EDM is: prticularly usefui for

complicated designs in-lard, brittle metals. A
typical EDM system- is illustrated in Fig.
25-102. The tool, which is the cathode, isigre 25-9. Chemical Milling, Showing the shaped in the fory of the desired cavity. The

Effect Upon the Workpiece2  workpiece is the anode and is submerged in a
dielectric fluid. Typical equipment operates

being etched, nor does the process-et up with- high currents and a potential of
binteal s r does Fnly praceseti and approximately 80 V across a gap separation ofinternal stresses- Finally, operating ando;verhead costs are often lower than those for acrossth 0. ap .The -nspa par -a-sl
other metal-removal techniques. across the gap. The spark vaporizes aSmall

amount of metal from both the tool and the
Chmical milling also has limitations. The workpiece. The DC source is pulse-modulated

process is relatively slow: to etch a 1/8-in. slot u o1000ple:prscadtegpi
4adjusted to maintain a constant voltage drop.rqiefr m mi to 4hr, depending upon Mea h oland

Metal is lost from both the tool .workpiece but less is lost from the -tool.

-o -c Ratios-of workpiece- penetration to tooliwear
Oercu +vary from 3:1 to 7:1.Overcut - '

25-2.2.6 Electrochemical Machining (ECM)

A- This is a deplating operation in which the
Too cathode tool and anode workpiece are

L..immersed in a flowing electrolyte. A DC
ork- "' current passes through the circuit, and the

Io: deplated metal is carried off in the electro-
- lyte. Metal removal rates vary from 0.1
- in. /sec for a 1000-A unit to 1 in.3 /sec for a

i 10,000-A unit. Typical potentials maintainedTablw Dilectric Fluid
Vlorkplece 4=cross a gap (0.001 to 0.003 in.) are 4 to 10

V. Typical electrolytes are sodium chloride,
Figure 25.10. Electrical Discharge Machining or sodium nitrate at flow rates up to 200

Arrangement2  ft/sec.
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DC - thickness dependent upon the metal de-
posited from the bath (see Fig. 25-112).

!i Cores for electroforming are made from
* - metals or nonmetals and can either be

Anode . expendable or reusable, depending upon the
design of the part. Plastics, plasters-, waxes,

L stainless steel; and aluminum are possible corematerials and can be dissolved -by- suitable

chemicals without damaging the part pro-
Mold (Cat ode duced. The eleo:troforming baths are similar to

Tank Electrolyte those used-in electroplating. Only a few types
of metal -can-be electroformed: copper, silver.
iron, nickel, and chromium.

Figure 25-11. Electroforming2

Electroforming techniques with expendable
cores offer new design possibilities for the

Compared to EDM, the ECM technique-is manufacture of complex, planar, and axisym-
-to be preferred when: (1) lot sizes -are metric flueric subassemblies and complete
comparatively large and on a continuing units, in one piece and without interconnec-
schedule; (2) the volume of metal to b- tions or parting planes. The possibilities for
removed is large, (3) a good finish, relative to making unusual and miniature configurations
cutting time is required; (4) the area- of appear to be limited only by the ability to
engagement between workpiece and electrode fabricate cores. Miniature parts from 0.030 to
-is large; (5) three-dimensional contours are 0.20 in. in-diameter, 1/8-in. long,-and with a
required; (6) the contour of a cut is critical; wall thickness of 0.001 * 0.0001 in. have
and (7) erosion of the electrode would disturb been produced. Thicknesses may vary from
the form. 0.001 in. to about I in.

25-2.2.7 Electroforming 25-2.3 CERAMICS

rhis is an electrolytic plating technique for Three general processes ,t fabricating
manufacturing metal parts. It is similar but ceramics may be used: photoetching, ultra-
not identical to electroplating. Electroforming sonic machining, and electron beam machin-
can be used to produce very complex forms ing.
with excellent tolerances, but it is expen,,ive,
limited to a few metals, and economically 25-2.3.1 Photoetched Ceramics
more suitable for small production runs. The
electroforming process requires a core that A process developed by Corning Glas
duplicates the cavity or inside dimensions'of Works in conjunction with the US Army
the part to be produced. The core is placed in Harry Diamond Laboratories uses a photo-
an electrolyte bath, and metal is electro- graphic technique with a thin sheet of silicate
lytically deposited over all surfaces of the glass that contains a photosensitive ingredient
core at a constant rate. When the required such as the cesium radical, CE+-. In the
amount of metal has been deposited, the core presence of ultraviolet light, the exposed glass
is removed from the bath and separated from ansorbs the radiation, creating a print
the metal deposited on it. The metal deposit constant in depth. Post heating to 1200 0F
then becomes the finished part having the creates colloidal particles in the exposed
internal dimensions of the core and a areas. When dipped in hydrofluoiic acid. the
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A!l dimensions in inches phi. being a typical value. The larger value of
_H 0.0116 125 pin. appears to be low enough to assure

.. //proper device performance.

Certain precautions are necessary in design-K / ing thie pattern to be optically rduc-cd. For
example, nozzles should be de igned at least

0080 0.010 in. ?longer than the desired finished
length because they etch from-both ends. To
produce a sharp splitter, the wedge must be

X/ ~ designed wi th- 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-

00089 ,problems. A fresh supply of acid cannot be
maintained at ihe etching surface and erosionlags behind the expected rate.

Figure 25-12. Cross Section of Typical l

Channel Etched in Photosensitive Glass3  When the=flueric circuit is etched, a covered
plate must -be sealed onto it. -Various gaskets
have been tried but have been abandoned in

exposed-areas are etched away 20 to 30 times favor of sealing with an epoxy Cement. For a
faster than the unexposed glass. With this more permanent seal, a glass cover plate can
process, the sides of a channel have a slope of be fused onto the etched base;
less than 2.5 deg from the vertical, Fig.-
25-123. The channel is then, for all practical The glass etching method gives excellent
purposes, rectangular. reproducibility. The techniaue has been

developed to the point where variations in the
Typical nozzle dimensions for devices built etched base plates have a smaller effect on the

by this technique are 0.020 by 0.080 in. device or circuit performance than does the
Nozzles as small as 0.005 by 0.002 in. are effect of assembly variations.
accurately reproducible by the method. These
nozzle widths are comparable to the diameter These fluidic -elements offer advantages of
of a human hair. high dimensional stability, no moisture

absorption, good shock resistance, and operat-
Depth of the etching easily is controlled. ing capabilities to temperatures of 1000"F.

With a 0.040-in nominal depth, variation in The process is summarized in Fig. 25-132.
depths across a plate can be kept within 0.002
in. Across a single element, tolerances can be 25-2.3.2 Ultrasonic Machining
kept within 0.001 in. To!erances on holes and
channel widths up to 0.25 in. can be kept Ultrasonic machining is used to work hard
within 0.001 in. Up to I in., widths can be brittle materials, including ceramics. The
kept within 0.002 in. Up tC 5 in., method is based upon the concept of minute
center-to-center distances can be maintained particle removal by fine abrasive particleswithin-0.003 in. traveling at high -velocities. The pattern

eroded is identical to the shape of the tool.
Good surface finishes are attained by The tool is held very close to the workpiece

etching. A typicel finish for a wall is 125 pin. and vibrated at 15,000 to 30,000 Hz with an
The bottoms are considerably smoother, 20 amplitude of 0.001-0.005 in. Between the
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25-2,3.3 Electron Beam Machining
DESIGN/ CHEMICAL

_FMILLING Elec tron beam machining focuses a streami
PHOTOGRAPHIC of electrons in a bundle about 0.001 in. in

NEGATIVE, FINISHED diameter with a cross-sectional density of 109
GLASS W/in. on the workpiece and vaporizes the

PHOTOSENSITIVE material- it impinges upon. Removal-rates are
GLASS CRYSTAL small (about 0.1 rag/sec) and only relatively

PROCESS small cuts are economically feasible. The
ULTRAVIOLET process makes possible the production ofEU ORA ET INIHEDquite -precise and fine cuts of -any desired

contour in any material. Fig. 25 is52 is a
PHOTOSENSITIVE typical -setup. The two major limitations areFURN C CERAMIC that (1) a , acuum of ab 1 ut ! 0 " -mm of

mercury must be .maintained- within thechamber, ar d (2) X-ray shielding must be
. used. Howe% er, the- capability Of this process

to cut 0.005-in. channels separated by 0.010
in. may-be very impirtant for microminiature

. .;,devices.

25-3 SUMMARY
77 As indicated, flueric devices can-be formed

irom a variety of materials that are selected
by the designer on the basis of performance
properties. When production is considered,

n- ithe economy of each process also must be
, .-. "  -weighed against other factors before a

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

Figure 25-13. The Photoetching Process for - Excitation Coil
Ceramics and Some Examples of Etched

Photosensitive Ceramic Transducer Gone

Tool Cono
To
Driver Unit Cutting Tool

To
tool and workpiece is a slurry containing the motion "
abrasive, such as boron carbide or aluminum
oxide. The tool, made from cold-rolled or Abrasive Slurry
orainless steel, wears only slightly. No pressure Workp i ece
is exerted on the workpiece by the tool. A
typical setup is shown in Fig. 25-141. Figure 25-14. Ultrasonic Machining'
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TABLE 25-4 K
COMPARISONS OF VARIOUS FABRICATION T-CHNIQUES FOR FLUER!C DEVICES2

Quantity
Requirements Element Design

Corm- Miniatur- Rulativ-,
Low Medium High plexity ization Accuracy Economy

Plastics
Casting E G F G F G F
Thermoforming E G F F P F F
Photoetchirg E G G E G G G
Injection M ldinq P F E G G G E
Compressicn -vold.

ing P F E G G G E

Jet Molding P F E G G G E
Transfer Molding P F E C G G E

Metals
Powder Metallurgy P G G G F G F
Die Casting P F E G G G G
Chemical Machining G E E E E F
Electroforming G F P E G E F
Elec^r.,c! Dis-

chrg: -Machining P G G G F G F
Electrochemical

M-chininc, F G G G G G G

Ceramics
Photoctihing F G G E E G G
Ultrasonic

Machining P F G G G G P
Electron Beam

Machining P P G E E E P

E = Excellent G = Good F = Fair P = Poor

complex pp.;cision parts of small size. Such with some indicatior of the characteristics of
processes include the photoetching tech- each process. This table is oy no means
niques, chemical machining, and electron absolute but serves as a rough appraisal of the
beam machining. These processes are also merits and limitations of each process
economically sound for mass production, according to present state-of-the-art fluid
Table 25-42 conpares the various techniques element fabrication techniques.

