Progress Report from the Woods Hole Oceanographic Inst.

Dec. 10, 1941

1) & second group of 10 fnsigns has received training
at Woods Hole and they are now awaiting orders. Their equipment
is ready to be shipped. Several officers from the Inshore
Patrol of the First Naval District have also been sent to
Woods Hole for shorter periods of instruction.

2) About 40 special slide rules have been made up and
these greatly facilitate the calculation of the path of the
limiting sound ray. In most situations the range at any
depth can be known within 5 or 6 minutes after the tempersture
record is availlable. A considerable number of these slide
rules have been distributed To officers who are interested
in the refraction of sound in sea water.

3) A set of 5 charts summarizing the available bathy-
thermograph observations in the Western North Atlantic has
been prepared. It is possible that a general distribution
of these results should be made indepéndently of the revised
report on "Transmission of Sound in Sea Yeter?, which 1s now
ready for iinal typing.

L} Reports received Trom various officers who are now
using bathythermogravhs and the auxiliary equipment indicate
some changes which will improve the performance of the instru-
ment under operating conditions. Nevertheless, useful ob-
servations are now being made in a routine way from destroyers
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present design are most satisfactory. DBesides improving

the existing model we have begun to build a more rugged,
»hand operated instrument for use by small patrol craft. It
may also be useful for showing up thermal stability near the
surface and the resulting poor echo ranging conditions.

5) a temperature-depth recorder for submarines has been
built and given preliminary tests.

6) A study of the advantages fo be gained by a towed
projector {or listening device) as well as a brief analysis of
the importance of refraction from the submarine's point of
view, both emphasize the possible significance of sound channels.
It is believed that sound transmission in suchlayers should be
carefully investigated, if this has not already been done.

7) A bathythermograph has been installed on a ferry which
crosses Lake lMichigan daily. The Meteorovlogical Devartment
of the University of Chicago is using these observations to
study the exchange of heat, waﬁervapor, and momentum, Prof,
Rossby and Dr. Church are revising the theory of wind currents
in the light of the newer ideas concerning the turbulence in the
surface layer and with their most valuable coopersation it is
hoped that beforellbng our understanding oi the therral
structure in the surfuce layer will ne placed on = sound
theoretical basis.
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recent weeks z considerable vart ol our =rffort has
gone into underwater photography at the request of roepresenta-
tives of the Bureau of Ordnance. However, this work also has

an ahti-submarine slant in thet rscent tests show that a light

can easily be seen at deoths of around 100 Teet, snd nogeinly
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submarine carry a light, she could be seen or photographed.
from the surface ship through an underwater port.

9) It should perhans be added that the problem oi how
pest to use the "Atlantis™ in the future is a serious one.
toreover, it is not going to be easy toc hold together he
crew or, Tor that matter, to keep many of our laboratory
technicians and assistants from also enlisting in the Army

or Navy,
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CALCULATION OF SOUND RAY PATHS
USING THE o
REFRACTION SLIDE RULE

1. INTRODUCTION

A, General Statement

" The maximum ranges at which a target can be detected
atl sea with supersonic echo-ranging equipment sare very varliable
and in most instances are not limited by the seneitlivity of
the equirment itself. Recently, the Aimportance of refractlon,
or bending of the supersonic beam has been emphasized as g
controlling factor in determining maximum echo ranges., Pre-
dictlons based on the calculated bending of the sound beam
have been found extremely wvaluable in establishing the effect~

ive meximum ranges which exlst in any aree at a particular
time, C . -

If the velocity of sound in sea water were everywhere
the same, there would be no bending. A beam-projected horizon-
tally from a standard projector could be represented by & cone
of clrcular cross section, with a fan ghaped eection in a verti-
cal plane through the axis as shown in Figure 1. It should
be noted that the edge of the shadow zone Lis not as clear cut
a8 the figure indicates, In practice, a shadow zone is a region
from which no useful echo can bLe obtained. ‘
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Under most conditions, the sound beam does not travel in
1 strailght line but 1s bent upward or downward as in Figure
2, split and distorted, owing to changes in sound velocity with
depth. The velocity of sound in sea water incresses with tem-
perature, with pressure, and with salinity. Ordinerily, salinity
differences between the surface and s depth of 600 feet are
small and may be neglected because variations of sound velocity
with salinity are also small. The increasce of sound veloclity
due to pressure amounts to eleven feet per gecond at a depth of
600 feet. That 1s, the portion of the wave front at 600 feet
travels eleven feet per second.faster than the portion of the
wave front et the surface, if the tempersture of the water isg
the same at both depths. A temperature difference of only three
degrees Fahrenhelt will affect the veloclty of sound as much as
a pressure difference equal to 600 feet of water., Asg temperature
differences of ten or more degrees in a 600 foot water column
are common, and as these differences vary from plsce to place
while the pressure difference is the same all over the world, it
is cleer that knowledge of the distribution of temperature with
depth 1s essential for the caleculation of escho ranges, This
information can be obtained at any time from a moving vessel by
the use of the bathythermcgraph,\an instrument which gives, on
a small glases ellde, a record of temperature againat depth.

For a quick, but approximate, determination of sound ranging
conditions, simple %tables have been drawn up, These tables are
shown and thelr use described in "Instruction Manual for Bathy-
thermograzh Observers, - Part II, Prediction of Sound Ranges

Tfrom Bethythermograph Observations", published by the Bureau of
8hips. ' :

For some purposes, however, an exact knowledge of the re-
fraction pattern 1s desirable, When the temperature dlstribution
1s complicated, or when information is wantsd concerning the
varlation of maximum echo range with target depth, the simple
methods no longer suffice, To simplify the more extended cal-
culatlons the Refractlon $1lide rule, the use of which is described
in the present Manual, has been developed.

The refvraction slidg rule can be used to calculate the
maxlimun echo range obtalnable freom a target at any depth, in any
type of water, provided the variation of temperature wlth depth
is known from a bathythermogfsph observation. Frequently 1t is
sufficiont to caloulate the path of a gingle limiting ray which
bounds the shadow zone and 18 horizonital at the depth of maximum
velocliy. In some cases however, a vay dlagram must be constructed,
snowing the deflecfions of various rays in the sonie bean. These
diagrous csn be prodused in 2 %o 15 minutes, depending on the
comploxlty of the water and the skill of the operator,
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IT the target ie in the beam, the lntensity of sonic
energy reaching it will frequently depend primerlly on the
range, regardless of the type of refraction which the bheam
undergoes in transit, However, in soms cases the intensgity
in par$ of the beam is reduced by refraction far below the
value gppropriste to the distance, and this decrease must
be taken inte account. The slide rule can be used, both to
calculate the shspe of the ray dlagram snd to calculate the
relative intensity in any part of the rey diesgrsm. With
even & little experience in working with ray diegrams, 1t
is quite easy to know in advance which cases are worth the
additional time required for intensity calculations.

Thus, the slide rule can be used firet to caleculate rey
paths for the construction of & ray dlagrem or the deter-
mination of the boundaries of the shadow zone, and second,
for calculation of relstive intenslties along any ray in
casea where there are sbnormal veristions of intenelty with
range. On the basis of these calculations the meximum echo
range can be predicted with reasonsble accuracy for any type
of water condltions,

In depths less than 100 fathoms, where the bottom is
emooth and hard and the refraction is downward, extension

of the range by reflections from bottom must sometimes be
taken into account, : , '

\

"B, Prineinles of Refraction Caloulations

The refraction of sound raye depends on the varlatsion
of the velocity of sound from point to point. The treat-
ment of refraction in the present report 1s based on the
following essumptions about ses water, Justified in the
light of experienca, ' o

\

1, The velocity of sound in the open ocegn de-

pends only on temperature and pressure, changes in salinity
being negligible, ‘

- 2, The water is etratified horizontally, which
means thaet a bathythermograph Jowering defines the tempera-

ture-depth relstionrat all pointe within echo-ranging distance
of the point of lowering.

