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•:: ABSTRACT

Shia report. 9nalyzea ,,'e Germ.a.n Scund-Ccntrolleed

Torpedo Ln the light of this aEaznt informatio: at hand in

order to determine the conditions that must be Let by

countern.eacuress and outlines the character and development

of methods and meane for meeting tese conditionso
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I. INTR0DUCT ION

iý Reports from abroad lndiioate that the torpedo nor-
ially rin-s at 30 knots until thn target is brought within

range of the sound control equipment, and then slows to about
20 knots. These reports further state that sound control is
accomplished through two series of bydrophones, eight or
twelve on a s wde, which operate at about S kc. A report of
the interrogation of the survivors of the 'U660" gives the
following additional information: - The torpedo has been
given the extra Long range of 17,500 yards to enable it to
overhaul its targeto The radius of its minimum turning
circle is 104 yards. The amount of' helm required is given
to the rudders by the microphones, which set the rudder to
a given number of degrees according to the microphone that
is nearest to the noise. More helm is given when the after
microphones are affected, Irformation regarding the geo-
metrical arrangement and spacing of the several microphones
of each group is wholly lacking.

I!. SOUM CONTROL FREQUENCY

2. It may be noted at the start that the choice of a
frequency band centered at 5 kilocycles for directing the
torpedo was well considered& The sound spectrum of a tor-
pedo proceeding at 20 knots reaches a maximum intensity
within the band 100-62500 cps and drops to relatively low
value at 5 kc. The local noise background, which limits
the range of operations, becomes favorable within this fre-
quency band. The 5 kc band also imposes difficulties fron
the standpoint of couutermeasures since it limits the range
within which countermeasures can be effectively used. This
can be understood by reference to Plate 1, which serves to
demonstrate that the range D to which the sound equipment
should be expected to work in deep water is given by the
expression

-- x

where h is the depth of the torpedo and A- is the sound
wavelength. Taking 101 as the normal running depth and 11
as the average wavelength in the frequency býad centered
about 5 LEc gives
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This figure assumes a low noise background such as would

not obtain_ on the torpedo, The practical ranEge to which

I he tor•.:<i will respond to acoustical ccutrcl should be

expected' 11-o fall somewhat short of 800 feet. Probably

6000 feet rz•ces nearer to representing the pr&.•tical

limiting range to which the torpedo will resmond to

counter !a•ures.

3. A survey of the sound generated by merchant ships

leads t;o the conclusion that the homing point of a sound-

directed torpedo employing a frequency band centered at ap-

proximetely 5 kc must be the propellers of the target.

Since the -)rpose of countermeasures is to prevent the tor-

pedo 1%-f r.'eachimng the target, a considerat-ion of the

chRracter and limitations of the sound-controlled path of

the torpedo becomes of prime interest.

:111. COUISE OF TORPEDO

4. Local noise background must limit the sound con-

trol to relatively short ranges. Therefore, the torpedo

must be launched and gyro-directed along a collision course

to within some roughly predetermined range where the in-

tensity cP the target propeller sound is sufficient to

operate the acoustical controls. From this point on, the

torpedo may be expected to follow a sinuous course along a

theoretical smooth path directed continuously at the pro-

pellers of the moving target. The character and limitations

of the theoretical path are obviously dependent upon the

velocity Vt of the torpedo, the velocity V. of the target

ship, and the relative bearing of the origin of the sound-

Scontrolled path with respect to the target. Such paths are

drawn to scale in Plate 2, wherein the paths originate on a

circle a4 8001 radius centered on the targetls propellers

at the instant the torpedo crosses this circle. The speed

and fixed course of the target are represented by the vector

V *.and the speed, course, and origin of the path of the

torpedo are indicated by vector VtV

5. Four paths are shown in Plate 2. The two with

origins specified by vectors Vt and Vt are located off the

bor. symmetrically with respect to the target, and those

with origins specif'ied by vectors VtII and Vt,'11 are simi-

larly located off the quarter. The two sterboard paths

shown are for Vt= 20 knots and V.. 15 knots, while the two

port side paths shown are for Vt. 20 knots and Vs = 7.5 knots.

-2--
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A Considoration of these paths au!n of their" umderlying

theory, leads to the conclusions'-

a) The curved pa.ths areoeav-

toward the foiFrd directio;
of the t-rget.

b) The curvature increazes as

the angular bearing .! of

the path-origin, measiured
from the stern-mrd projected
course of the target, becomr.s

greater.