'5
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'.) . V&ouum Chamb'r
- i .Filament

Hettln.q Beam Forming
HGin2-0 to 1000
Ciru Vc .ts with re-
About fspect to Cathodo
bot V- Ancde

lOp J _Tungsten Diaphram
€D-Boem AlignmentCz cm---Coils

Beam C ---- -"- Tungsten
Centerli ne "iphrtm

Electro- Elctroma gnet icmaneti c _ ocuslna Lena

,,I

.7,, s i g - BC= lt , s s 1 6F o r Cmt e, . .
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.1. } --,-TO Vacuum Pump

--+ --+.+ Fgure.?5-15. Electron Beam Machining4
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PART SIX - MISCELLANEOUS TIMING DEVICES

CHAPTER 26

ELECTROCHEMICAL TIMERS

-Electrochemical timing devices are simple, 26-1 BASIC CONSIDERATIONS
small, low-cost items capable of proxiding
delays from seconds to months. 26-1.1 ELECTROPLATING ACTION

These timers are somewhat sinijlar to the The operation of electrochemical timers is
corrosion delays used in early bomb fuzes. In based on Faraday's first two laws of
the corrosion delays, the delay period is electrolysis which state: (1) the amount of
controlled by the time required for acid to electrochemical decomposition is proportion-
dissolve a baffle and trigger an output'. At al to the quantity of electricity passed, and
constant temperature, the chemical action on (2) the amounts of different substances
which the delay depends is quite accurate. deposited by a fixed quantity of electricity
The Germans reported an accuracy of ± 3% for are proportional to their chemical equivalent
the thrust cutoff in V-2 rockets. However, the weights. Mathematically, Faraday's two !.ws
reaction is very temperature sensitive, and are expressed as 3

there is no opportunity for temperature E
compensation in these devices. Therefore, the W F " dt, g (26-1)
delay times obtained are neft accurate in
military applicitions where unifo, n operation where
is required over an extended temperature
range. W weight of deposit, g

While several electrochemical timers have = equivalent weight of substance
been investigated for military applications, deposited, g
only the silver clectroplating timer is in
current use. This timer is convenient and F 'Faraday's constant = 96,000 C/g
reliable, and is therefore considered at length. equivalent weight
Mention is also made of the solion and tl'e

$ mercury timer. For other, less common, and f Idt = total number of coulombs, A-sec
experimental electrochemical systems, see
Ref. 2. Hence, when a solution is electrolyzed, the

number of electrons received at the anode
Because advantages and disadvantages dif- must equal the number delivered to the

fer for the various timer types, they are listed cathode. The ions arriving at the cathode are
separately for each timer in the paragraphs reduced (i.e., they obtain electrons) and those
that follow, ions arriving at the anode are oxidized (i.e.,

26-1

Downloaded from https://www.everyspec.com

SAMSUNG EXHIBIT 1028, Page 454



AMCP 706&206

ELE-%':TOLY E impedance rises rapidly and results in a sharpCONTAINING _

siVER SALT increase in voltage to about I- V. This Voltage
step can be -used- as- a circuit trigger.- The-

SILVER PLATED electrolyte obeys Ohm's law like metallic
NOBLE METAL conductors, except under abnormal condi-
" ORKING ELECTRODE" -tions-such as very high voltage, very high-

frequencies, or strong concentrat.on polariza-
tions.

,.--CATHODE-

-,ESEtVOIR ELECTRODE" Since the chemical action is reversible, the
_____-timer can be run down, recharged, and rerun.

This vepeat action is ideal for tisting aihd
Figure 26-1. Silver Plating Ation quality assurance purposes, However, theic- is

a limit to the number of successful repeat
they forfeit -electrons). Electrochemical sys- cycles for some types of cell. After -m any
tems that- obey these -laws are called Cycles the timer becomes inaccurate. This is
coulometric; and devices- that use -these because of the -exhaustion-effect common to
principles are called couloimeters. all electrochemical systems. -The re-,ersibility

difficulty develops when the electrovhemical
We here are concernedspecifically with the oxidation-reduction process is- disturbed by

silver system; shown diagrammatically in Fig. the "microscopic" early depletion of cations
26-1. It -consists of a silver case forming the in a localized area. An overvoltage in this arena
cathode, a silver-plated anode of noble metal, then leads to thegeneration f hydrogen and-
and an electrolyte solution of a soluble silver other side effects. Although -this process
salt. The anode is called the working occurs for only a very brief time, -perhaps \..
electrode, the cathode. -the reservoir -elec- only a microsecond in each cycle, the action
trode. These terms are needed because cell is sufficient to lead to a general deterioration
operation is reversible. As a matter of -fact, in the timing interval after -a Tew cycles. On
the rever ibility makes the electroplating the other hand, P large number of good runs,
system attractive as a timer. Operation is as as w-ll as temperature independence for the
follows: to start, the working eiectrode is timing cycle, is claimed for some of the newer
unplated and the timer is- set by passing a cell-types.known ltime inte~gral of current through it.
During the timing cycle, the working The ampere has been defined as that
electrode, now the anode, is deplated of its amount of current which, flowing for 1 see,
silver, will- deposit 1.118 mg of silver for each

coulomb of charge. (This is why electroplat-
During the timing cycle, current flows ing timers are called coulometets.) This same

thrcugh the cell to convert silver metal to 1.118 mg of silver is deposited at-0.SA for-2-
silver ions at the anode (Ag - Ag" + e). T _ . .. or at 310 _YA for I hr. The general
ions then move to the cathode to reolace the relationship, in customary units, is
ions that have been reduced there. (Ag+ + e - CAg). This deplating operation is preferred over t =_ - hr (26-2)
plating because of its well-defined end point.
During timing, while'silver is being removed where
from the anode, cell impedance is low. The
cell voltage drop will be about 0.01 to 0.1 V t = time, hr
depending on cell temperature and other
factors. When all the silver is expended, the C= coulomb ciapacit., pA-1.-

26-2
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WORKING tary timers with electrical and mechanical
readouts are described in hle paragraphs that
follow. Visual readout has not been used in

RESERVOIR military devices but is described in pars. 26-4
ELECTRODE and 26-5.

PLASTSC 01sKS Note that electroplating systems integrate_- the product of current and time. The current
WORKING P' --. need niot be continuous but may be

ERVOIR ELE T RODE interrupted in which instance the cell still
"counts" the cumulative product. Therefore,these devices can be used both as coulometers

Figure 26-2. Bissett-Berman E-Cells  and as integrating accelerometers in which
current is a function of acceleration.

I =current, MA 26-2 ELECTROPLATING TIMER WITH
ELECTRICAL READOUT

26-1.2 THE ELECTROPLATING SYSTEM
26-2.1 PRINClPI.E OF OPERATION

The electroplating system consists of three
4 parts: When a constant current is passed through

the electroplating timer (preset coulometer),
(1) A battery and its circuit which deliver it deplates silver from the working electrode

a constant direct current. Batteries are onto the reservoir electrode. The increase in
affected by ambient temperature but varia- voltage drop across the cell at the end of
tions in their output can De controlled by deplating is used for electrical readout. The
temperature-compensated electronic circuits, principle is described in. detail in par. 26-1.1.
A uniform current is a prerequisite for
accurate timer operation. 26-2.2 CELL CONSTRUCTION

(2) An electroplating delay cell in which Coulometers are manufactured commer-the constant current causes a chemical (silver) cially by Gibbs4 and Bisset-Berman', the

to react (be deplated) at a known rate (see latter calling its device an E-Cell. The E-Cd)
par. 26-1.1). has been used in several military applicatio., s,

such as broviding the delay in the Antiper-
(3) A detector that senses the relative sonnel Mine, BLU-54/B 6 ,7.

progress of the reaction, usually the depletion
of one of the chemicals (silver) from one of Cell construdion is illustrated in Fig.
the electrodes. 26-21. The cell consists of a silver case (the

reservoir electrode), 1/4 in. in diameter and
Detection can be aLcomplished in several 5/8 in. long. The working electrode of gold

ways. In electrical readout the change in over base metal is held w, place by two plastic
output voltage is sensed by means of a disks that serve both as seals aid electric
suitable detection circuit, in mechanical insulators. The case is filled with electrolyte
readout a motion results that can activate a containing a silver salt in a weak acio 8 .
switch or plunger to perform the desired Electrical leads complete the cell. Cell weight
output; visual readout permits the observation is about 0.1 oz.
of a change in appearance, such as color of
electrolyte or position of components. Mili- The cell illustrated is a single-anode cell,

26-3
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-- 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

° -z available from-one of the cirfuits of the main
system. Dspending on the desired delay,

0 current levels vary from about a microampere
RV to a milliampere.

TIWE The second element is the coulometer
itself. Described in par. 26-2.2, it is available

Figure 26-3. Operating Curve of Coulometer in a large variety of -models and tmihzg
at Constant Ctirrent s  intervals. Before a spcdfic cell can be

selected, consideration- must be-given to the
output detection circuit.

permitting a single time delay. When more
than one delay is desired, several ,anodes of The output-signal of the coulometer is a
different sizes may be combined in the same change in voltage. During the timing interval,
unit' . The deplating of each anode-results in a the voltage -is 16w, see Fig. 26-3s . Upon
sharp increase in output voltage. A dualanode completion of anode deplating, the voltage
celli~suseful because of-the common military rises rapidly thus indicating the end- on the
requirement for two different time, delays, timing interval. One way to detect this voltage
For example, a mine may require-an arming rise is by use of the simple detector circuit
delay of a few minutes and a self-sterilization shown -in Fig. 2641. The-performance of this
delay- of several days. circuit is 'made clear by considering-its three (

phases of operation:
The power requirements of E-Cells is low

and accuracy of the timing interval is within ( 1) While the cell deplates, the run voltage
±4%. One exception to this accuracy is for V. is below the activation voltage of the
short-delay setting after long storage. transistor. Since the cell therefore is drawing

practically all the current, the equiv9lentI 26-2.3 TIMER DESIGN circuit consists of just the cell plus its resistor.

She design of an electroplating timing (2) During the rapid transition to the
system, like that of all other multicomponent high-voltage state, the current level through
systems, requires repeated consideration of the cell is reduced as the transistor base starts
the characteristics of each component until a to take current.

(3) When operating at the stop voltage V.,
-__- I_ __ the cell draws a very small residual current I,

which in most cases is negligible compered
LOAD with that drawn by the transistor. Thus, the

equivalent circuit is e-,entially the original
Vi  f circuit without the coulometer.