S.  The temperature-depth curve on the bathy-
thermograph slide may be approximated by a series of straight

linee, which means that the water column may be consildered

made up of a deries of layers, esach having a constant thermal
gradlent, : _



Any ray pessing through & horizontélly-stratified
medium remalns in a single vertical plane, The inclina-
tion to the horizontal for any noint on the ray ls given
by Snell's Law . Let V,, V3, Vo, etc. be the velocity of
sound at points along the ray, and let 9o, 91, @2, etc,
be the lnclinatlon of the ray at the corresponding points.

Then Snell's Law, which is the entire basis of ray dlagrem
construction, states that

cos 045/Vo = cos 01/Vy = cos Qp/Vo = . . . . (1)
The following deductions cen be made from Snell's Law:

S Suppose thet the velocity of sound ineresses
8teadily with depth, as shown by the solid line on the right
hand slde of Figure 3A, where the velocity (horizontal scale)
18 plotted sgeinst depth (vertical scale). To the left in
Figure 3A 18 shown a typlcal ray in such a case, where the
depth scale 1s the same as on the right-hand slde, but the
horizontal scale now represents distance from the projector,
This comblnation of two graphs Together ls a very useful

way of lndlcating the effect of a particular velocity dls—
tributlon on the ray diagram. In Figure 3A, Voand @grepresent
the veloclty and inclination of a ray at the projector.

Let Vl and @1 relate to any other point on the same 78y,
Equatlon 1 sliows that as YV increases, 97 becomes smaller,
bacoming zero when Vp = Vo}cosgc, and thilsg particular ray
can never reach a level where the velocity is greater than
this value. A ray leaving the projector with a greater
initlal inclinatlon can obviously reach a level of grester
veloclty. When the velocity decreases with depth, the

corresponding path of a ray through its maximum level is
shown in f'igure 3B,
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2. Suppose that with inereaeling depth in the water

" the veloclity incresses to a maximum Vi and then decrenses, as
nshown in Figure 4, A1l rave for which the inltiel angls %

%

for the ray at the projector is so smell that V@/cos@¢ is less

than Vy will recurve and return to projector level,

VELOGITY
: DEPTH
SURFACE PLOT
PROJECTOR L
_ABC Vs
ABC ﬁﬂ
| 2No
EE
- G MAXIMUL
DEF” T
PROJECTOR
Figure 4

On the other hand, all rays with initisl angles, Oy, suffi-
clently large to make Vo/cos@y greater than Vi, wifi pene-

- trate beyond the level of maximum veloclty and will not return

to projector level,

" 3. In & horizontel layer in which the temmersture-
depth graph 1s a straight line, all rays are circular arcs
having centeres on a single horizontal plane, as shown in
Figure 6. If Vg is the velocity of scund at the surface of
the layer, and 1f the velocity changes with depth at & rate
g, the veloclty at any depth in the layer 16 V = V4 + gh,

The dlstance from the surface of the layer tc the plans of
centers is Vgy/g. It may assist the memory to mote that the
plane of oen%ers ig the plane at which the valocity would be

zero 1f the layer extended that far and maintained g coqstant
rate of change of velocity,
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4, If a ray recurves and thus passes a given
depth twice, Equation 1 shows that 1tsinclination on the
two passages will be equal in megnitude, For example, if
one of the rays in Figure 5 leaves the projector level, with
an inclination of +3°, and returns to projector level, 1its
inclinetion will then be ~3°, '

5, If the variation of velocity with depth 1s
such that a gilven ray encounters the same veloelty at two
different depths, it 18 seen from Equation 1 that the ray
wlll have the same inclination at both depths.

C. Principles of Intensity Calculatilong

The method of calculating intenslity given in this report
assumes that no sonic energy is lost by scattering or by ab-
sorption in the water. The loss in intensity ie considered
to be due simply to the geometrical spreading of the beam.

With thls aessumptlon, the totsal energy between any two rays

ls the same at all distances from the projector; since the
intensity 1s equal to the energy croesing an aresa one foot
square placed perpendicular to the beam, this guantity decreases
as the dlgtance between any two rays increases.

When the veloclty is constant throughosut the water, all
reys are sitralght and the perpendicular distance between any .
two rays 1s directly proportional to the distance. If account
is taken of the lateral spreading of the beam in addition %o
the spreading in the vertlcal plane shown in the glmple ray
dlagram, the familiar inverse square law results; that is, the
intensity at any point is inversely proportional to the square
of the dlstance from the projector, Where variations in vel-
oclty bend the rays strongly, 1%t is evident from inspection
of the ray dlagram that there are places where the effect of
refraction 1s to spread the rays apapt, decreasing the intenslity
below the value which would otherwise exist at the same dlg-
tance from the projector, This ie particularly true when a
ray reverses 1ts dlrectlon of curvature at a point where the
inclination is slight. On the other hand, in some cases the
rays converge at some points, leading to large increases in
the intensity. :

Flgure 6 contains ray dlagramsg for two types of refractlon,
In each ray dlagram the angles between succesgive raya at the
projector are all equal, 80 we may consider that equal amounts
of energy go imio eash of the spaces between rays. It is ob-
vious that at polint A the effect of refraction hes been to
spread the energy over a wider area, decreasing the intenelty,
whlle at polnt B the effect is the opposite,

=B




~of one yard from the prejecior, considering the projector
- to act as & point source of sound,

All intensities caleulated in this repoert ere pre-

dative intengliiien, the intensity at sny poing being given
in decibels (gee Pege 13) below the intensity st a distance
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Do D .ription of the 81ide Pule

The front side of the rule (see Frontisplece) contsins
ten circulsr scsles and two index arms. The longer arm con-
telns a long index mark and a scale of depth extending from
zere to 600 feet, If the besrings of the rule ars in proper
adjustment, rotaticn or the longer arm cauwses the shorter

- . one ©o move with it so that the angle between the two remaing

constant. Rotastion of the shorter arm does not affect the
position of the longer one. '

The secales of the rule numbered fron the outside %0 the
center, sre as follows: :

BScale 1, Yelocity of sound in Teet nar _second for sea
yater. The gradustions on this scale ars spaced s9 that the
angle included between any two velosity sottings, Vo and Vi,
18 proportionasl %e log Vg - log Vio

Bcale 2. Temmerature of the 868 weber In degreesn

Fehrenheit. On Scale 2, opposite each velocity on Scals 1,

is the temperature at which, in sea watoer of standard salinity
(35 parts in 1000) at atmospheric bressure, sound will have
that velocity. To rind the velocity at an: temperature and
depth the auxilisry depth scale of the long srm is used. Set
this erm se the gilven depth celncides with the glven tempera-
ture on fcale 2, end resd the velooity on Scale 1 under the

maln index line, Illustratione of typlical settings sppear
in Figure 7. '

Scale 3. Tha inelination of a sound ray relative to
the horizontal, The graduations of thig scale ere spaced
80 the angle included between two settings ©, and 8y, is
proportlonal to log cos 9y - log cos 97, the constait of
proportlonality being the same asg that used for Scale 1,
It is used in conjunstion wlth Beales 1 or 2 to solve Suell's

Lew (Equatien 1) in the logarithaic form:

-
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log cos O = (log cos 8, = log Vy) + log vy
To treace & rey which has the inelination Oy at & depth h
end a tempersture Ty, 88t Ly on the long afm to coincide with
Ty on Scale 2 end g2f the index of the short arm on &g on
S¢ale 3, The angle between the two rms now represents log cos
€, = log V,. This engle between the srms ig cherscteristic
for the given ray and should remsin unchanged until all in-
clinations on thet perticuler ray have been determined, Thue,
the initial setting in calculations fer & given ray consista
of arranging the scales to shoy (1) a depth, {2) a temperature
or a veloclity which replaces both depth and temperature),

34 an inclination., To fing the lnclination of thig ray at
&ny other point where The temperature ang depth are TJ and hl,
set hy on the long arm in colncidence with T9 on Scald 2 and
read &) under the short indew on Scale 3. Figure 8 illustrates
this calculation,

One feature of Scale S which may require explanation ig
the method or greduation for inclinations between zero and 2°,
By reference %o Figure 10B, 1% is ceen that the curved line
connecting zere with 2° ig divided into ten parits, correspond-
ing to intervaels orf 0.2%, by a set orf parallel lines, The

settings of the index are made on the intersections of thesge
lines with the curve. ' :

Scals 4, - The gine scale is graduated so that the angle
between any two settlings, 9, and @7, 1ig proportlional to log
8in O - log sin 2. It ig~relateé to Scale 5 in such a way
that ‘opposife each angle on Scale 4 ig the sine of that angle
(except for decimal place) on Scale 5. If the user hss dif-
floulty keeping the decimal point straight, he may write in
the sines of g few representative angles in black lacquer in
the space between thege two scales, as seen in Figure 20,

The sine scale ig used only in caleulations of intensity.