G) The curvature increaseo as

the ratio VAt decreases.

d) The torpedo can reach the

target only along paths
where the radius of cv.7va-

ture does not become less

than the minimum turning
radius of the torpedo, and

hence only along patho

having their origin within

some limiting values of I
depending upon the ratio

e) There is, thus, a region for-

ward of the target of angular
spread 2(180- s) that does

not need to be safeguarded by

countermeasures. This region

is represented by the cross-

hatched ares; on plate 2. A
torpedo following a path

within thece areaz murt miss

the target, and continue on,

presumably in a circular path

of radius R equal to the mini-

mum turning radius of the tor-

pedo. The small unshaded area

forwn, d of the target theoretical-

ly-is exposed to attack, but

practically need not be guarded.

SECRET
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G.,q ia shaded "s-f'e fct, ,.s of P-1e a -wer
determ!-e.:- with the aid of Fit--t 3, the n;,,abheratacal

theory c.f,' whOch is too involvsd tc be given rýtreo Lt

is aseu-id thet -he target ship it rectangular in shape,

and 30 • wide. The minimuca turning radius of the

IItoedo t ataken as 300 f~e9t

it. ic of intereer to consider the conditions

necessary f or avoiding hull contact when the torpedo

traverses a oircuilar path of ninimti turning radius. The

clc itu radius R -of Plate 4 represents then minimtr

turning - l*'f the torpaedo, This path haas just missed

the te:- " propsller at point p. The course of the tar-

get Fay -. ,lofLg any chord of the circleý starting at p,

such ar p-ro depending on the direction at which the tor-

pedo orA.!.:2d the traok oc4 tie iserget. The t.rget will

avoid e hit by causing '-he torpedo to pass eotern when

it traverses the chord p-q in less time than. the "torpedo

traversee the arc. Therefore, one conditb.-. for avoiding

the tormedc becomesa--

2IVI
VS

Substituting the two values 15/20 and 7.5/20 gives for #

respecti]ely the values 730 and 1250. -The complements of

these angcev, 170 and -355, give the course&, of the target

with respect to the diameter p-s of the turning circle.

Therefore the 15 knot target will eacape if its course lieA

within 170 of the diameter D-s of the turning circle of the

torpedo. The 7.5 knot ships however, cannot escape unless

its coure lies outside, (.•e., to the right of) the chord

making -350- with the diemeter p-s of the turning circle and

on the side opposite to the torpedo. This results in

directing the torpedo along the major instead of the minor

arc p-q. This condition can arise only when the approach

path of the. torpedo crosses the ship's course at an angle

less tha4i 900, and hence should rarely occur in practice.

Therefore, the nlow ship should not be expected to escape

when the approaching torpedo misses close astern0

8. The target will escape a hit due to passage of

the torpedo forward of' the bow when the time required for

the torpedo to travel the arc p-q is less tl1 an the time re-

RESTR ICTED



quired for the bow of the target to reoch the end of tae

chord at q and, in practice, the chance of escape becomes

greatest when a;Prd p-q becomes the diameter. Therefore,

in this case, aa shown on Plate 5, the most favorable

condition3 for escape become:-

ir R , pR-%- / L-L

Substituting in equation (2) the following practical

values:-
R 300', turning radius of the torpedo.

L = 400', length of the target (a-frage freighter).

a the distance the approach course passed astern.

Ve= 7.5 knots - Since slow target speed favors a

forward miss,

gives-- 'yT30o 7 .,OOr-

This means that the bow of the target, even when it steams

at the slow speed 7.5 knots, will have pasted 150' beyond

the point q by the time the torpedo arrives at this point,

Therefore the target cannot escape a hit by virtue of the

torpedo crossing ahead of its bow.

IV, OPERATION OF SOUND CONTROL

9. In the light of the above analysis the chances of a

hull contact by the subject torpedo, after it misses contacting

the propellers as a result of its somewhat considerable turning

radius, is so high as to suggest that the design may well have

been directed primarily to this end. It will be seen that a

consideration of possible modes of operation of the two groups

of microphones tends to support this suggestion, as do the

quoted statements of paragraph (2); and a more recently re-

ceived statement from a survivor of the torpedoed freighter

S.S. YATTEM7 LUCKN]YACH which reads as follhows:

At 1054 GOT, one torpedo vas sighted approxi-

mately 3 points aft the port beam at approxi-

mately 400 to 500 feet and another a few seconds

-20192= - -5-
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later 2 points aft the port bean at about 200
feet, A third was also eighted at this time
approximately broad on tuhe port beam at ap-
p-%xL-Lately 600 feet. Wakes were notod com-
moucing approximately 10* astern of the tor-
pedoes which were traveling almost entirely
submerged. Ho estimate was made as to their
length. The torpedoes appeared to be coming
from astern on a course parallel to the MATTHEW
LUCKq0MBCH at a speed not more than 2 or 3 knots
in exoess of ship's speed. When approximately
abeam, the first two torpedoes dived, momentarily
exposing fin and rudder assembly which was noted
to be black. The third torpedo continued on
ahead of the ship and was not seen to dive. The
first two torpedoes were not sighted again, one
explosion occurring shortly after diving and a
second possibly some seconds later. The first
explosion occurred outboard abreast of port side
of1 -2 hatch which contained general cargo,
ripping a hole about 81 to 10' fore and aft
along waterline. also damaging the port boatdeck
superstructure. Sulphur smell was noted. The
second explosion occurred outboard abreast of
portside of #4 hatch which contained grain.

l0. The acoustical control as reported is dependent on
two like groups of 8 or 12 microphone units symmetrically
mounted on the port and starboard sides, respectively. It is
presumed they will be located well forward to minimize noise
disturbance from the propellers. These groups may therefore
be expected to center about 10' forward of the torpedo's pro--
pellers. If the torpedo is designed primarily to contact the
target's propellers, it might be expected that the several
receivers of each gro-ip would be spaced along an element of
the cylindrical surface with the response of the receivers of
each group brought into like phase along lines 1 and 2 making
the angles 9 anvl. 1 equal, 6cute, and symmetrical with respect
to the forward direction as depicted in Plate 6. Such an ar-
rangement provides the double lobe type of reception that has
long since proved effective for homing purposes,, and at the
same time makes the microphone response to the local propeller
noise relatively weak. Moreover, the use of multiple receivers
with properly designed retardation lines for achieving di-
rectivity is in accordance with German practice.



ii. Bt this engly o••ti• arrangement and use

of the rescivers of each group lac-V: agresmeat with the

prisoners' statements quoted ---.a p-.raph 2. Moreover a

torpedo directed by this arrangemeti; would not agrge in

behavior with the torpedoes that e~nk the IMTTHEW LUCKEN-

B&LHo it therefore appears that ti•c severial microphones

of ea~cl group are utilized in some other ,a-y. However,

the number involved, 8 or 12, is ziuch as to argue con-

vincingly that at least a part of tue ric'-ophone units of

each group are directively employed.

12. If, in accordance with ONI Report, Ser. 800. from

Naval Attac-eh., London, dated February 26, 1213, it is as-

sumed that %hen sound it received on the forward microphones

onaly, sl amounts of rudder are v.pplied, but that the

rudder angle is increased when the after mitcrophones are af-

fectod, then it must also be assumed that the after micro-

phones are -used directively as a group and that the group

is directed well away from ahead. Otherwise on approach

these after microphones would respond as readily to the

target sound as would the forward ones. And since broad-

side directlivity requires no retardation units, thereby

greatly simp.lifying the equipment , it may be expected that

the rear 7 or 11 microphones of each group are zornected

in parallel or in series to give such broadside receiving

aensitivity as is indicated by the solid line contours of

Plate 7. With such an e.rrangement the two forward receivers,

whose sensitivity contours are indicated by the broken lines

of Plate 7, will prevail during the approach until the tor-

pedo tends 'to pass by the target, vrhen the vigorous response

of the broadside directed group facing the target will pre-

vail and turn the rudder to a greater angle. The limit of

this angle may be expected to depend upon the range to the

target~s propellers when the torpedo passes, and to become

smaller as the range becomes greatero

13. if it is assumed that the rudder is looked at the

angle given when the torpedo passes the target, then its be-

havior will conform in many respects to the behavior of the

two torpedoes striking the WATTHEW LUCKENBACHo These two

torpedoes were described as approaching from astern at the

respective ranges of about 200' and 400' off the port quarter

and on courses substantial:ly paral].el with that of the ship.

This would bring them roughly to ranges 140' and 280' re-

spectively vwhen they came along side and were reported to

dive, pres-nably as a result of intense broadside reception

of the target propeller sounds. Shortly thereafter one tor-

pedo hit the ship alongside port hatch #2, and slightly later

RESTRICTED
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the other hit alongside port hatch ij4_ Therefore, the in-

tense broadside sound reception that presumably served to

work the diving rudders appears al•zo to hav-e effected the

horizontal rudder control that carried both -torpedoes to

the ehip's hull. The third torpedo appo•tirs to have passed

beyond the operating rauge as discussed Iin paragraph (3).
S14o The fact that all three torpedcý; . approached Cn