Typical voltage-current characteristics at

!vaucus operatirg temperatures are shown in
TIMING CIRCUIT I DETECTOR CIcuIr Fig. 26.51. Fig. 26-5(A) shows the maximum

running (deplating) voltage and current while
Figure 26-4. Coulometer Detector Circuit' Fig. 26-5(B) shows the stop voltage and its

26-4
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Figure 26-5. Typical Coulometer Voltage-current Characteristicss

associated current. The stop voltage Vs is (1) Advantages:
associated with the activation voltage thresh-
old of the transistor n the detection circuit (1) Good accuracy (within -4%)
while the stop current 1 is the residual
current passing through the cell at that (2) Good miniaturization
voltage. Since most circuits offer stop voltages
of about 0.7 V, stop currents are about 1 juA. (3) Simple ana inexpensive
More sophisticated detection circuits can be
considered to achieve othei desired effects. (4) Wide variety of timing intervals

Given the required time delay and selecting (5) Very low power requirements
a power source with a constant current in the
microampere range, the designer obtains the (6) Good shock and vibration resistance
capacity required from Eq. 26-2. The
microampere-hour rating defines a particular (7) Operation over military temperaturecoulometer, range

Experimental solid-state types of coulom-

eter are currently being developed'1O. Both SILVER ANODE

the electrode and the electrolyte in these -ELECTROLYTC

types are ionic pastes like those used in I LsUVER CATHODE

solid-electrolyte batteries. Operating in the
same manr.er as the liquid-electrolyte device,
they are small, rugged, and accurate within
±5%.

26-2.4 ADVANTAGES AND DISADVAN-
TAGES "-COMPRESSION SPRING

SWITCH7 CONTACTS
The characteristics of th, electroplating

timer with electrical readout may be summar- Figure 26-6. Electroplating Timer With
ized as follows: Mechanical Readout

26-5

Downloaded from https://www.everyspec.com

SAMSUNG EXHIBIT 1028, Page 458



AMCP 706-205

(8) Reusable several times (by deplathig). The timer cell (based on a patented idea 12 )
consists of a molded polychlorotrifluoroethy-

(2) Disadvantages: lene (Kel-F) cup that holds the anode
assembly. After filling with an electrolyte of a

(1) Detection circuit required silver fluoroborate solution, the cup is heat
sealed with an end plug that holds the silver

(2) Decreased accuracy for short set times cathode. The anode assembly consists of a
after long storage. silver plunger to which a contact disk is

fastened. The plunger is surrounded by a
26.3 ELECTROPLAT NG TIMER WITH compression spring and sealed with an O-ring

MECHANICAL READOUT coated with fluorosilicone lubricant. Allmaterials were selected for their .hermical
26-3.1 PRINCIPLE OF OPERATION compatibility with the electrolyte.

Electrochemically, the mechanical-readout
tinier operates in the -same manner as the At the end of the timing interval, the anode
electrical-readout timer (see par. 26-1.1), At plunger is pushed to the left. In its new
the end of deplating, however, the action position, the contact disk (1) closes an SPST
differs. A schematic arrangement of a (Single Pole, Single Throw) switch and (2)
mechanical-readout timer is shown in Fig. opens the anode switch so as to terminate the
26-6. The cell consists cf a silver anode that deplating action. The contact force at switch
may be likened to the head of a pin, a silver closure is 0.8 lb and contact resistance after
cathode, and an electrolytic solution contain-- switch closure is less than 0.3 oim.
ing silver ions. When a constant current is The timer is 5/8 in. in diameter, 1-5/8 in.
passed through the electroplating timer, it long, and weighs 9 g. For some applications, (
deplates silver from the anode onto the the timer ; sealed in Thermofit heat-shrink
cathode. At the end of the timing interval, the
anode has been reduced in size to the tubing (not shown in the. figure). Timer

accuracy ,uider water (for which it wasdi-m ter of the pin shaft. At that instant, the designed) at 280 to 90*F is ± 5%; over the
spring causes mechanical motion. By pushing entie military temperature range, accuracy is
against a flange at the other end of the pin, e molsav t htood r hock as i
the spring pulls the pin out of the hole in the ± 105. Models have withstood socks as high
cell wall. as 12,000 g, low and high frequency

vibrations, cold storage at -80'F, and
Because of the displacement of parts, the temperature-humidity cycing.

action of a mechanical-readout timer is not
reversible. Whereas the timer in Fig. 26-6 Dual action, when required, is available
illustrates the output of closing a switch, the from Interval Timer, MARK 25. This timer is
output motion obviously can be applied to essentially a dual MARK 24 timer. It closes
the opening or closing of several switches or two SPST switches by two separate contacts
to the operation of a plunger. that operate from separate anodes. Construc-

tion and size are the ssme as for the MARK24.
26-3.2 CELL CONSTRUCTION

Cell construction is illustrated in Fig. 26-7. A commercial timer is shown in Fig. 26-8".
This is the Interval Timer, MARK 24 MOD 3, Its constru6tion is similar to that of the
a component of Firing Mechanism, MARK MARK 24 timer. It also closes an SPST
42. Originally designed for use in a sonobuoy, switch with gold-plated contacts. Body size is

$it currently is incorporated in Destructor, 5/8 in. by 7/8 in. Accuracy over the military
MARK 361". temperature range is 10%.

26-6
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.26-3.4 ADVANTAGES AND DISADVAN-
TAGES

0.625

The rharacteristics of the electroplatingK-- timer with mechanica; read-out may be
0-o. 75 I. summarized as follows:

Figure 26-8. Mechanical Readout Timer by (1) Advantages:
Gibbs (a) Simple and inexpensive

(b) Low power requirements
26-3.3 TIMER DESIGN

(c) Good shock and vibration resistance
The design of a mechanical-readout timing

system is simpler than that of an electrical- (d) Operation over military temperature
readout system. In effect, the mechanicai- range
readout system has only two elements, a
source of constant Dr current and the (e) No detection circuit required.
coulometer itself. The output of the coulom- -

eter is the operation of a switch or plunger, (2) Disadvantages:
and no separate output circuit is required.

(a) Not reversible
Depending on the delay desired, the-

battery current level varies from a micro- (b) Difficult to seal.
ampere to a milliampere. In the MARK 24
and MARK 25 timers current flow is 26-4 SOLION
regulated by the voltage applied and a
precision resistor connected in series with the 2641 PRINCIPLE OF OPERATION
cell. Operating time is computed by

CR The solion is an electrochemical t'nert= , hr (26-3) using an oxidation-reduction system that uses
ions in solution instead of electrons as the

where charge carners. Solions have found applica-
tion mainly as diodes with both electrical and

t =time, hr visual readout. They also have been designed
as tetrodes and used as electrical amplifiers

C= coulomb capacity, A-hr and general-purpose integrators. The electro-
A lyte contains a specified amount of iodine and

R = resistance, ohm a comparatively large amount of potassium
iodide2 . Hence, the solution contains tri-

I voltage, volt iodide 13.

For the MARK 24 timer, C = 0.005, and Shown schematically in Fig. 26-93, the
for the MAR. 25, C = 0.01. By varying solion timer consists -of two identical
voltage, resistance, or both, delays of 5 min to compartments separated by a semipermeable
30 days can be achieved, diffusion barrier. When current is passed

26-8
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concentrations-of the tr-iodide ion. Note that
PLATINUM-' Ohm's law breaks down in the solion; the-

Scurrent and cell resistance maintain a constant"POPION'TRIE -KI-1 2  value with increasing voltage up to appoxi-
SOLVENTr vSl"Eu mately 1 -V, where the oxidation-reduction on

1 process terminztes and Ohm's law resumes.
The resistance of the solion cell varies
exponentially.

* J For timing purposes, the electrical readout
is not entirely satisfactory because the-step

0sAFFUSIO" WRIER function at the-point of exhaustion of iodine
(FRITTED GLASS)

\AODE ions is uncertain and inaccurate. The end
COMPARTMENT COMPARTMENT pointsvaried 162 parts per thousand at room

temperature, and the device ran even slowerFigure 26-9. So1ion Timr at -25o and 650 C2. Repeat cycles are limited'
through the: cell,: :iodine is reduced in* the by the exhaustion effect (see par. 26-1.1).
cathode- compartimefit (13- + 2e-.+ 31x), and
the iodide ion -is oxidized in the anode The solion has been reported to withstandcompartment (3I- I3-+ 2). The net result vibration in all th-ee axes, from rest to 50 g at
is that iodine -is-transferred to the anode 0 - 2000 Hz, wth displacements as large as
compartment. Theamount of iodine trans- 0.5 in. Solions have been stored over a year

wfiot an deed2-01le devition in opera-fered is proportional'to the tinie and current, ithout any- d ,,,noand the conductivity- of the electrolyte is tional ability.
proportional to iodine concentration, permit-
ing an electrical readout. The color of the AVSA
clectrolyte is also a function of iodine T
concentration, so -that visual readout is The characteristics of the solion may be
possible, summarized as follows:

The polarization curves for the solion are
shown in Fig. 26-103 for five differen (1) Advantages:

1.0 CIL ) )(a) Good miniaturization

0.4 - (b) Good shock and vibration results
(4)

(c) Low power requirements
a0.6

(3) (d) Good storage potential

0.4 - (e) Current controlled by conditions at the
.() cathode only.

0.2 (2) Disadvantages:

o 0. 1 1 1. 0 (a) Poor accuracy (about ± 20%)
'"0 0.2 0.4 0.9 0.6 1.0

VO V , v(b) Unoaxtzin time end point
Flgure 2610. Typical Polartzafton Curves for

the Sollon (c) Exponential resistance characteristics

26;9
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MERCURY WITH 10% TNlALLIUM cell, mercury is electroplated from the anode
CONTROL through the electrolyte to the cathode. _

L " EC T R OOt Buildup of mercury at the cathode causes the
... . electrolyte gap to approach and-at the end of

Lthe delay-contact it, at which time the
voltage drops to-permit an electrical readout.
Visual readout also is provided by observation
of mercury pellet motion.

SSVThe mercury timer operates with a current
--PROPIONITRIE $oLVNT- of 50-100 pA. Operation is reversible except

WITH POTASSIUM I0DIDt nh
AND MERCURIC IODIDE that the number of cycles is limited by the

exhaustion effect (see par. 26-1.1).
PLATINUM PLATED ELECTROE--

Difficulties appear when an attempt is
Figure 26-11. Mercury Timer made to operate the mercury timer over the-

military temperature range. These include (I)-
the necessity for lowering of the freezing(d) Low frequency respoase (lower than point for the-cell contents because operation

that of transistors by a factor of 106) when frozen is destructive (mercury freezes at
(e) Degeneration of timing interil--38F), (2) mercury -expansion problems,

and (3)- electrolyte-mercury interface diffi-
culties experienced with changing temp.ra-

(f) Limited temperature range. tures.