From Flgure.lOA, 1t 'may be seen that sin 5.02° = ,0875,

529040 O - 43 - 3 Y N




Scele 5. Ihe logerithm scale 1s a standard two-cycle
logarithm scale graduszted from 10 to 1000, It 1s used for
2ll operations of multiplication and divielon and may be used
in conjunctlon with Scales 4 and 6., In general, the decimal
place cannot be determined from the rule.

To obtaln the product ab, (1) set the long index on a and
the short one on 10, (2) move the long arm until the short in-
dex ls at b, and (3) read the product under the long index, as
in Figure 9, which 1llustrates the multiplication of 219 by
0.86, '

-
L\

INITIAL SETTING
LONG ARM .86 LONG ARM 188 (ANS)

' ’ MULTIPLICATION: .86 X 219=188

SHORT ARM 10  SHORT ARM 2I9 SECOND SETTING

B | Figure 9
£5 Figure 10 illustrates the multiplication 60 x sin 5,020 =
o 5,26, -

7 To obtaln the quotlient a/b, (1) set the long index on a and
i the short one on b, (2) move the long arm until the short index
I is at 10, ond (3) read the quotient under the long index, as in

Figure 11, whlch 1llustrates the divislon of 5.88 by 6.82.

. VELOCITY] IN FT/SEE:Zi
> P — .

Ly TEM ER!ATU (URE

e ° \3

FO

¥ %o J:

\ \_‘1“:»’-‘-

'Y\
%ﬁ'°

! ;
f:‘:\ R
&
0 ] 10
L”éj;gﬁ w2l
N . i ! f
&) co' T"’"T‘ . ; ¢ N
"200 W%
RANGE
- e GE IN  vaq
N N RD-
S e P P‘/’—J—\D
INITIAL  SETTING FINAL SETTING
A. LONG 8. SHORT ¢ LONG  D. SHORT

50 X SIN 5.02° = 526

Figure 10

-




Y o ”’M\

0
SATRRREEE g
£ | |
i
INITIAL SETTING SECOND SETTING
SHORT ARM 6.82 , , SHORT ARM 10
LONG ARM 5.88 LONG ARM .86 (ANS.)
DIVISION: 5.88/6.82 = 0.86
/ Figure 11 .
4
FT/sgc. 4710 10 ‘
fURE "‘0, 5 OF_

A. LONG 8. SHORT C. LONG D. SHORT
FIRST SETTING SECOND SETTING

o

Ah=30FT., ©=5, AXs={14YDS.

Figure 12

«ll-




Scale 8, The cotangent scale ‘is used %o compute the
horizontal travel X of & ray in a layer when the thicknessa
of the layer, s and the angles of entrance and emergencs,
6, and 81 are known., '

The equation involved 1is
X=h00t[(@0‘9' %)/2‘32"-}1001;50 s o @ (2)

In the actusl use of this sgcale: (1), on Secale 5, set the long
index on h in feet and the short index on 10; (2), move the
long arm until the short index coincldes with the given mean
angle, ¥, on Scale 6; snd (3), read the range X in yards under
the long index on Scale 5. This scale has been graduated
according to (log cot ©)/5 in order that the range will come
out in yards if the depth 1s expressed in feet. For example,
for h = 30 feet, 8, = 6°, 0, = 4°, (0_ + ©1)/2 = 8 = 5° one
obtains X = 114 yards, as scen from Fggure 12, '

30 40

|
v

ISOTHERMAL LAYER
©=27 h =165F1, X=3120 Y0§.

Figure 13

Beales 7, 8 and 9. Thege scales are used for isothermal
xayers only. A single Betting of an index 1line eoross these
three scales gives values of X, h, and @, X and h are the
horizontal end veriticsl dinensions of a segment of a ray
naving one end horizontal, snd © 1is the inclination of the
other end of the segment. For instance, 2 ray with an initial
inclination of 2° will travel 3120 yards laterally and 165
Teet varticelly in legothermal water before hecoming horlzontal,
as seen from .Flgure 13,
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Scele 10,  The decibel seale is gradusted from zere bo
10 in each semicirele, and ls used to convert an intenglty

ratic into decibels. By definition 10 log I1/%o represents

the difference in level in decibels between sounds of inten-

slties Il and Ig@ The ratio of intengities le

le set on Scale
5 and the correeponding vaelue in decibels is read wunder the

same¢ index on Scale 10, Fowx example when 6.5 ig set on Scale
9, one reads 8.1 on Scale 10, which ie 10 times the logarithm
of 8.5, If the intensity ratio is 660,000 it ig necessary

to note that the cheracteristic of the logarithm would be 5,
which must be multiplied by 10 to convert it to decibels, and
added to the velue 8.1 obtained from the slide ruls. Thus,
Sdntenslty ratlo of 650,000 corresponds to 58.1 decibels, as

whs 9
seen from Figure 14. This resguli may be abbreviated as 58.1 db,
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INTENSITY RATIO y

. CALCULATIONS WITH REVERSE
650,000 OR 581 DECIBELS . SIDE OF RULE.
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.O°F. R i “SURFACE |
t |
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" PROJECTOR

‘ Filgure 15B

On the reverse side of the »

scales used to plet the course of rays from projector depth
to surface in cases where there is downwerd refraction. Each
guadrant contains a set of scales for a glven projector depth.
Suppose the projector depth is 15 feet, the surface tempera-
Tture 1s 656°F, and the temperature at the projector 1s 64,6°F,
By setting the index at 65°F in the proper guasdrant and resd-
ing under 1% on the 0, 4°F scale, we find O = 1,57° and R = 368
yards. These scttings and the relationships of these quan-
tities are shown in Figures 154 and B. Further calculation
on thls ray starts at the end of the segument drawn in Figure
15B where the downward inclinstion is seen to be 1.57°,

ule (see Frontisplece) are
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" II. RAY DIACRAM CALCULATIONS

Fxamples on Ipothermal Lovers.
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CALCULATION FOR A RAY WHICH EMERGES FROM THE
BOTTOM OF AN ISOTHERMAL LAYER. RANGE = X ,—Z,

Flgure 17

1llustrated in Figures 16 and 17. Ia both dlagrans,

vertex or horizontal point on the ray represents the commen -

end of the two segmenis from which the actual ray is bullt

A silngle setiing of the index psramlts the values X,

and ¢, to be read from Scales 7, 8 and 9, while & second
ivas X5, ho, and 95, From %ipure 16 1% is clear

while in

upo

3

settia 2,
that the PSQLi??d range 1s The sum of Xi and X
Figure 17 1t ls seen Lﬂau the required range 15 the Aiffer-

ence 6{1 == Jigo

Examples 1 and 2 below show the use of Scales 7, 8 and
9, the speclal scales for use on igothermal layers of water.
Scoles 7 and 8 indlcate the horlzental and vertical dimen~
glons of a segment of a ray, one end of which must be hori-
zontal, hence sll calculatlons made with these scales involve
breaking all rays up into segments éach having one end hor-

ALY possible sliunatlons are included in the two cases

the




Exsmnle 1.  Pind the maximumn renge on a surfacs tar-
get in an isothermal layex 50 feet deep which overlies a
strong negative gradient. Projector depth is 15 feet.