the port -de of the IMTT¶ LTJCIENB&,dH, suggests that the

nound control on approach is deliberately -,ffset to avoid

a direct propeller contact. This suggesti-nr is emphasized

by the fact that the relatively slo- speed required to re-

duce local noise back6round to a level that permits sound

control may well prevent the torpedo frcm making headway

directly cgainst the propeller -ash - and by the further

fact thof- the chances of a hull contact are rrprisixtgly

high for a torpedo that aDppoachea from aotez'n on a course

roughly parmllei with, and at a range R from. that of the

target.1 anrd then proceedc toward the target along a circu-

lar course of radius R from the point where the target's

propellers bear broadside to the torpedo°

V, CHANCES OF ESCAPE

15. The conditions and limits under which a torpedo

controlled in accordance with the above assumption may be

expected to contact the hull of a target ship can be under-

stood by reference to Plate 8, wherein the target, of length

L, is assumed to proceed on a fixed course at speed Vs. The

torpedo, w-ith speed Vt, has reached its position along some

sound-controlled course tbhat has become cubstantially paral-

lel with and at range R from the course of the target. At

this point the torpedo, through broadside directive reception

of the propeller sound, takes on a rudder setting that directs

the course toward the target along a circle of radius R. The

circular course of the torpedo and the straight course of the

ship intersect at point p. The conditiona anl limitations

sought are those that bring this crovsing point p between the

bow and stern of the target.

16. The distance the torpedo must travel to strike the

ship is 27tR/4 or f? R/2. The distances the bow and stern of

the target must travel to reach point p are respectively R-L

and R. The time required for the torpedo to reach point p

is rrR/2Vt,, while the times required for the bow and stern

-- _=



of the target to r-eah this point are, respectively,
(R-)/%and RI Therefore th-e torpd Aill cross

foLdrwar of the target xihen

1)-I;? ~ or whe-n

and will cross astern of the target when

irR ~0-orWhen _

Y-t
These conditions are represented graphically in Plate 9,_
for a significant range of the ratio R/L. As has been

noted R can not reasonably exceed 800 feet and the length
of ship, L, is not likely to be leas than 250 feet. in
the case of the 7erman torpedo Vt is 20 knots. Clearly a
ship making more than 2x20/•, or 12o75 knots, regardless
of its length , L, or the range, RB, will outrun the torpedo
and cause it to miss. Quite as clearly a ship making less
than 12J?5 knots will very probably be hit by the torpedo,

for the conditions for the torpedo to pass around the bow
are satisfied only for values, of VeIVand RL wirthin a rs-

stricted region. Assuming a minimum normal convoy speed
of 7.5 knc.ts. Vs,/t will rarely be less than .375. Accepting

this as an additional condition, the chance that the tor-
pedo will pass around the bow of a target ship making less
than 12.75 knots becomes very remote indeed. It follows
that the probability of a torpedo hit for targets within
the speed range of all but the fastest comvoys approximates
unity.

VI. SW"LAY OF TORPEDO CHARACTISTICS

17. The character and potentialities of the German
Acoustics ly-Controlled Torpedo as conceived through the
above analysis can be summarized as follows:

a) The range to which the German torpedo
will respond to the propeller sound of
the target. and hence to acoustical
countermeaeuree, may be expected to ap-,
proximate 600' -hile operating in depths
beyond about 100 fathoms.

RESTRIGflD



b) The torpedo i' not designed for -use
against fiat shi-zs or convoys
should prove espeoialiy effootive,
against ships or convoys proc.eding
at speeds lesS than abo~It 112 1ots.

c) The torpedo is designed to home on
the propellers of the target' tlrough
the difference in intensity of the
propeller sound a& received by two
substantially non-directive receivers
symmetrically located on opposite
sides and designed for receptione
of a band of frequencies centered
about 5 kilocycleso

d) The intensity differential of the
propeller sound of the target picked
up by the two broadcast receivers
must result from differential shield-
ing by the intervening body of the
torpedo. And since the diameter of
the shield is only of the order of
twice the wave length, it may be ex-
pected that the resulting relatively
weak homing tendency of the torpedo
will favor missing rather than di.-
rectly hitting the target's propellers.

e) The chances of a hull hit by a tor-
pedo that misses the propellers on
an approach from the rear and that
on passing takes a circular course
toward the target, are so high as to
encourage the belief that the Germans
have deliberately designed the sound
control of these acoustically operated
torpedoes for such actionoThr.4 should
prove ideal for firing into a slow
moving convoy from a considerable dis-
tance.

f) Most of the microphones of both the
port and starboard groups are believed
to be connected for directive recep-
tion, with the probs-bility that the
direction is broadside to tha torpedo.