In-summary, the solion lacks precision and The relatively high coefficient of expansion
will not function over the military tempera- of mercury creates the danger of a cracked
ture range. While the solion has some housing when the environmental temperature
ccmmercial applications, it has not been used is increased; the same coefficient of expansion
in a military device.isicesdthsaecefintoexnin
i t dwill threaten the mercury-solvent interface
25 Mwhen iower temperatures ar- encountered.
28-5 MERCURY TIMER Also, difficulties have been reported wish the

deposit of mercury on the end terminals'.
26-5.1 PRINC!PLE OF OPERAT1ON

The m'rcury timer has withstood vibration
This device operates by transporting and shock tests including a 150-g shock, a

mercuric ions through a solvent that separates continuous I1 6-g acceleration, and Il 5-g vibra-
two bodies of mexcury, eventually exhausting tion at 5000 Hz on all axes. A sloshing effect
one of the mercury reservoirs. The chemical is reported due to resonance at 400-600 Hz.
equations associated with the reaction are 41"
+ Hg -+ Hg 14= +2fortheanodeandHgI 4  26-5.2 ADVANTAGES AND DISADVAN-
+ 2,-- Hg + 4I-for the cathode. TAGES

Shown schematically in Fig. 26-111, the The characteristics of the mercury timer
mercury, timer consists of a cell, often a glass may be summarized as follows:
tube, with anode and cathode at the ends and
a control electrode in the center. Three pellets (1) Advantages:
of mercury are shown, separated by two
bodies of electrolyte consisting of an iodine (a) Good accuracy (over narrow tempera-
solution. Upon curent passage through the ture range)

26-10

Downloaded from https://www.everyspec.com

SAMSUNG EXHIBIT 1028, Page 463



AMCP 706.206

-(b) Good miniaturization (3) Occasional sloshing effect

(c) 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.

REFERENCES

1. AMCP 4706-210, Engineeriag Design :Antipersonnel Mine, A U-421B and
Handbook,Fuzes. BLU-254B: (U), Egin Air Force Bt,e,

Florida, Report ADTC :TR-70-75, April
2. IB. Lipnick, The Use of Electrochemical 1970 (Confidential Report.

Systems for Timing, US Army Harry
Diamond Laboratories, Washington, D.C., 8. U S Patent 3,423,643, E.A. Miller,
Report TR-1156, October 30, 1963 Electrolytic Cell With Electrolyte Con.__(AD-422 899). taining Silver Salt, Januar(21, 1969.

3. R.C. Palmer and E.C. Shults, Literature- urve andFeasblt td fE~to 9. U 3 Patent 3,423,642, EJ. Plehal, et al.,
Survey and Fasibility Study of Electro- Eetoyi el iha es he~Electrolytic Celt" With at Least 77iree
chemical Coulometers, Edgerton, Ger-
meshausen & Grier, Inc,, Santa Barbara,
Calif. Report S-239-R, Prepared for
Sandia Corp. under P.O. 11-1376, No- 10. S. Giles, Development of a Solid State
vember 12,1963. Coulister, Atomics International Div. of

American Rockwell Corp., Final Report,
4. Gibbs Manufacturing and Researcb Corp., Prepared for U S Armny Harry Diamond

450 N. Main St., Janesville, Wis. 53545. Laboratoies under Contract DAAG39-
68-C-0025, August 1968.

5. The Bissett-Berman Corp., 3860 Centi-
nela Ave., Los Angeles, Calif. 90066. 11. OP 3529, Destructor MARK 36 and

MARK 40, All Mods (U), Volumes 1-3,6. Contractor Support Test for the BLU-
54/B Antipersonnel Mine (U), Eglin Air Depa10m et Rot).
Force Base, Florida, Report ADTC June1970(SebretReport).I TR-68-23, September 1968 (Confidential
Report). 12. US Patent 3,205,321, R.J. Lyon,

WdAeMiniature Electrolytic Timer With an4 7. Engineering Evaluation of Wide Area Erodable Anode, September 7, 1956.

26-11/26-12

Downloaded from https://www.everyspec.com

SAMSUNG EXHIBIT 1028, Page 464



AMCP,706-206

CHAPTER 27

NUCLEAR DECAY TIMERS

A low-frequency, high-accuracy time base
may be constructed by making use of the RAIATIN NUCLEAR PREAMPLIFIER COUNTER
decay of a radioactive substance in conjunc- SOURCE PATILEC -0 OTSCRIINATOR
tion with a particle detector. In addition, ri PARTILE V 1
electronic circuitry is required to produce a
usable timcr. Although nuclear decay is
randomly distributed-in tim- accuracy ran-be Figure27-1, Elements of Nuclear Dec' Timer
obtained by sampling a sufficiently large
number of counts. One significant advantage
of the nuclear timer-is that its time base rate iofiization process thus prov-.img signals from
is independent of temperature and other the detector of approximately equal pulse
environmental variations. Fig. 27-1 shows-the heights.
block diagram for a nuclear decay timer.

Highly ionizing particles increase the
27-1 RADIATION SOURCE signal-to-noise ratio and minimize the degree

of amplification--required to -reach the input
27-1.1 DESIRABLE PROPERTIES level of electronic- scalers. There should be no

significant change in the disintegration rate of
To be useful for a nuclear time base the radiation source during its predicted use

generator, the radiation source should have and storage life. Therefore, the source should
the following properties: have a long half-life. Fig. 27-21 may be used

to estimate the half-life required of the
(1) Monoenergetic particles radiation source, once the operation and

storage periods and acceptable decrease in
(2) ighly ionizing particles activity have been fixed.' For example, if the

radiation source is to retain 99% of its activity
(3) Long half-life after a period of 10 yr, a source with a

il dhalf-life -greater than 6.3 X 102 or 630 yr
(4) Decay products producing little md;a- should be chosen. k more exact estimate may

tion be made from the following equations'

(5) Capability for permanent mounting N = N. e -Xt (27-1)

(6) Ready availability, where

The radiation should be nearly monoener- N = radioactivity at time t
getic to provide for ready discrimination
between output pulses produced by the No= iritial radioactivity
detectors, and the internally generated noise
in the detectors and amplifiers. All monoener- X = decay.constant, yf"
getic particles will lose approximately the
same proportion of their energy in the t = time. span, yr

27-1
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Figure 27-2 Decrease in RadiEctivity as a Function of Use and Storage Period

0.693 (27-) shielding, a few mil.,eters of aluminum.

1(27-2) However, beta particles are not monoener-
getic, The particles emitted from a particular

where T,/2 af , radioisotope would have a continuous 'distri-
bution of energies andwould be difficult to use

22"7-1.2 TYPES OF RA .T!OI. because of he signal-to-noise ratio problem in

Four natural forms of radiation could be ecrs

considered for this applicatio n: X rays, gamma Alpha particles are identical with the
rays, beta particles, and alpha particles. nucleui of a helium atom, consisting of two

protons and two neurons. The,;e particles are
Gamma rays and X rays are es.zentially the emitted from the nucleu o- certain of the

same radiation form and differ only in the heavy radioactive elements. Alpha particles
manner in which they are produced. They are have a discrete energy which, depending upon
a highly penetrating iadiation and therefore the producing isotope, are in the range 4 to
would I),, difficult to apply safely in a 10 MeV. The shielding required for alpha
ri~ature timer because of the protective particles is simple, several sheets of paper
•Jeld.ng required; also timer geometry could providing adequate shielding in nearly al.
not be arranged conveniently to provide instances. Alpha particles are strongly ior.iz-
shielding. ing.

i tBeta particles are high velocity electrons. Considering the characteristics of each type
The penetration characteristics of beta parti- of radiation, it is apparent that alpha particles
cles would require only a minimum of are most suitable for use in a nuclear timer.

27-
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TABLE 27-1 The chamber wall is made from a high
work-functlon material, such as stainless steel

RADIOISOTOPES APPLICABLE TO NUCLEAR or nickel. In a typical gas tube counter, the
TIME BASES central electrode is usually about 0.003 in. in

diameter, a compromise between physical
italf-Life, Specific Activity, strength and a high field strength near the

Radioisotope yr curiel9 electrode at a relatively low supply vYntage.

Uranium 235 7.1 x 10 2.15 x 10- 6  With the central elertrooe serving as the
Neptunium 237 2.2 x 10 6.89 x 10-4
Uranium 238 4.5 X 109  3.34 x 10"r anode and the chamber wall as the cathode, a
Plutonium 2Z'9 2.4 x 6.17 x 1 voltage is applied to the tube. When ionizing

radiation passes through the gas, the pofitive-
ly charged ions resulting from the ionization
are attracted to the cathode where they are

27-1.3 RADIOISOTOPES neutralized while the negative charges or; Ielectrons travel toward the anode.
Selection of the radioisotope for use in the

time base can be made based on the While gas tube counters could be applied to
requirements discussed: military timers, each type presents some

difficulties that must be recognized:
(1) k. source of alpha particles

(1) The output pulFs- of the ionization
(2) Half life sufficiently long for opera- chamber is i!depeadf at of the operating

tional requirements voltage, provided the operating voltage is high
enough so that recombination is negligible

(3) Energy level (spezific activity) high and low enough so that no secondary
enough fo reliable detector operardon. ionization occurs. The amplification factor is

therefore unity. Thus a relativcly large
Table 27-11 lists radioisoiopes that may be chamber (at least 3.5 cm long) is required.

considered for nuclear time base applications.
(2) The amplification in a proportional

27-2 NUCLEAR PART!CLE "'rTECTOR counter is a strong function of gas pressure. In
the fixed-volume chamber, pressure varies

The radiation detector used in the nuclear significantly over the military temperature
timer provides an electrica! signal for each range.
radiation event it detects. Radiation detectors
presently in use include ionization chambers, (3) Geiger-Mueller counters have an in-
proportional counters, Geiger-Mueller coun- herent recovery time that makes their
ters, scintillation counters, and semiconductor response slower than des'rable.

t! radiation detecto.,s. Ionization chambers,proportional counters, and Geiger-Mueller 27-2.2 SCINTILLATION COUNTER s
counters operate on similar principles and are
included in the general class of gas tube The operation of a scintillation counter is
counters. based on the fact that in certain materials the

ionization and excitation processes caused by
27-2.1 GAS TUBE COUNTERS nuclear radiation are accompanied by the

emission of light or scintillations. The light
These counters usually consist of a photons are absorbed by the cathode of a

cylindrical gas filled chamber nd a centra photomuitiplier tuba that then c lits photo-
electrode that is insulated from tha chamber. electrons to produce a current pulse.

27-3
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OIFFUSM.D PHOSPHORUS A diffused junction detector usually is
prepared by diffusing phosphorus onto thesurface of a pure wafer of p-type silicon. The

I-EARVT) diffusion depth is on the order of one micron

and constitutes the n-layer of the diode. In
/Iv 3. the surface barrier detector, surface states are

CONTACT L -eCTRICAL LEAD allowed to form by spontaneous oxidation on
the surface of a pure wafer of n-type silicon.
The formation of the oxide takes place

(A) DIFFUSED JUNCTION DETECTOR through an evaporated gold layer that is
provided for electrical contact. An inversion

GOLO CONTACT layer is thus formed having electrical proper-
ties similar to those of the diffused layer in a

OXIDIZE LAYER diffused junction detector. In this case the
HIGH RESISTIVITY oxide layer acts as the p-type side of the
SIIcC.,, (N..TYPC diode junction.