Solutlon: The raye bend upwerd Lin the isothermal layer,
while those which reach the lower layer are bent downward
and never return to the surface. Hence the longest range
on a surface target ies given by the ray which just grazes
the botton of the ls0thermal layew. Referving to Figure 18,
1t ie seen that hy, is 35 feet and he is B0 feet. By set-
ting an index on 35 feet on Scale 8, one reads X1 as 1440
on Scale 7, and by setting at 50 on Scale 8, the value Xy =
1720 yards is obtainzd. The maximum renge is then the sum
ol these or 3160 yards., If the engles €y and Qo are requlired,
they may be read from the ssme gettlings es 0.929 and 1,10°
respectively. '

Exemple 2. Find the horizental partial range in an iso-
thermal layer 65 feet thick for the ray leaving the prejecior
at an angle of 29 below the horizontal. Projector depth is
15 feete

Solution: Referring to Figure 17 and setting the index
of the slide rule at 2° on Scale 2, we obtain X3 = 3130 yards
and hy = 165 feet. Since the prolector is 5O feet above the
bottoli of the given isothermal layer, we obtain ho = 165 feet -
60 = 115 feet. By setting the index on 115 feet on Scale 8,
the values Xo = 2610 yarde and 5 = 1.68° may be resd on
Scales 7 and”“g,

The partisl range -for the given Pay in this layer is
the difference Xy = Xo-= 520 yerds, and the inclinsation .
at the bottom of the gayer_is 1.689,

It should be recalled that problems dealing with isother-
mal layers, such as the two examples just given, may elways
be solved by use of the general Scales 2,3, 5 and 6, but that
the special isothermal Scsles 7, 8 and 9 are more convenlent.
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B. Exampleg on Downunrd Refrection.

Examnle 3. Trace the rays leaving the projector at (Q°
and a2t 6% for the thermal distributicn in the water shown by
the data in coliumns 1 and 2 of Teble I and Figure 18.  Pro-
Jector depth is 15 feet. -

Solution: Depths and temperatures are tabulated in
Columne 1 and 2. Set the long arm of the wlide rule so that
15 feet depth on that arm coincides with 85° F on Scale 2,
and set the short index arm on 0° on Scals 3.

TABLE I '
Sgmple Rey Diseram Calculation for Ficure 18  Exsmple 3.
(1) (2) (3) - (4) (5) (8) (7)
Depth Temp. Incl. Meen_Incl, Depth Dif. Part.Range Range
h T e} & Ah A X X
p oF - - £t _ya. Q.
15%  goH¥* o - - - -
65 80 5.02 2.51 50 380 380
165. 50 15.26 10,14 100 187 56%
315 40 17.99 16.62 150 le8 30
415 35 19,33 18.66 - 100 pele] 834
15% 8o% 6,00% - - - -
65 80 7.82 6.91 50 138 138
165 50 16,37 12.10 100 1586 294
315 40 18.93 17.65 i50 157 451

- 415 35 20.19 19,56 100 04 545

*Initial settings.

Keep the sngle between the two index arms fixed for all sub-
seouent celculations on this ray. Move the long index arnm

80 65 feet depth coincides with 80°F, and read the inclina-
tion 5.02° under the short index arm. This calculation 1is
1llustrated in Figure 19. Repeat thls operation for each
depth and temperature in Columns 1 and 2, obtaining the in-
clinatlons entered in Column 3.

Column 4 contalns the mean inclination of the rey in each
layer, obtained by sveraging the inclinations at ths top and
botton of the leyer. Column 5 contains the thickness in feet
of each layer, obtained by subtraction of succeeslve values in
Column 1. Column 6 contalins the partisl range for each layer,
obtelned from the corresponding entries in Columns 4 end &

s follows: set the long index on 50 feet on Scale & and the

529040 O - 43 - 4 -]1%=
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Bhort index on the initial point of the same scale (marked

10, 1000). Keeping the included angle conctent, move the
long index untll the short index is &t 2.%1° on Scals &

and read 380 yards under the long index on Scsle 5., This
caleulation is Llluetrated in Figure 20. Column 7 containe
the ranges of the given ray Ior each depth, and these values
are obtained by summing the pertisl ranges of Coluun 6,

The process L1s repeated for the rey leaving the projector
at an inclination of 6°, by setting the short lndex arm initi-

ally at 6° instead of 0° (See Figure 6). This example illug-

trates the use of the fundamentsl scales of the slide rule.
Ve
Examnle 4. For e projector depth of 15 feet and o sound-
ing of 5C fathoms compute the limiting rays of the beam, the
temperatures and depths belng those given in Table II end Fig-
ure 21. Include the beam reflected Ffrom the bottom, '

- Solution: Since the refraction ig always downwerd in

~this problem, the upper limit of the beam 1s the ray Jjust

tangent to the surface. The "lower 1imit" of the beem will
depend on the beam patiern, which is different for different
echo=-ranging equipment., The intensity of sound emitted along
aly ray is usually a complicated function of the angle which
that ray makes with the beam axis. For rays inclined at more
than 6% to the axls, however, the emitted intenslty is usually
80 low that 1t may be neglected, It ls, therefore, frequently
convenient to teke & 6° ray ag the lower limlting ray of the
beam, keeping in mind that this isg = relatively crude approxi-
mation, end in cases vhere accurste iaformation 1s desired, the
beam pattern of the eduipment used must be taken into aceount,
We may, therefore, proceed to calculste the two “limiting’
rays" for thle problem. The ray tangent %o the surface is
calculated first; the special scale on the reverse slde of the
Slide Rule may be used to obtain thet part of the ray which
lies above the projector level., By setting the index at 70°F
on the scale for a projector depth of 15 feet and taking a
temperature difference of 0.3° F between projestor and surface,
one obtalns the vslue R= 458 yards and 0@ = 1.26°, as shown
in Flgure 22. This meang that the ray whlch leaves the pro-
Jector at an angle of 1.28° above the horizontal becomes tan-
gent to the surface at a dlstance of 458 vards. It is clear
from the symmetry of the psth that this rey is inclined 1.26°
below the horizontal at twice this distance, or 212 yards.
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TABLE II

gglculations for Flgure 21  Examnle 4,

(1) (2) (3 ) (4) (5) (6) (7)
h T o) g Ah DX X
ft, oF - - fhe yd, yd,
15%% 69,7%% _1,26%% REVERSE RULE =~ 0
0 70,0%% 0,00 4 B 4pE%w 456
1% . g9,7H® 1, 28% 8 #4568 012
100 68,0 3,33 2.30 85 708 1820
200 40,0 15,565 9,44 100 202 1822
300 38,0 16,13 15,84 100 118 1940
200 40,0 156,55 15,84 100 118 2058
100 68.0 3:33. 9.44 100 202 2260
15 69,7 1,26 2.30 85 708 2968
0 70,0 0,00 REVERSE RULE 456 3424
15% . 69,7% 6,00 - - - : 0
100 88,0 8.72 6,36 85 255 255
200 40,0 16,60 " 11.66 100 182 417
300 38,0 © 17.13 18,86 100 110 527
200 40,0 16.60 16,86 100 110 637
100 68,0 .72 11,66 100 182 . %799
_ 15 69,7 8.00 6,36 85 255 1054

*Initlal settings, Scales 2 and 3.
“*Initial settings, reverse side of rule,

The remalning calculations are exactly similar to those
of Exemple 3, the proper initial settings on Scales 2 and 3

for this step belng 69,7°F at 15 feet depth, with the inclination
1.26°, ’ : . ' : :

The slgebralc signs of the inclinations © in Table II
illustrate the rule of slgns which must be spplied in sll
cases where intensity calculations are to be made, Prior
to reflectlon from either surface or bottom, O is positive
at eny polnt where the ray 18 descending and negative where
1t 1s ascending, After each reflection thls rule 18 reversed,
Thus, after 1, 3, or 5 rerflections © is negatlve on descending
and posltive on ascending rays, After 0, 2, or 6 reflections,
9 18 positive on descendlng and negative on ascanding rays,
Thus, for any particular ray, passage through a vertex changes

the slgn of the inclinatlon, but reflectlon from surface or
bottom does not, :

The calculatlons for the 6° ray are &lso glven in Table
II and need no further comment, The ray dlagram in Figure 21

-shows the two rays calculated in this problen as heavy lines,
each wlth its inltial angle written on it, and includes other

rays sketched in to indicate the extent of the beamn,

a0
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C. @&é&@iﬁgmggmgggggg Bafraction;

Example 5. Interpret bathythermograph slide #4101-1;
16~11-41; 39-24 N; 69-05 W, which 18 shown in Figure 23. The
depth scale on this slide ig in Tathoms, Projector depth is

15 feet.