4I0-
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The energy received iT-r &MY an 'cvud

source that has a fai:1 lv intense

frequency camponen., rcjaoaenr to 5

kc and iL presented, broade 16 to

the torpedo should bc expected to

work the rudder contr.cls. There--

fore, countermeeaureC fPor the sub-

ject torpedo must work to prevent

its approach from tha rear to P

broadside bearing from the -rc-

pellers of the t.rge.

VII, SUKh$ TED C3-UTERG;FtR:

I,` These conalustons suggest th-e Pollow•ming counter-

a) Eliminate ow greatiy weaken the

propeller sound-sourc• o. tJhe

target by stopping the eneIres

whenever torpedoes are seen or

heard to approach slowly from

astern similarly to those that

sank the WITMW LUCKE1YACB•C, md

by ocoastag 'without change of

course until the torpedoes are

well past. This move must be

taken before the torpedoes have

approached to broadside bearing

,of the propellere of t-ie target-

NoteI: While thie proce,-n're

might incrzase th : hazard in
ease of a gyro-ocntrolled tor-

pedo. therat appear, to be no

reason for mistaking the two

types of shots, gince it appears

improbable th-at gyrc-o-ontrolled

shots would approach from astern

along paths tending to parallee.

the course of the target or that

the subject torpedo woold approach

on any other but a couraGe from

well astern. Thas it -would seem

that thiE Eimple procedure can

Elways be ased with cafety urgie•

RE-37@-, (,-I i
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measures5 are ax I3nd

b) • Povidae a prodo=:.iu~tit z a•:und: •ojce

by -trai ing be-iiiiid th
more sound generators oI cuch tcl--
quern.y sand n and Ra lcct' d

that the torpedo wJill be acru.ia-l!
intercepted before it can reach a posi-

tion broadside frct Shc tarlei pro-
pe! Ie sý

Note I. iue to th: ]• Jtirn, rege to

wcthe torpedo can t-e actux_ aed by

so-ond, it becomes 4ec-•.skry t iail

the =,ound souroe. sourcec e oyed

for coufntermeasures a_ a d.vtanze sub-'

startialiy e qw-A to ta't rceo-. Five

hundred feet world se.e- tr be vev,•°•

able distance o

.WNote 2: The USS DELT1ý,, a 490 foot

Turblne-driven, single-rscrew. fraighter

of 9,700 tons displacement gne537i

approximately 0o05 watta in th. ire-

quency band 4000-1-000 ,ps, -N.en steaming

at 14.5 knots. A. cound sourze for

countermeasures should generate a mini-

mu= of about 30 w.itts within the fre-

quency band 4500-.5601 cps. The figure

falls well within practical lits, and

if service test's prove trat some-rhat

less power will suffice, tlh•_) trn driving

power can be lowered and th,- life of

the equipment correspond(ingly i6gthened.

Note 3: If, as appears probable, counter-

measures are primarily concerned with

guarding against Wircot.ons from well

astern, then a single projector trailed

about 5001 astern. nigi-t serveG, but two

such projectors ceparated a diestx, no

about equal to t-he minimiu turning
cile of the tcý'pseo should provide

greater protecioic• The so-und field

resulting fro:: thef use of a sin;.e pro-

jector is aho=n in Piateio w'mrm the

RESTRICTED
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uroas'-hatche- itrea r. *re""ts t he
region in which thc soun.0id P d from
the propellers of the `argeA wi %, pre-.
dominate.

Note 4.. Poseibl.;; a st~ream of m)uhine
gun projectilem fired :nto th1 werter
off the bow of the tor;'edo cz.• nsrve
to change its course.

c) Interpose a sound shield be--reen the
torpedo and the target1 in the- form of
a cloud of air bubblei curro~rndki
the propellers of the target,

Note 1: The eru=t cf' Cir eQuiLred is

not prohibitive. it can be tank: stored
and hence provided by any one of soveral

small compressors- = tho marketo

19, The Sound Division of the Tiav%'1. Reararch Labora-
toy is� vworking to perfect eeerreaurýe - outl'ned in

(b) and ('o). he sound generator ezrploye tvc, opposed

radiating ciaphragms one foot in diameter, iach of which, is
driven by magnetostriation e.lemcmts that are Fcsighted on

the free end to permit varying tLr.he resonart frequency to

meet changes that m.y be made in the operati-ig frequency

band of the torpedo. The bubble shield prcmises to be a
vertical sheet on both port ard starboard side of the pro--

pellorz supplied from ,vertically mounted pert'orated pipes-
Meantime it appears advisable to determu'e promptly the

posaibilities of the parallel pipes for use _.• an acoustic
intercepttor et least as a stop gap.
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