I4--.UMINUM CONTACT Electrical leads to the associated electronics
are attached easily to the fiont surfaces of

(0) SURFACE BARRIER DETECTOR both of these detectors because both the
diffused and the gold surfaces are highly

Figure 27-3. Semiconductor Radiation conductive. For the back contact to the SRD
Detectors care must be taken to avoid any sharp change

in resistivity that would result in the
formation of a rectifying barrier. Two

Since photomultiplier tubes are very solutions to this problem are:
sensitive to shock, require a well-regulated.
high-voltage power supply, and exceed the (1) Doping a portion of the silicon bulk
volume limits of military items, scindIlation with an impurity to lower surface resistivity.
counters are not suited for the nuclear time
base. (2) Evaporating a thick layer of aluminum

onto the back surface.
27-2.3 SEMICONDUCTOR RADIATION

DETECTORS S.D) The inherent energy resolution of SRD's is
better by a factor of ten than that of gas tube

A relatively new detector, the SRD, is counters. The counting rate of SRD's is
described in several recent references 2 ,3. The limited only by the external electronics.
SRD can be classified as a semiconductor SRD's can be made much smaller than gas
junction detector. Its usefulness results from tube counters, and they are more immune to
exploiting the phenomena occurring at the physical damage due to shock. The main
junction of two special types of material difficulty in the SRD approach is obtaining a
when placed together. Very pure, single- detector that provides a sufficiently large
crystal silicon is used as one of the materials signal-to-noise ratio over the military tempera-
while the other material varies with the type ture range.
of detector. Fig. 27-3' shows a diffused
junction and a surface barrier detector. 27-3 ASSOCIATED ELECTRONICS
Details of construction vary with different
manufacturers. Associated electonics must be included in

27-4

Downloaded from https://www.everyspec.com

SAMSUNG EXHIBIT 1028, Page 468



jK AMGP 706-206-

the time b'se system because the nuiclear couiied and the inherent noise levels of-the
... 1- particle detector itself cannot provide an detector and tie amplifier must be provided.

output usaole by the counting circuits. The Nuclear time bases use integral ratheiz than
detector output must be amplified. The simple discrimination2 . The function of
output is on the. order of millivolts but a simple discriminators is to pass only pulses
signal on the order of volts is desired by the exceeding a preset threshold le vel, whereascounter. Since the capacitance of the detector differential discriminators pass pulses having

varies with temperature, it is not desirable to amplitudes with a preset "window" above the
have the voltage output of the amplifier threshold.depend on detector capacitance. Rather, a
charge-ssnsitive preamplifier should be used A serious disadvantage of a nuclear time
that has a negative charge feedback to the base is the relatively long calibration time
input capacitance through a small capacitor required. For typical values of 1000 Hz and

--(about 5 pF)4 . 0.1% accuracy, calibration time is 4000 sec.
This compares with 10 see per reading of

In addition to amplificatioin, a means of electronic, electromechanical, or mechanical.
-discriminating between the pulses to be time bases.
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APPENDIX A

BOOLEAN ALGEBRA APPLIED TO LOGIC CiRCUITS

Boulean algebra is the algebra of proposi- following symbolizes that A and B produce C:
tions that are permitted to be either true or
false. Thus it is useful for the combination, A • B = C (A-1)
manipulation, and simplification of control
functions that can be represented by variables The basic OR gate is shown in Fig. A-21. If
whose values are limited to discrete binary either A or B is present (switch closed), there
digits 0 ana 1. These digits rupresent the two is an output C. OR functions are termed
states of many common binary or bistable logical addition; the symbol used is a plus
devices-e.g., nunconductive or conductive, sign. The following symbolizes that A or B
discharged or charged, current on or off. produces C:

The basic building block used in the design A + B = C (A-2)
of the logical elements of flueric and
electronic timing systems is the gate. A gate is A third basic operation is the inversion or
"a circuit having an output and a multiplicity I not function (Fig. A-3 2). The syrbol is a bar
of inputs so designed that the output is over the function, viz., A means that A is
ent gized when and only when a certain not present (equals 0). The not lunction
definite set of input conditions are met"' . inverts the state of the bistable function-i.e.,
Gates can perform various arithmetic opera- it transforms a I into a 0 and vice versa.
tions and control functions. The theory of
gating networks is expressed conveniently in The logic associated with EXCEPT, NOR,
'Boolean notition. Note that logic circuits for and other logical decisions can be built up
electronic timers are discussed in par. 11-4.2 from the basic logic functions of AND, OR,
and those for flueric timers in par. 24-5. and their inversions.

Fig. A-1 shows the symbol of an AND Consider the statement: not A AND not B.gate. The gate receives two input signals A " 42g. A. 2 shows a possible presentation. Note
and B and generates an output function C that both A and B are inverted to get not A
only when both A and B are present. Fig. A-I AND not B. The mathematical ex pression is
also shows a switch analogy of the gate; lamp
C lights only when A and B are closed. AND K. = C (A-3)
functions also are termed logical multiplica-
tions; a dot is used as the AND symbol. The The figure also shows not (A AND B)

A aA

A A

Figure A-1. Symbol and Switch Analogy for Figure A-2. Symbol and Switch Analogy for
AND Gate2  01 Gate2

A-M
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A-)- I -- A A list- of Boolean postulates and equations
is given in Table A- 3. The analogy'between
electrical, flueric, and electromechanical

Figure A-3. not Symbolis Bar Over Letter2  systems for the basic gates in logic is
contrasted, in fig.. A-6. The recommended
symbols for logic diagrams are contained in

expressed as (A-9) which doe not,,qual _A'. 'Ref. 4 while fluerc symbols are contained-it
Ibis fact -is mde clear by the Venn -diagram Ref. 5.(Fig., A-52 ) - wherein all areas -of true
conditions-are shaded while false areas are left

blank.
0-e MI-n oe oel I -

A -- 7..A A A t. •

0-1 Os 1  0 i 0 I 1

A a A*WA A-0

Figure A-I. Symbolic Representation of not A A

AND not B, a/so not. (A AND 89)2 Figure A-5. Venn Diagram for Fig. A4 2

TABLE A-4

BOOLEAN POSTULATES AND EQUATIONS3

1. A+A=A Absorption rule for+
2. A A =A Absorption rule for'
3. A +fB= B + A Commutative rule for +
4. A * B = B " A Commutative rule for
5. (A + B) + C = A + (B+C)

=A+B+C Associative rule for +
6. (A B)" C-A (B C)

= A B • C Associative rule for,
7. A * (B+C) = A - B + A • C Distributive rule for over +
8. A + B C =(A + B) (A + C) Distributive rule for +
9. A , B A + B De Morgan's rule for *
10. A+B=A B De Morgan's rule for +
11. A+ 1'= I
12. A* I=A
13. O+A=A
14. 0 As0
15. A+A=I
16. A' As0
17. A+A-B=A
18. A+A B=A+B
19, A-B4B.C+CA=(A+B), (B+C)* C+A)
20. AB+A*C+B° C=A B+B-C21. A=A

A-2
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GATE TYPE ELECTRONIC FLUERIC ELECTROMECHANICAL

AOA A

CN A MZ--
OR -

C

Figure A-6. Symbols for the Basic Gates
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GLOSSARY

This glossary is restricted- to key terms for clockwork. Also caijed hairspring.
timing systems &d components. Additional
terms may be found in the following Balwice Wheel. A balance for clockworks to
references: BlneWel aac o lcwrstregulate their beat. It is usually shaped like a

MIL-STD-444, Nomenclature and Defini- whel
tions in the Ammunition Area, Depatmefit of BistabAc Device. A device that has two stable
Defense, Change 2, 9 July 1964. states, sucha current on or current off.

MIL-,TD-1 306, Fluerics, Tenninology-qnd
Symbols, Department of Defense,. 17 July Cesium jleami Resunator. A device which
1968. utilizes the trarsition of the cesium atom

designated as Fm (4,0) .+ (.,0). The
AMCP 706-210, Engineering Design Hand frequency of oscillation has beeft estabikihed

book, Fuzes. as 9,192,631,770 cycles per ephemeris sec-
ond.

IRE Dictionary of Electronic Terms and
Symbols, Institute of Radio Engineers, Inc., Counter. A device capable of changing from
N.Y. 1961. one to the next of a sequence of distiguish-

able states upon each receipt of au input
Eric Bruton, Dictionary of Clotks and signal.

Watches, Arco Publications, London, 1962.
Delay. An explosive train compcnent that

Amplifier. An active electric or flueric introduces a controlled time delay in the
component that increases the strength of the fanctioning process.
signal applied to it.

Deilay, Arming. (1) The intervdi expressed in
Arming. The changing from a safe condition time or distance between the justant an item
to a state of readiness for functioning. of ammunition carrying a fvze is latinched
Generally a fuze is caused to arm by one or a and the instant the fuze becories armed. (2)
combination of means as acceleration, rota- The time interval required for the armdng
tion, mechanical drive, chemical action, process to be completed in a nonlaundhed
electrical action, or air travel, item of ammunition.

Atomic Clock. A timer that employs as its Delay, Functioning. The iiterva! expressed in
frequency regulator the vibration of the time or distance between initiation of the
cesium atom. The atomic clock is the most fuze and detonation of the main charge.
accurately known frequency standaid because
the radio frequencies emitted by atoms and Eph-meris Time. Time calculated from the
molecules at low pressares are fixed and orbit of the ear'd around the sun (as opposed
unchanging with time and independent of to the rctation of the earth). Ephemeris time
temperature. has been adopted as the fundamental unit of

time.Balance SrAng. A fine spring, usually spiral,t.sed fox oscillating the balance wheel of a Escape Wheel. Th. !ast wheel in the gear train

G-1
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of a clockwork which is controlled by the " and systems and the associated periphedescapement. equipment used to perform sensing, logic,

Escapement. The part of a mechanical amplification, and control functions.

clockwork which regulates the rate of Fuze. A device with explosive components
transmission of energy. %e also: specific which initiates a train of fire or detonation in
escapements. an itenm of ammunition by an action such as

hydrostatic pressure, electrical energy, chemi-
Escapement, Self-starting. An escapement cal action, impact, mechanical time, or a
that has the ability to start oscillating, combination of these.I; without an external force, from any rest
position, and to sustain the oscillation3 as Fuze, Time. A fuze that can be preset to
long as energy is supplied, function after the lapse of a specified time.