Solution: As shown in Figure 2%, -the water 1s isothermal
at 50.6°F to a depth of 14,5 rfathoms. The temperature then in-
creases unlformly to 56,0°F at 21 fathoms and then remaine iso-
thermal to 58 fathome, the maximum depth reached by the instru-
ment. No effort was made to read the temperature from the BT
8lide with extreme accuracy., The readings were simplified to
glve an example 1llustrating a certain point. This temperature
distribution is characteristic of the winter condition in which
fresher shelf water overlies the warmer but more saline slope
water just beyond the edge of the continental shelf, The
salinity of the wsrmer water is known to be great enough to
meke 1t more dense than the water above it,. :

The chief effect of the sallnity distribution is, there-
fore, to stabilize the observed temperature dietribution, which
otherwlise could not exist., The salinity distribution also has
an effect on the refractlon pattern; thls has not been considered
since data are usually not avallsble, and the effect 1s usually
not very large. The relatively hlgh salinity of the lower layer
increases the velocity diffevence between the two layers and
maekes upward refraction somewhat sharpsr than is calculated from
the temperature distribution alone. If the sallnity is known,

the exact refraction pattern may be computed by the method given
on Page 26 , , ‘

Since the temperature in thls-problem never decreases

with depth, 1t is cleer at once that the refraction is always
upward, The three most slgnificant reys to trace are, therefore,
those tangent to the bottom of esch of the three layers, These
are the first threse rays calculated in Table ITI, snd the ray
dlagram for them is Figure 24. The first ray 1s celceulated on
the lagothermal gceles alone, by setting on 72 fest and then on
87 feet on Scale 8, and prosesding as in Example 2, Page 16 ,

FORM 1 TECHNOLOGY STORE, 1, L €. 5. 0 S5y, AYE, CAMBRIDGE, MASS.
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TABLE III

Calculations for Filgure 24, Exsmple 9.

(1) (2) (3) (4) (5) (6) (7)
h 7 Q 4] Ah AX X
£t, oF, - - ft, yd,. yd,
15 50,86 +1, 30w o - - 0.
87 50,6 0 ISOTHERMAL 72#* 2080%% 2080
0 50,6 -1l,44 n 87 2280 4360
15 50.8 +6,94 - - - 9
87 50,6 +6,82 +6.88 72 200 200
1o6% 56,0% 0 . % +3,41 | 39 219 - 419
g7 50,8 -6,82 -3,41 39 219 638
15 50,8 -6.,94 -6.88 72 200 838
0 . 50,8 -6,96 -6,95 15 41 879
15 50,8 -  $7,32 - = - 0"
87 50,6 ST, 00% 47,27 79 188 188
126% 56, 0% +2,B32%% +4, 77 39 156 344
348 56,0 0 ISOTHERMAL 292%% RE630%% 3974
126 56,0 2,32 L 2092 3630 7604
87 50,6 ~7.22  -4,77 39 156 7760
15 50,6 ~7,32  =7.27 ) 188 7948
0 50,8 = ~7.,38 -=7.34 15 39 7987
. 15® 50, 6% +6,00% - - - Q
87 50,6 +5,88 +5,04 ) 230 - 230
116 - 0 . +2.94 29 189 419
87 50,6 -5,88 =2,94 29 189 608
15 50,6 -6,00 -5,94 72 230 838
0 50,8 -6,02 =6,01 15 47 885

#*Initlial settings, Scales 2 and &
#¥Initial settings, Scales 7, 8 and 9

The reys which were actually calculated are shown
in Flgure 24 by heavy lines with the initlal angle of each
written on 1%, The rays indicated by light lines are merely
sketehed in to aid in visuallzatlon of the structure of the
sonlc beam, As in preceeding examples, we will calculste the
ray leaving the projector 2% sxi angle of 6° below the hor-
izontal, which may De thought of as the lower limit of the
beam in case the boat ig not rolling or pltching.

D h



The calsulatlion of the 6° ray introduces one new
gituation. To the bottom of the lsothermal layer the ray mey
be traced elther by an initisl eetting of 16 feet, 50.6°F, and
€.,00° on Scales 2 and 3, or by uging the special isothermal
Scales 7, 8 and 9 and Tfollowing the method of Example 2,
Either method shows that the range to the bottom of the leyer
ig 230 yarde and that the inclination st this point is about
5.88°, If the attempt is made to find the inclinationz of this
rey at the bottom of the second layer, the index for incling-
tlon goés off scale, indicating thet the ray dces not peretrate S
to thid depth. As ths whole soystem of the slide rule is based :
on the assumption that the teupersature end depth are known for :
both ends of each segment of the ray, it ie necessary to deter—
mine in advance the depth which this penetrates into the second ,
layer before becoming horigzontal. To do this, retain the originel
engle between the arms of the slide rule obtained from the setting
50.6°F, 15 feet and 6,00°, and move these go that inclination
indlcated is zerc. Now the depth scale on the long arm, when
uged with Scale 2 ln this setting, shows all posslble combinations
of temperature and depth which would give the proper velocity to -
render this rey horizontal. To determine the one of these com- L
binations which sctually exists in this case, it is best to i
construct a graph of the lndications of the long srm, superimposed P
on the glven temperature-depth graph of Figure 24, From the |
long srm of the slide rule, we read 54,9°F at a depth of ZET0, t
and 54.0°F at a depth of 300 feet. The straight line connecting
these two points in Figure 24 cuts the temperature depth greaph
at the depth of 116 feet, which is therefore ths depth at which ¢
the 6.00° ray becomeeg horizontal, Putting this depth and in- E
clinatlon in Table III permits completion of the calculation of ¢
the 6.00°ray., :

The extra step which had toc be taken in the above
celceulation may sometimes be avoided by teking as initial data
the depth to whleh the ray' is to go instesd of the initial angle
of the ray. _ ' : :

By inspection of Figure 24 1t 1= seen that as the
initial angle changes from 6.,00° gbove the horizontal to 1l.320
below, the range (on a surface terget) increases from a very
small valus up to 4360 yards. At thls point the ray Just reaches
the bottom of the lsothermal layer, and as the angle below the
horizontal incregses further, the range decresses gharply, due .
to the strong refraction in the second layer. The minimum range
occurs for an angle in the nelighborhood of 6,00° and is only &out
885 yards. If the axle of the beam at the projector were strict-
ly horizontal, and if no sound left the projector at angles
greater than 6° with the axle it would riot be necessary to con-
slder any further rays, but in cases such as the present one,
where a sllght increase in the angle can cause s great change
in the range, i1t is advisable to trace a few additional rays
in order to esee what & roll of even a few degrees would do to
the sonic beam. After the rays begin to enter the third layer,
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first at an angle of 6,94°, the range increases rapldly due to
the very sllight refraction in this isothermal layer. At an
inltlel angle of 7.32° the range to a surface target is up.

to 7987 yards, .

[}

It should be noted that the sound transmitted through
the third layer may be expected to be much wesker than sound
transmitted an equal distance through a gufficiently thick
isothermal leyer at the surface. It may be seen from the dla-
gram that the energy which leaves the projector between the
angles 6.94° and 7,32° 1a spread over the surface between the
ranges 879 and 798% yards.

é_ D, Examples on Use of the Velocity Scale,

D ~ Example 6. Illustrate the use of Scale 1 of the sllde
i rule, :

§ Solution: (a) To determine the velocity of sound in
water at a glven temperature and depth, set the long arm of
the rule so the glven "depth coincides with the given tem-
perature as read on Scale 2. Read the veloclty under the
index of the long arm on Scale 1., (For illustratlon aece
Figure 7.) '

(b) To trece a ray when the given data con-
sists of veloclty and depth instead of temperature and depth,
proceed in the standerd way for tracing rays except that the
mein index of the long arm is set on the given velocity on
Scale 1;" inclinations are then read under the index of the -
short arm on Scale 3 ia the usual way. In this case, the
depth on the long arm 1s not used, since the depth o eorgec-
tion has alresdy been put in to obtaln the given veloclties,
This method of calculatlon ls useful when changes in sallnity
need to be taken into account. An increase in salinity of
1 part per thousand increases the veloelty of sound 4.3 feet
per gsecond, -

(c) An alternative method of taking account
of changes in sslinity, without use of the veloeclty -sgcale, is
t0 note that an increase of one part per thousand in salinlty:
incresses the veloclty as much a8 an increase in depth of
236 feet, Thus, if 21l salinities below a certailn level ex- _
ceed those mbove that lgvol by 0.2 parts per thousand; we may - .
increase all depths in the more saline water by 47 fpet Ob- . -
taining "eguivalent depths' which are set on the dwpth seale
of Lhe long index erm and Scale 2 in the usual way. The - . - .-
equivalent depths are used only in the csleulatlion of imclina-. - .
tlon, and the true dspths are used to obtein h., As pointsd.:
out in the baslc assumptlons, sallnlty seldom has to-bé cen?idgred
in pracilee, ouu may ve tak B0 Ln%o aﬂuounu as above when known,
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E. Method of Proportiong.

1. Purpese of the Method.

The slide rule, when used ag degcribed above, pro-
vides all the precision Jjustified in view of the limitatlons
in the thermal data end the devistions From gtrictly horlizon-
tal stratificatlon of sea water. However, there are cases in
intensliy ealculation where 1t 1s desirsble o determine in-
clinations and ranges with grester accurasy in order to obtain
8 self-consistent result. This situation usually arises with
e series of rays which have vertices at verying depths in a
layer having e falrly large thermsl gradlient., In this case
it is recommended that the ray whoge vertex just resaches the
far side of the layer be first calculated by the standard methed,
and that all other rays which penetrate this layer legs deeply
be calculated by the method of provortions.

2s dppllcation te e Laver Contalning a Verterx.

For inclinations less then sbout 10° 1% is permissible
to assume that: the range X is proportional to the inclinstion
with which the ray enters {he layer and the depth of penetration
is proportionsl to the square of this sngle, and thus to the souare
of %, For example, in Table IIT &nd Figure 24, consider hew the
range end penetration for the bottom segment of the 6,00° ray could
have been ootalned from those of the 6,049 ray. The ratio of enter—
ing inclinations is (et 87 feet depth) 5.88/6.82=,860, (Figure 11), ;
Thus the renge is .860 x 219=188 yards, {Figure 11), end ’
the penetration is (.860)2 x 39 = 29 reet, values which ere |
in excellent sgreement with those obtained by the earlier
method., It will be noted that the method of proporticns 1s
conslderably faster, and, for small angles, much more accurate
than the other method. ’ -

S Application to Other Lavers,

Suppose one ray to have been calculated by the stand-
ard method and found to have inclinations & and ©p at the pro-
Jector, the inclination @, + AGp at the second level is given
by Snell's Law, Ecustion E, as '

logcos (0,+46,) - logcos(QueAdy) = logcos@p-logcos 8y (3)

In Figure 25 there are a number of log coslne scales whlch may
be used in this calculation. For example, derive the 6.00°

ray in Teble III (Page2¢ )from the 7.32¢ ray. Place the edge
of a plece of paper on Scale 7 of Figurs 24, and mark at 7.32°
and at 6.00°, It mey be seen in Table III that the incllination
of the 7.32° ray becomes 7.22° st & depth of 87 feet. If the
paper ile shifted so that the mark made at 7.32° reads 7.22°, |
it will be found that the mark at 6.00° now reads 5.88°, which
1g therefore the lnclination of the 6.00° rgy at a depth of ‘

27w '



87 feet. Repetition of this check for other pairs of values
should give reasonably good agreement in all cases. Obviously,
a pair of dividers could be used for this purpose, and another
scale could be selected for angles not lying within the range
of Scale 7. :

Scale 3 of the slide rule is a log cosine Scale, and
may also be used for this type of calculation. For angles too
small to be accurately read on this scale, we may-consider the
gradustions to be multiplied by any convenient factor to pro-
vide the desired range of values. Thus the scale may be con-
sidered to run from 0° to ReR%, Lok°, 6.6°, 11°, etec.

Suppose one ray, which will be designated by the

letter A, has been calculated by the standard method, and a
8econd ray, B, is to be determined. Set the long arm to read
oA, the initial Inelination of ray A, and the short arm to
read @oB, that of ray B, both on Scale 3 of the slide rule.
Maintain the angle between the arms, set the long index on '
€14, the inclination of ray A at the bottom of the first layer,
and read ©31p under the short index. Repeat for all layers,

Example 7. A common situation is that in which isother-
mal water overlies a negative temperature gradient. In a typical
case the water temperature was 80°F from the surface to 100 .

Solution: The limiting ray is obtained by setting at
100 feet on Scale 8 and reading 2430 yards and 1.56° on Scales
7 and 3. As this ray started from a projector at the surface
it will reach the surface again, by symmetry, at 4860 yards,
From Scales 2 and 3 this ray whose inclination is zero at E80°F
and 100 feet depth is found to have an inclination of 8.12° at
€8°F and 40O feet and inclinations at other depths as shown
in Table IV. The inclinatiocn at each depth shown in Table IV
of the wray leaving the projector at 6.00° is found by setting
at 80°, 0 feet, and 6.00°. The ineclinations of all other rays
at all depths are obtained from those for the 6.00° ray by
means of Figure 25,

In this case, the calculation of each ray direectly
from tewmpsrature and depth data would be much more laborious.
This detailed caleulation is unnecsssary for a ray diagran,
but is required as a basis for intensity caleulations as shown
in the next section, ' '
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TABLE IV

Calculations for Exsmple 7 and Figure 28.

3016

(1) (22 (3) (4) (8) (6) (7)
- h T e 4] Lih H X X
ftﬁ GE\Q == = N fta Yd.c: Vd—v
Q 80 1.56 - - - 0
100 &80 0.00 IBOTHERMAL 2430 2430
110 79.6 1.46 Q.73 10 262 2602
1256 79 2,30 1.88 15 152 2844
180 78 5.26 2,76 25 172
200 76 4,60 3.88 80 244 3260
250 74 5.64 5,12 50 187 3447
300 72 6.51 6.08 60 1567 3604
360 70 ?.32 6.89 50 137 3741
400 68 8.12 7.62 50 125 5866
0 80 1,87 - - - 0
100 - 80 0,18 ISOTHERMAL 2180 2180
110 9.6 1.47 Q.82 10 233 2413
1268 79 2,31 1.89 16 152 2565
150 78 3.27 2,79 25 172 27037
200 76 4,60 3.94 50 244 2981
250 74 5.64 5.12 50 187 3168
300 72 6.51 6.08 50 -~ 157 3325
350 70 7.27 6.89 50 137 3462
400 - 68 7.86 7.82 50 126 3687
0 80 1.0 - - - 9
50 80 1,17 1.38 50 695 €95
100 80 0,42 .80 60 1200 - 18956
110 79.6 1.656 1.04 10 184 2079
125 - 79 2.24 1.9¢ 15 148 2227
150 78 3.20 2,72 25 176 2403
200 76 4.60 3.90 50 246 2649
250 74 .64 5.12 50 187 2836
300 72 6.54 6,09 50 157 2093
380 70 7.31 6.92 50 138 3131
400 6a 8.13 7.72 50 . 123 3254
0 80 1.75 - - - "0
50 80 1,37 1156 50 618 618
100 g0 0.82 1.10 50 871 1489
110 79.6 1.78 1,30 10 147 1636
125 79 2:.34 2.06 15 140 1776
150 78 3028 2.81 25 170 . 19486
- 200 76 4,65 3,96 80 242 2188
250 74 5,69 5,17 50 185 2573
500 72 6.58 6.14 50 155 2528°
350 70 7.34 6.96 50 137 26695
400 68 8.16 7,75 50 123 2788
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TABLE IV (continued)