Escapement, Tuned. An escapement consist- Gear Train. An amrigemen;t of two o; more
ing of a pivoted balahce mass and a restring gears meshing to transmit power from a
sprng, pulsed by an escape wheel. driving shaft to a driven shaft -at a diffei-ent

speed or in a different direction.
Escapement, Untuned. An escapement con-
sisting of a pivoted mass driven by an escape Hair Spring. See: Balance Spring.
wheel. The mas oscillates without a spring-

Igniter. (1) Any device, chemical, electrical,Explosive Train. A train of combustible and or mechanical, used to ignite. (2) A specially
explosive elements arranged in the order of arranged charge of a ready-burning composi-decreasing sensitivity. Its function is to tion, usually black powder, used to assist in
accomplish the controlled augmentation of a the initiation of a propelling charge. (3) A
small impu'lse i.nto one of suitable energy to device, containing such a composition, used
cause tie main charge of the ammunition to to amplify the initiation of a primer in the
function. A fuze explosive train may consist functionig of a fuze.
of a primer, a detonator, a delay, a relay, a
lead, and a booster charge, one or more of initlator. A device used as the fist element
which may be either omitted or combined, of an explosive train,. such as 3 detonator or

squib, that, upon receipt of the proper
Failure Diameter. The minimum diameter of mechanical or electrical impulse, produces a
an explosive cylinder which will sustain burninj or detonating action. It generally
propa.vatior in the ax-al diection. Below this contains a s all quantity of a sensitive
diameter, propagation is retarded or extin- explosive.
guished due to radial heat losses.

Tntegrator. A device that sums discrete or
Feedback. The return to the input of a part variable quantities over .sonw specified range
of the output of a device, system, or process. of the selected or independent variable.

Flip-flop. A bistable device. Junghans Escapement. A type of tuned,
two-center escapemaent named after its oriS-

Fluerics. The area within the field of fluidics, inal designer.
in which fluid components and systems
peiform sensing, logic, amplification, and. Logic Device. One of the general category of
control functions without the use of moving devices that perform logic functions; for
mechanical parts. example, AND, NAND, OR, and NOR. They

can permit or inhibit sig'il transmission with
Flaidics. The general field of fluid devices certain combinations of control sipals.

G,-2
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) oran. A long-range pulsed radio aid to Safing and Arming Device. A mechanism that
navigation, the position lines of which are prevents or allows an explosive train todetermined by the measurement of the operate.
difference in the time of arrival of initiallysynchronizedpulses. Setback. The relative rearward force of

inertia which is created by a forward
M onostable Device. A device with one stable acceleration of a projectile or missile during
and one astzble state. When triggered, it goes its launching phase. Setback is directly
from the stable to the astable state, and later proportional to the acceleration and mass of
returns to itG stable state. the parts being accelerated.

Osctllator, Electronic. A circuit for producing Sidiereal Time. The time of the rotation of the
an alternating waveform, the output frequen- earth as measured from a clock star, hitstead
cylorrepetitionrate of which is determined by of from the sun.
the internal characteistics of the device.

Solion. An electrochemical timer based on aif
f Oscillator, Flueric. A flueric device for oxidation-reduction process that uses ions in

producing a periodic change in fluid pressure, solutioh instead of electrons as the charge
velocity, etc. The output frequency or carriers.! ,1 repetition rate is determined by the interna

raetitiso the derined bytheiSpin. Th, rotation of a projectile or missile
about its longitudinal axis to provide stability4 Pallet. The part of an escapement which during flight.

intercepts the teeth of the escape wheel. Timer. A programming device that controls
the time interval between an input signal apd

Primer. A relatively small and sensitive initial an output event or events. See also: specific
explosive train component that, on being timers.
actuated, initiates functioning of the explo-
sivw train but will not reliably initiate high Timer, Analog. A timer that obtains its
explosive charges. programmed lime delay by directly measuring

the magnitude of some continuously variable
Pyrotechnic Composition. A physical mix- parameter, often the rise in voltage from zcro
ture of finely powdered fuel and oxidant, to some predetermined value.
with or without additives, to produce heat,
light, smoke, or special effects when ignited. Tmer, Digital. A thnar (I) having a numeric
The mixture is consumed in the process of display of the time, or (2) measuring time by
burning, counting the output pulses of an oscillator.

Relay. An explosive train component that Timer, Electronic. A timer using electronic
provides the required explosive energy to digital or analog elements.
initiate reliably the next element in the train.
It is especially applied to small charges that Timer, Electrochemical. A timer based on the
axe initiated by a delay element and, in turn, constant rate of a chemical reaction at a
cause the functioning of a detonator. constant current.

Runaway Escapement. An untuned, two- Timer, Flueric. A timer using flueric digital
center escapement in which the escape wheel or analog elements.
drives an inertial mass alternately clockwise
and counterclockwise. The oscillatory motion T'mer, Interval. A timer that switches electric
of the mass regulates the escape wheel circuits on or off for the duration of the
motion. Also called verge escapement. preset time interval.

G-3
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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

General 6-2 22-1 12-1 2-1 17-1

Military applications 6-3 - 12-2 2-2 17-2

Packing, storing,
shipping 9 - 15 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 23-7 13-6 21-4

Miscellaneous devices: electrochemical 26, nuclear decay, 27

References are located at the end of each chapter

A Actuators, flueric tape, 23-11
Air

AC flueric system, 23-7 injection die casthig,.25-.8
AC motor clockdrive, 16-8 speed-pressure relationship, 24-1
Acceleration traffic control, 3-6

high, 13-7 transport, 15--6, 20-5
low, 13-9 Airborne mechanical timer, 13--14
of electroLic timers, 7-5 AnpIifiers, flueric, 24-34
rocket, 16-29 Analog

Accuracy, see also: Frequency stability electronic system, 6-3
comparison, 1-2, 13-3, 16-4 electronic timing circuits, 10-1
mechanical timers, '12-2, 13-3, 13-6, 16-3 output of mechanical timers, 16-71
precision reference timers, 2-4 AND/NAND elements, 24-28, A-1*1

j 1..M
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INDEX(Con't,)
Apparent solar time, 2-1 Breaking fork for escapement, 16-33
Arming- Breadboarding, 7-9

delay, electronic, 7-20 Brocet's~method for-gear ratio, 16-25
delay, mechanical, 12-8, 13-3, 16-78 'Bruceton test, 21--13
device, mechanical; 12-7
time,-rocket, 16-29 C

Artillery -fuzes
flueric, 24-44 -Cam operated mechanical output, 16-74
mechanical, 12-7, 13-7 Capacitors

Artwork taping, 8-16 electronic, 7-6, 8-1-2
Atomic fluerie, 24-33

beam-resonators, 3-11 Cascading, 24-36
clock-synchronizati6n, 5-3 Casting of plastics, 25-2
clocks, 2-1, 3-3 Centrifugal force, projectile, 13-7
resonance devices,-3-iO, 4-12 Ceramics for flueric timers, 25-1, 25-11
time,2-3, 3-1 Cesium beam standard, 4-13

Auxiliary equipment Character form, readout, 16-76
electronic timers, 6-5 Chemical
mechanical timers, -12- U electronic plating, 8=-4

gas generators, 24-6
B milling of metals, 25-9

Clock tooth gears, 16--18 (
Backound of readouts, 16-77 Clocks, 3-1, 12-2
Baffles for delays, 18-5, 18-7 Closures for delays, 18-8
Balance wheel Club tooth escapement, 16-42

configurations, 16-45 Coded tape flueric valves, 23-1 0
Junghlans, 16-32 Communications, 2-7
manufacturing methods, 14-5 Compression molding of plastics, 25-6

Balanced piston output, flueric timer, 24-38 Conductor spacing, 8-15
Banking pin of escapement, 16- 62 Copper thickness for circuits, 8-14
Barium chromate/boron delays, 21-9 Coriolis force, 13-8
Basic timer concepts Corrosion preventive finishes, 13-6

electrochemical, 26-1 Coulometers, 26--3
electronic, 6-1 Counters
fluerc, 22-1 electronic, 7-10, 11-14
mechanical, 12-1 flueric, 24-21
nuclear decay, 27-1 precision reference, 5-2
precision reference, 2-I Cost of time bases
pyrotechnic, 17-1 comparison, 1-2

Batteries, 7-9. J0-13, 11-22 electronic timers, 7-25
Beliows actuated flueric output, 24-39 mechanical timers, 13-5
Binary counting, 24-22 Crystal oscil:ators, 3-4
Bipolar transistor, 10-10 Curpistor timers, 10-8
Bisset-Berman coulometers, 26-3 Cycloidal gears, 16-18
Black powder, 21-5 Cylinder escapements, 16-36
Bomb fuzes, mechanical, 13-10
Boolean algebra, A- 1 D
Bottled gas flueric power supplies, 24-1.
24-4 Dashpots, 16-77

1-2
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Data analysis, statistical, 7-23, 13-18, 21-13 radiation hardening, 7-18
DC flueric systems, 23-7 Detached lFver escapements, 16-42, 16-64
DC motor clock drives, 16-11 Detonator, delay, 17-2
Dead br.at escapements, 16-31 Die casting of metals; 25-7
Delay, arming, 7-20, 12 --, 13-3, 16-78 Dielectric materials, 8-7
Delay elements, pyrotechnic Diffusion method for semiconductor

assembly, 18-2 circuits, 8-6
baffles, 18-5, 18-7 Digital
Ilack powder, 21-5 electronic timers,-see also: Electronic
chemistry of compositions. 21-3 timers, 6-4, 1-1-1
closures, 18-8 interval- timer, flueric, 22-2
compositions, 21-5, 21-6 output of mechanical timers- 16-71
data analysis, 21- 13 Diodes, 10- 10
fuels, 21-4 Dock escapement, 16-36, 16-50
general; 17-1 Draw a:ngle of pallet, 16-61, 16-65
heats of reaction, 21-7 Dynamic regulator for mechanical timers,-
housing materials, 18-2 12-12
initiation, 18-4, 18-7, 21-10
input sensitivity, 21-12 E

internal free volume, 18-7
loading pressure, -18-2 Efficiency
measurement of explosive charge, 19-2 of gear trains, 16-19
obturated, 18-6 of main springs, 16-6
output, 18-7 Electric
output sensitivity, 21-12 discharge machining of metal, 25-10
oxidants, 21-4 initiators, 21-2,21-12
pelletizing, 19-3 Electrochemical
pressing, 19-2 machining of metal, 25-10
pressure, 18-8 timers
production techniques, 19-1 advantages, 26-5, 26-8, 26-9, 26-10
retainers, 18-5, 18-7 basic considerations, 26-1
safety, 20-1 disadvantages, 26-6, 26-8, 26-9,.
seals, 18-8 26--11
sensitivity, 21-3 electroplating
space limitations, 18-1 action, 26-1
system characteristics, 18-1, 18-9 system, 26-3
vented, 18-3 timers, 26-3

Demolition firing device, mechanical, 13-10 mercury timer, 26-10
Design considrations solion, 26-8

electrochemical timers, 26--4 Electroforming of metals, 25-11
electronic timers, 8-10, 8-14 Electromagnetic pulses, 7-16
escapements, 16-54 Electron beam'machining of ceramics, 25-13
flueric timers, 23-1 Electronic
gear trains, 16-26 circuits for nuclear decay timers, 27-4
mechanical timers, 13-1, 13-3, 14-1, timers