(1) {2) (3) (4) (5) (8) (7)
~h T 9 a) Ah AX X
ftg OF. bl - ft. yda -ydj!__
0. 80 2,00 - - - 0
50 80 1.70 1.85 = 80 512 512
100 80 1,30 1.50 50 630 1142
110 79,6 2,03 1,66 10 118 1258
125 - 79 2,53 2,28 15 126 1384
150 78 3,38 2,96 25 162 1546
200 . 76 4,70 4,04 50 234 1780
250 74 5,76 5,23 50 181 1961
300 72 6,64 6,20 B0 153 2114
350 70 7,42 7,03 50 134 2248
400 68 8,22 7.82 50 121 2369
0 80 2,60 - - - 0
50 80 2.26 2,38  BO 400 400
100 80 2,00 2,13 50 445 845
110 79,86 2,54 2,27 10 84 929
125 79 2,96 2,75 15 108 1037
150 78 3,72 3,34 25 143 1180
200 76 4,98 4,34 50 220 1400
250 74 65.96 5,486 50 174 1574
300 72 6,82 6,39 50 148 1722
350 70 7.58 7.20 50 134 1856,
400 68 8.34 7,96 50 129 1985
0 80 4,00 - - - - 0
" 50 80 3.82 3,91 | 50 244 244
100 80 3,70 3.76 50 254 408
110 79.6 4,03 3.86 10 49 547
125 79 4,30 4,16 15 70 617
150 78 4,80 4,55 25 1056 722
200 76 5.86 5,33 50 180 902
250 74 8,70 8.29 50 152 1054
300 72 7.48 7,09 50 134 1188
350 70 8,18 7.83 50 121 1309
400 68 8,90 8,54 50 111 1420
0 80 £,00 - - - - 0
50 80 5,92 5,98 50 181 161;
100 80 5,80 5,90 50 162 323
110 79,86 6,01 8,00 10 32.2 355
125 79 8,20 8.00 15 47 402
150 78 6,60 8,40 25 75 477
200 76 7034 6,97 50 137 614
250 74 8,08 7,70 50 124 758
300 79 8,70 8.38 50 113 851
350 70 9,32 9,01 50 1085 956
400 88 9,94 9,63 - 50 08 1054
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III INTENSITY CALCULATIONS
i 3

A Ihtroduction

o Not all the characteristlcs of the sound beam become
apparent from a glance at the ray dlagram. Although the general
distribution of intensity is governed by the spresding of the
rays in the different parts of the beam, the extent of spreading
1s not easy to Judge, Methode exist Sor the dlrect calculation
of intensity in different parts of the beam and advantages will
arise from thelr use when possiple.

1, When the distribution of Intensity is known in .
detall, it is posalible, by observing the maximunm range at which
a target of known position can be detected, to determine the
efficiency of an individual installation., If, for lnstance, under
the conditions shown in Flgure 29B, a surfsce target can Just be
detected at 1800 yards, the installation will be unable %o detect
& target at any polnt where the intensity is less than -65 decibels.

2. By the accunulation of such data it is possible to
allow for the effects of the searching vessel's gpeed, and wind
on the maximum range at any depth.

3. Such effects as "echoing off the Gulr Stream',
when the Intensity in some rart of the beam 1is so high thet even
a feeble reflecticn will give a loud echo, will be predictable.

The methods of calculating intensities which are appli-~
cable to every beam pattern are laborious. 4 method ls given be-
Low which is useful in most of the common cases, and a number of
rules and typical dlagrams are given which will make clear the
approximate situation in nearly all cases.

hd

B. Granhlcal Determination

In accordance with the principles dlscussed on page 6
1t 18 possible to determine graphically the average intensity
between two rays of the sound field. Since in moet cases the angle
which a ray makes with the bhorlzontal is quite small, a plane
perpendicular to any ray wlll be very nearly vertical, Thus
the vertical dlstance befween two adjacent rays is a-measure of the
area(in the cross gsection) over which the energy between those -
two rays 1s spread, This vertlcal dlstance, which may be called
H, can therefore be used to calsculate the average intensity be-
tween the two rays, o '

- To epply this method, let A represent the inltlal angle
between two rays. If there wsre no refraction and the rays wsre
stralght linea, at a herizontal range X from the projsctor the
dlstance between these two rays would be X sin A, VWhen refraction
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ieg present, the actusl average intensity at this range equals
the inverse sguare value multiplied by (X sin A)/H,

Thie method can be epplied only AT all intermediate
rays fall between the two rays used for the calculetion. When-
ever the veloclty depth curve 1s concave to the right, the rays
from some sector of the bheam cross rays from some other sector,
lesving areas in which rasys from widely seperated sectors of
the beam are thinly scattered. In Figure 24, for instance, 1t
~would be 1 pessible to calculate the intensity at 4000 yards using
“the 1.32° ray and the 7.32° ray because very few of the rays
between 1.32° and 6.94° fall in this srea. If the 7.25° ray were
~plotted, however, it would be possible to calculate the intensity
at 4000 yards between this rey and the 7.32° ray bpecause all o
intermedisate rays lle between these two.

This method has the disadvantage that it requires
plotting a substantial number of rays, ususlly st least ten or
fifteen, and in some cases as may as twenty or thirty. For this
purpose 1t is simplest to compute three or rfour rays accurately
from Eouation 1 and then to fill in the other reys by the Method
of Proportione described in section II-E on page 27, When an
accurate ray diagram has been obtzined in this way; A end H can
be determined at eny range X and at sny depth. When these quan-
tities are known, the intensity ratio in decibels may be found
directly from Figure 27.

In two types of ray diagrams the applicsation of the
Graphical Method is especially direct. For a bundle of rays
which never leave the layer of constant veloclity gradient which
contains the projector, the inverse square law holde and the in-
tensity at any horizontal range from the vrojector can be found
directly from Figure 26,

When the veloclty of sound at the depth of the projector.
is less then that sbove and below i1t, a sound chaznnel exists.
There 18 in such a case some velocity which is the maximum vel-
oclty occurring both above and below the projector and the sound
channel lies between the two depths at which this velocity 1s
found. The raye tangent to the two levels leave the projector at
the same angle but with opposite eigns and these and all rays
between them travel between the two levels indefinitely. Other
rays may lie within the sound channsl for s short distance but
are soon refracted out and lost. On the average the rays between
the limiting rays are uniformly distributed between the top and
bottom of the sound channel, o

If the two rays bounding the sound channel have the
initial inclinations +A/2 and -A/2, the initial angle between
them 1s A. Letting H represent the difference in depth of the
upper and lower limits of the channel, A/H can wue calculated, and
the intensity of sound at any range found from Figure 26,
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Example 8 Intensitics in the ray diagram calculated

in Example 7, Page 28, Figure 28. The data are shown in
Table V,

The intensities in the isothermal layer at several
convenlent ranges are obtained from flgure 26, and the inten=~
81ty contours are vertical lines down to the bottom of the
lsothermal lsyer. The intensity distribution in the layer
of conatant velocity gradient containing the projector would
be found and plotted in the same way, whatever the gradlent.