16-2 accelerated systems, 7-12
precisicn reference timers, 2-1, 4-1, analog timers
4-7, 4- !3, 5-1 level detectors, 10-9
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e-tting methods, 10-1- deadbeat, 6-31

timing cicuits, 10-1 detachedlever, 16-42, 16-64-
auxiliary equipment, 6-5 Dock, 16-36i 16-51
dataanalysisi 7-23 Jughans, 16-32, 16-50
digital-timers - manufacturing methods, 14-5-

counters,I 1 13 Popovitch, 16-35.
oscillators, 11-2 -runaway, 16-29, 16-30, 16-54
output circuits, 1 1-19 self-starting capability, 16-40-
power supplies, 11-22- spin sensitivity-of tuned,. 16-.49
setting methods, H 1-21: spring motion, 16-51
time bases, 117-2 tuned, three-center, 1 6-41, 16-60

fabrication, 7-10 tuned, two-center, 16-31, 16-58
general; 6-1 untuned, two-center,. 16-26 16!-54
human, factors engineering, 7-24
long delay systems, 7-20°  F
ifitaPy applcations, 6-4

oscillators, 7--3, 7-9, 1 -- 2 Fabrication, see: Production techniques
-output; 11-19 Faraday's laws, 26-1[ packa gn g, 8-1I-I, 9_-1 Feedback oscillator, flueric -24-1-1-
power supplies, 1-1-22 Field-effect transistor_ 10-11

-production techniques, 8-1 Finishes, mechafnical timers, 13-6
radiation hardening, 7-13, 7-18 Firing device, mechanical,_ 13-10
requirements, 6-5, 7-12 Flip-flops, flueric, 24-16
sealing,-8-12 Flow
semiconductor.devices, 6-1 meters, 23-16
-setting methods, 7-13, 10-11,.11-21 -,visualization, flueric, 23-20
shipping; 9-1 Fiueric- timers
stationary systems, 7-1 AC-systems, 23-7
storing, 9-1 advantages, 22-1,systems 6-3 amplifiers,24r34,

I -testing, .73, 7-21 characteristics, 23-2
-time-basas, 10-1, 1- 2 component design, 24-1 I

tubes, iW- 0- counters, 24-21'
Electroplating,26-1, 26-3 DC systems, 23-7
Electrostatic discharge-sensitivity of delays- digital interval timers, 22-1
21-12 disadvantages, 22-3 f

Encapsulation,8-14 flip-flops, 24-16
Enclosures for quartz crystals, 4-4 gain, 23-1
Environmentai design considerations, see:_ -De- general, 22-1

sign considerations hybrid systems, -23-9
Ephemeris-time, 2-2 integrated circuits, 23-2-
Epicyclic gears, 16-15 interval timer, 22-1l
Epoxy casting, 25-2 load-impedance, 23-6
Errors, -timing, see: Accuracy logic, 23-9, 24-26, A-1
Escape wheel, -16-61 matching-technique, 23-5-
Escapement materials, 25-i

cylinder, 16-36 modular components,_23-2

-14
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6scillators, .24-1 I' Gear ;rains
outpts,, 24-22 bibliography, 16-81
power supplies, 24-! clock tooth, 16-18-
produci'n'_techn i~u6s, 25- 1 -cy cl oidal, 16-18
reliability, 22 -1- -design, 16-26
requirements, 22;-1 effciency, [6§-19
resistors, 24m-3,0,ei lc 61
setting-imethods, 24-41 ~friction eftects, 16-19
system- design, 23- 1 gear-ratios, 16-23
test landevAuation, 23-45 harmonic, .16- 15

Fluid ti fmrs, 1677 hpqcyclic, 16-15
Flying clock experimenits, 5-13 involute, 16-18
Fork armvof _escapement,_16-64 manufacturing method, 14"S
Forward- Adceletvation; 13 -7 small -mechanism, 16-1'6
Frankford -run-down- test, 21-13 -sur,16i-1-4
Frequency- synchronic'index, 16-16

dividers, 7-1 heory, 16-21

'ofescapemfenits, I61Z27, 16-32, 1 6-5 1, tootlr design, 16-2 1,
of time bases, 13-2 -Worm gesrs, 16-14of tuning -forks, 4-1-1 Gibbs coulomfeters, 26-3I
sensors, flueric,.23--12, 23-i6 Glass-to;.glass sealing, 8-13
stability- of precision reference timers, 3-1 Gover'nor for -DC motor clocks,-16-i1
standards,,2 -3 31-3,4-.12 Grah-am- escapement, 16-31

Friction, Great cirble distaaices, 5-3
effctsn gartrain efficiency, 16-19 Grnad -fuzes, mechanical,'1-3-5,, 13-10,

sensitivity-of 'delay elements, 21-10 16-78
Functinn deay mechail 1- -Gfouping of-digits, 16-76-
Fuels for dlay compositions, 21-4 -Guided- missile fuzes, mec.ianical,'12-6,4 Fuzes 1-4

electronic,:7-20,-['1 1-5
flueric, 24-44 H
mechanicaltiine, -12-4, 12-6, 13-7w-,

-13.-9,16-2_ -Hairspring
pyrotechnic, 17-2- Dock, 16-5 S1
setting, see: -Setting- Junghans,. 16-32

manufacturing-method, 14 -5
G_ motion system, ['6-49

-Half-adder oscillators, flueric, _24-13
Gain of-flueric-timers, 23-1 Hand-grenade fuzes, mechanical, 13-5,-

-Gammrarays,--14 -16-78
Gas Harmonic gears, 16-15

cell atomic -resonators, 3-11 -Harmonic oscillators,- 1 l-2
gene rat 'ors, flueric, 24-4 -Hazard classification, 20-2
tube counters, 27-3- Heat

Galesdelay copstos 16of-reactji, delay comfpositions, 21--6

Gear ratios, 16- 23 sensitivity of delays, 21 -11

1-5 j
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High acceleration timer systems Level detectors, electronic circuits, 10-9
electronic, 7-5 Lever of escapement, 16-62, 16-63, 16-66
mechanical,l 3-7 Lightning discharge protection, 9-2

Housing material of delays, 18-2 Linkage of setter components, mechanical,Human factors engineering, 7-24, 13-5 16-69
Hybrid systems Load impedance;, flueic- circuits, 23-6

electronic, 8--9' Loading pressure of delays!, 18-2
flueric, 23-9 Logic circuits, flueric, 24-26, A-I

Hypocyclic gears, 16-15- Long-delay timers
electronic, 7-20
-mechanical, 13-10

Loron, 2-5, 5-8
IFF, 2-8 Low acceleration systems; mechanical, 13--9
Ignition charges, 21-1, 21-2 Lubrication, mechanical timers, 14-4
Illumination of readouts, 6-77
Impact sensitivity of delays, 21 -10 M
Impulse pin of escapement , 16 -62
Inductance-capacitance oscillators, 11 "4 Machining,_25-47, 25-12
Initiation af-delays, 18 -3,,18-7, 21 -10 Mach-Zehnder interferometer, 23-21
Inltiator3, 21-1 Magnetic core computers, 7-7, 11 -15
Injection-molding of plastics, 25-5 Mainspring
Input sensitivity of delays, 21-12 comparison, 16-7
Insulated -substrate, electronic. circuits, -8- i0 design, 16-3
Integrated circuits efficiency, -166-6

electronic timers, 6-2, 8-5, 8-11 negator, 16-6
flueric-timers, 23-2 torque, 16-3

Internal free volume of delays, 18-7 Maintainability of timers
-Internationally coordinated atomic time -electronic; -7-23

scale, 2-3 mechanical, 13-4, 13-6
Internationally coordinated Universal Time, Manganese delay compositions, 21-6
2-2, 2-3 Manufacturing

Interval timers methods, see: Production-techniques
-electrochemical, 26-6 tolerances, mechanical timers, 13-6
electronic, -11-21 Masers, 3-11, 4-15
flueric, 22-1 Mass production-of timers
mechanical, 12-1, 12-3, 13-13 mechanical, -13-6, 14-2

Involute gears, 16-18 pyrotechnic- 1-7-I
Matching techniques, flueric circuits, 23-5

J Material
for flueric timers, 25-1

Jet molding of plastics, 25-6 MIL-SPECS, 14-4
Junghans escapement, 16-32 substitution for mechanical:timers, 13-6

Mean solar tim3, 2-1
L Measurement

explosive charge, 19-2
Laminate materials for printed circuits; 8-17 precision time, 5-1
Legibility of characters, -16-76 radiation hazard, 7-19

1-6
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Mechanical MIL-SPECS, materials, 14 -4
initiators, 21-1, 21-1,2 Miller integrators, 10-7
resonator Oscillators, 11-9 Modular components for timeTrs
timers electronic, 8-1'

auxiliary-equipment, 12-11 flueric, 23-2
component desigr, ;16-1 Moisture sensitivity of.delays, .2-43
design, 13-1-, 13-3 Monobrid electronic circuits,8--9
escapements, 16- 26, see also: Monolithic-circuits, 6-2

Escapements Motor clockdrives, 16-2,J6"11
fluid, 16-77 Moving parts detector, fluericq-timers, 23-12

fuzes, 1 2-4, 12-6, 13--7,-13-9, 16-2 Multichip electronic circuits, 8--
gear trains, 16-14, seealso: Gear N

trains
general, 12--1
lubrication, 14-4 Nature of-timing systems,,. 1
militaiy requirements, 1-m1 Navigation, 2-5
motors, 16-73, 16-8 Negator spring, 16-6,
outputs, 16-71 Neutrons, 7v-16
packing, 1-5-1- Nuclear decay timers
production techniques, 14-1 'associated-electronics, -27-4
readouts, 16-75 particle detector, 27-3-
requirements, 12-9, 14-3 radiation source, 27-1
setting, 16-66 radio isotopes, 27-3

I shipping, 15-1.springs- 16-3 0 -

storing, I5-1
system considerations, 13-1 Obturated delays, 18-6
torque regulators, 12- 11 Omega synchronization, 5-9-
typical;' - A2I Onticalflueric-measuring techniques, 23=21

Mercury Orifice resistors, flueric, 24-31
switch, 16-73 OR/NORelements, 24-28, A"-
timer, 26-10 Oscillators

Metals electronic timers, '-3,179, 10-3
Sr electronic-timers, 8-I electronic- timers, characteristics, 11-2,

for flueric timers, 25-1,25-6 11-12
for tuning forls, 4-11 - flueric timers, 24-141,241-14

Meteor burst clock synchronization, 5-13 quartz crystal, 3 -4, 3 -14, 4-2) 4-7,
Microelectronic modules, 8-- 1 11-2
Military applications reerence,,requirements, 2-8

electronic timers, 6-4 Output
general, 1-3- delay sensitivity, 21-13
mechanicW timers, 12-1, 12-6 delays, 18-4,'18-7
precision reference timers,_ 2-5- electronkctimers, 11-19;
pyrotechnic timers, 17-2 fluerictimers, 24-38
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-mechanical timers, 16-71 design criteria, 4-1,4-Y3
Ovens for quartz crystals, 4-9 equipment, 5-1I
Overdriving, 24-37 frequency-stability, 3-1
Oxidants for delay compositions, 21-3 general, 2-1

measurement, 5-1
P quartz crystal oscillators, 3-4, 3-14,

4-7
PA spring motion system, 16-49 radio -ransmission, 5-3
Packing reproducibility, 2-4

electronic timers, 8-11,9-1 rubidium gas ccli standard, 4_-14-
mechanical timers, 15-1 signal generation systems, 3-I
-pyrotechnic timers, 20-I spectral-,surity, 2"5
steps, 15--3 stability, 2-4Pallets, 16-27, 16-54; 16-56, 16-61, 16-65 synchronization system2s,-5-4-

-Particle detector, nuclear, 27-3 time standards, 2-1
-Pelletizing explosive charges, 19-3 transfer standard,-5-14
Performance tests, see: Testing tuning forks. 3-8;4-11
Percussion primers, 21 -2 Pressing explosive charges, 1 9--2
Photoetching Pressure

of ceramics, 25-11 bottles,-24-6
of metals, 25-9 of delays, 18-7Photoresist masking, 8-2 of flow, 24-29

Photosensitive plastics, 25-4 of fluids, 23-16, 23-19
Piezoelectric gages, 23- 9 Primary frequency standards, 3-3-
Pin-pallet escapement, 16-43 Primers, 21-1,21-2-Plastics Priming compositions, 21-2

-for flueiic timers, 25-1 Printed circuits, 8-14
sealing, 8-14 Production techniques of timers

! Plunger die casting, 25-8 electronic, 7-10, 8--1I Pneumatic flueric, 25-1,-25-2,-25-13
dashpot, 16--77 mechanical, 14-1, 14-5
power supplies, 24-4 pyrotechnic, 19-1
switch, 23-14 Programmer, mechanical timer, 12-1,

Porous metal resistors, flueric, 24-31 12-12
Popovitch escapement, 16-35 Protection levels, packing, 15-2
Position finding, 2-5 'Prototype development, mec.ianical timers,
Potting materials, 8-14 13-8
Powder metallurgy, 25-7 Power sources
Precessional force, 13-8 batteries, 7-9, 10-13, 1-1-22, 16-13
Precision reference timers flueric, 24-1

accuracy, 2-4 requirements, 11-23
atomic resonance devices, 3-10, 4-12 springs, see: Mainspring
-cesium beam standard, 4-13 Pulse-type oscillators, 11-10, 11-19-
circuits, 4-2 Pyrotechnic timers
components, 4-2 assembly, 18-JO
counters,-5-2 advantages, I 7--I
definitions, 2-1 components, 21-1

il 1-8:
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d e, lei: .-nts, see: I~lay~elenients flueric, 24--1
disaC antages, 17-2 Relays, mechanical, '16-72-
general,,17-1, 18-8 Reliability of timeis
hazard classification, 20-2 electronic 7-4T,'7-23
initiators, 21 1 mechanical, 13-4-
military applications, 17-2, 18-2 Reproducibility of piecisior reference
packing, 20-1, timers, 2-4
production techniques, 19.- I Recquirements for timers
requirements, 17-2, 18--2 electronic, 6-5,7-1, 7-12, 11-23
safety, 20-2 iiie.-hanical, 12-9, 14-3
sensitivity, 21-9 pyrotechnic, 17-2, 18-11
shipping, 20- ,-20-3 Reserve'batteries, 16-13
spacelimitations;_1 8-1 Resistance-capacitance oscillators, 1_1-6
storing, 20-1, 20-3 Resistors
system characteristics, 18- electric, 7'-6, 8 -7,-8-12, 10- .2

flueric, 23-14, 24-30'
Q Retainer for delays, 18-5,18-7

'Reynolds number, 23L-16
Q factor, definition, 4-11 Rifle-bullet impact senlsitivity 2141
Quantity-distance tables, 20-4 Rifle grenade fuze, mechankal, 13- 0
Quartz crystal RL networks, l 0-6

clocks, 34, 3-3 Rocket fuze, -16-29
general, 4 -5, 11-9 Roller- of escapement, 16-62
-oscillators, 3-4,4-2, 4-7 Rubidium gas cell standard, 4-14

Ruggedness, mechanical timers, 13-6
-R Runaway escapement, 16-29, 16-54

Radar surveillance, 2-8 S
Radiation

from natural substances, 7-)4 Safety
hirdeniig, 7 -1 3, 7-18; 9-1 design considerations, -1-6-2, 20-Ii
output of masers, 3-12 pin of escapement- 16-62
source for nuclear decay timers, 27-3 tests, 7-22; 13--16

Radio transmissioI, 5-3 Safing and arming device, mechanical, 12-7
Radioisotopes, 27-3 Satellite electronic timers, 7-20
Rail tiansp6rt, 15-5- 20-4 Satellite synchronization, 5--IA
Ram air flueric power, 24 -2 Scale layout, :16-75
-RChnetworks, :10-1- Scintillation-counters,27-3
Readouts, mechanical timers, 16-75- Screen printing of electronic circuits, 8-3
Recoil escapement, -16-32 Sealing, 8-12, 18-8
Reference-timers, see: Precision reference Secondary frequency standard, 3-3
timers Self-starting capability of escapements,

Regulation- machine-for iiechanical timers, 16-40
12-12 Semiconductor devices, 6-i, 8-5

Regulatoi constant, -16-59 Sensitivity of delay compositions, 21-9
Relaxation oscillators Sequencers, rnechanic4l, 12-2, 12-6 -

- electronic, -11-10 Setback, 13-7

1-9 {
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Setforward, 1 3-7 Static electricity protection, 9-2
Setting of timers Stationary timers

electronic, 7-13, 7-20-10-11, 11-21 electronic, 7-1
flieric, 24-41 mechanical, 13-10
mechanical, 16-66, 16-69 Statistical-samplirg, 7-4

Shaft manufacturing methods, 14-5 Storage
Ship transport, 15--7, 20-4 classes; 15-3
Shipping of timers container, flueric, 24-8

electronic, 9-I electronic timers, 9-1
mechanical, 15-1 mechanical timers, 15-1
pyrotechnic, 20-1, 20-3 pyrotechnic timers, 20-1, 20-3

Sidereal-time, 2-2 Supporting-data package, 14-6-
Sideways acceleration, 13-7 Surveillance tests, 13-16, see-also: Testing
Si--a! generators Switches, 16-72, 16-73,23-14 24-40

-flueric, 23-21 Synchronic index gears, 16-16
-precision electronic, 3- F Synchronization-systems, 5-3

Silicodne grease capsule; 16-78 System design for timers
.SilVer-plating, 26-2 electrochemical, 26-3
Simplicity, mechanical-timers, 13-6 electronic, 7-1
Simulation of radiation hazards, 7-19 flueric, 23-I
Sizeof time bases, 31, 13-2 mechanical, 13-1SSmall mechanism gearing, 16-16 precision- reference, 3-1
Smoke visualization of flueric flow, 23-21 pyrotechnic, 18-1, 18- l0
Solar:time, 2-1
Solder sealing, 8-12, 7- T
Solid propellant gas generators, 24-5
-SoliOn-- 26-8 Tactical design considerations, A16-2
S onic oscillator, flueric, -24-12 Tank-fired-ammunition fuze, 16-64

, Space limitations, pyrotechnic timers, 18-1- Tape flueric actuators, 23--11
Spectral purity of precision reference timers, Technical documentaton for timers
25 flueric, 19-3S ipn mechayical, 14-6

effect, 13-8 Telemetry, 7-22
sensitivity of tuned-escapements, 16-49 Telstar synchronization, 5-11F

Sp ring motion of escapements, 16--51 Temperaure
Springs for mechanical timers, see: Hairspring compensated quartz oseillatdrs, 3-4, 3-14

-,r-: -Mainspring controlled -quartz oscillators.3-6
Spur-gears, 16-14 frequency coefficient of tIning-forks,
Sputtering electronic circuits, 8-3 4-11
Stab primers, 21-1 Testing of timers
Stability of precision reference timers, 2-4- electronic. 7-3,7-21
Standard flueric; 23-15

for precision reference- timers. 2-1, 3-3. mechanical 13-3, 13-142 -4-13 pyrotechnic, 20--1, 20--"
frequency, 2-3, 3-3,-4-12 Thermal batteries, 16-13

-parts-for mechanical -timers, 13-5 Thermoforming of plastics, 25-4
time, U.S., 2-3 Thin film -circuits, 6-2, 8-2, 8-7

1.10
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Time U
base comparison, 1-2,13-2
inter1,,!lvs voltgechanges, 10-2 Ultrasonic machining of ceramics, 25-12

Timer, see: -specific type Unijunction transistors, 10-11
Tolerances, mechanical timer parts, 14-5 Universal time, 2-2
Tooth design Untuned two-center- escapements, 16-26,

bibliography, 16-81 16-54
escape'-wheel, 16-61 U S Standard time, 2-3
,gears, -16-21

TorqueVdetached lever escapemeit, 16-43, 16-:50 V

mainspring, -16-3 Vacuum
projectile, 13-8 deposition of electronic circuits, 8-3
regulators for mechanical-timers, 12-1 L die casting, 25-8-
runawayescapement, 16-29 tubes, 7-8

Torsion-bar-oscillators, flueric, 24-12 Valves, cooled tape, flueric, 23-10
Transfer molding of plastics, 25-6 Vapor phase deposition of electronic cir-Transfer of standards, 5-14- cuits -8-4
Transistors Variable resistors, flueric, 24-32

counters, 11-14 Velocity meter, 23-18
general, 6-1, 7-8, 10-10 Vented-delays, 18-3

Transportation environment, 15-4 Vibrating
Triodes, 0-10 flueric frequency sensors, 23-12
Truck transport, 15-5, 20--4 quartz oscillators, 4-2
Truth tables, 24-23
Tube resistors, flueric, 24-30 W
Tuned escapements

three-center, 16.-41, 16-60 Water-simulation of flueric flow, 23-20
two-center, 16-31, 16-58 Welding, 8.-12

Tungsten delay compositions, 21-8 Wien-bridge, 11-6<1 Tuning fork oscillators, 3-8, 4-11, 11-9 Worm gears, 16-14
4 Turbulence-amplifiers, flueric, 24-34, 24-37

TV networksynchronization, 5-11 X
Types of-timer, 1-1

X-rays, 7-14

I-! 1/1-12
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