To construct the table for the calculation of inten-
gltles below the isothermal layers set down in columns (1) and
(2) the initial inclinations ©]1 and 82 of the first two rays.
In column (6) set down the difference A, between these quan-
tities. In column (9) set down convenient values determined
by inspection of the ray diagram of the range, X, at which
the intensitles between the rays 61 and 62 will be calculated.
From the ray dlagram read h) and hs, the depths to the rays ©1
and 82 at the range X. In column %5), H=hj-ho and in column
(1?), the mean depth of the rays 01 and ©o at the range X,
h=\hy +ho) /2=hg + H/2. The values of A/H in column (7] are
obtained by using scale (5) of the slide rule according %to the
method of division described on page 11. The values of the
intensity of sound I are found in Tigure 2 by following the
slanfiing llne for A/H until 1% intersects the vertical line
representing the corresponding range, X, and reading the inten-
81ty of sound 1in decibels on the horlszontal line passing
through this intersection. :

Plot the points (X,h) on the ray dlagram and beside
each one write the corresponding intensity in even decibels.
The intensity contours may then be gketched in,
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TABLE V .

Intensity Calculation for Figure 26

(1) (2) (3) (L) (5) . 6 o 1
initial depths - vertical dis- (a%gle (M ég&nd réfée méag)
inclinations .  to rays tance between between intensity depth
_ rays rays ) - ‘
% 9 hy hy H A . AH I X h
degrees degrees Feet Feet Feet degrees - decibels yards Feet
6,00 L.00 78 51 27 2,00 07 48.6 250 65
157 100 57 «035 5h,6 500 129
25) 1587 o7 .021 58,2 750 209
~ 320 201 119 017 40,2 900 260
14,00 2,50 100 61 39 1.50 039 5hL.0 500 81
157 89 68 0022 58,0 - 750 128
230 120 110 01l 61,6 1000 175
323. 167 156 «0097 64,2 1250 245
2,50 2,00 61. L9 12 0,50 Oh2 53,4 500 55
89 70 19 , 026 57,6 750 80
120 89 31 , 0016 61,3 1000 105
- 167 110 57 <0088 8l.7 1250 139
228 3 85 .0059 66,2 1500 186
308 193 117 : 20043 67 1750 252
350 218 132 »0037 é8.4 1850 284
2000 l’o 75 89 7.3 1-6 05 25 9016 6193. 1000 - 81
110 87 23 011 63.5 1250 99
3 101 L2 : ,0060 6.1 1500 122
193 12l 69 -0036 68,4 1750 159
260 159 101 : 20025 71,9 2000 210
350 C 21 136 _ ,0018 73.9 2250 282
1,75 1,60 101 88 13 0.15 011 63,6 . 1500 95
124 96 28 -005k 66,5 1750 110
159 105 54 .0028 714 2000 132
21l 128 86 20017 7h.1 2250 171
289 168 121 00012 76,4 2500 229
341 200 1Ll »0011 76,8 2650 271
1,580 1.57 128 102 26 0,03 .0012 75,7 2250 . 115
T 168 118 50 .0006079,1 2500 - 13
22l 153 71 : .000L3 81,9 2750 189
300 20 96 00031 B2,7 3000 252
339 233 106 ' »00028 83,5 3100 - 286
L1570 1,56 118 101 17 - 0,01 ,00059 79,2 2500 110
, 153 115 38 s00026 83.3 2750 134
20k 1148 56 .00018 85,0 3000 176
277 198 79 : ,00013 87 3250 238

326 237 89 »00011 88 3400 282



IV, PR&DICTION OF MAXIMUM ECHC RANGE.

A, Types of Procedure.

When & bathythermogreph slide is used in eetimatlion
of the maximum rancse of & glven sound gear under a given setb
of conditions, it is often necessary to meke a qulck estimate

based on nothing mere than a glence at the slide. In ceses
where more Time is svalleble 1t 1s possiple to make a more
thorougzh analysis leadipng to a more accurate estimation of ,
the range. Depending upon:the time avalilable and the complex-
ity of the water condiltlons, there are the followling degrees
of refinement in the methods avallable for tresting the pro-
blem:

1, Glance at alide.
2 Determine "Assured Range".
Se Draw limiting rays.
4, Construct ray dlagram,
- B, Congtruct intensity dlagram.
6. Allow for reflection coefficient of bottom and of

the target, state of the sea, speed of own vessel,
efficiency of sound gear, varlations in sallnity, etc.

As would be expected, the reliasbility of a result
obtained from one of the rspid methods will depend greatly on
familiarity with the more advanced methods., Conseguently 1%
is sometimes profitable to make a very detalled and complete
analysis of all factors of a given situation, even though the
anelysie must be made after the situation hae ceased to exlst.

B. Glance at Bsthvthermoprenh Slide.

Even the moet elementary understanding of the principle
of refraction will enasble a person to classify sound-ranging con-
ditlons as good or bed, in the majority of cases, with no calcu-
lation whatever. If there 1e a thick isothermal layer, condl-
tions are good. If there is a strong negative gradient at pro-

, Jector level (and no bottom reflectlon) conditiong are bad.

C. Determine "Assured Range'.,

The pamphlet "Prediction of Echo Ranges from Bathy-
thermograph Observatlions" glves rapild methods epplicable to
2ll of the simpler types of thermal stiructure. :

D. Draw Liniting Ravge.

In most cases the limiting rays, that is, the rays
bounding the outer shadow zone, cen be calculated and drawn in
a few minutes. When they are drawn, not only is the Assured
Range shown with great accuracy, but aleo the maximum range at
2ll depthe. In Figure 28 are shown ray dlegrame corresponding




to several types of temperature distrihution together with
“data which will be dlscussed below on the resulting inten--
ity distrivution. Untll the operator has had conslderable
experlence.a few slmple rules about limiting rays will be
found useful, :

1. When the highest temperature im the water column is
at the surface, there wlll be either one or two limlting rays.
If the BT trace is convex to the right, the ray horizental at
the surface wlll be the limiting ray as shown in figure 29A.

Ir the BT trace 1s concave %0 the right there will be two
limiting rays. One will be horizontal et the surface and the
other will be horlzontal elther at the depth of the knee in the
BT trace, if thls 1s above the projector, as in Figure 29D, or
at the depth of the projector, if the knee is below this depth.

2e When the hlghest tempersture in the water column is
below the surface, there will be one limliting ray which splits
at the level of maximum temperature, or at the bottom of the
layer of maximum temperature, as in Figures 28, 29B and 29C.
As a comparison of Figure 28 and 29B shows, the deeper the max-
imum temperature occurs, the longer 1s the range at the surface}
and the steeper the thermocline, the shorter are all ranges be-
low the surface lsyer. When the portion of the BT trace includ-
ing the point of meximum tempersture ie curvilinear through a
depth of at least thlrty feet, there will be no limiting ray
but the echo intensity at the level of the maximum temperature
wlll be small,

Se When there is a layer of maximum velocity, that is
a layer extendling dowvnward from the depth of maximum temperature
having a negative tempersture gradient of about three tenths
of a degree 1ln a hundred feet, there will be cne limlting ray
or none., If the projector is in the lsovelocity layer, the beam.
wlll epread geometricelly as in Figure 1., Otherwise there will
be one limltlng ray which splits at that surface of the isovelo-
clty layer which 1s closer to the projector, one branch travell-
ing horlzontally along this surface, as in Figure29C.

4, When the veloclty both sbove and below the projector
is higher than at the level of the projector, there will be a
sound chennel as described on page 32. At long ranges the

whole channel wlll be filled with rays, but at short ranges there .. ..

- may be "skip distences” or arsas inside the channel through whichﬂ;;;;mffii

no -rays pass,. As shown in Flgure 29E, a considerable number of
- rays become limiting rays 1ln some reglon of the sound channel;
and- no slmple rule exlsts for predieting which rays they are.

- B, Under rathér restricted clrcumstances there may be
a strong posltlive veloclty gradient extending over a considerable
range of depth below the projector, This may be due %0 a strohg
positlve temperature gradlent, or more commonly to s strong pos-
itlve density gradient arising when fresh water from a large
river flows out over the sea. Under these couditlons all the



rays are refracted upward as shown in Figure 29F, and the

outer shadow zone can be consgidered ss fused with the inner
zone which 1ls usually considered as bheing bounded by the

rays leaving the projector at six degrees sbove and six

degrees below the horizontal. With such strong upward re-

- fraction the shadow zone will exist at all ranges below the -
level at which the lower silx degree ray As horizontal. As

~the portion of the cone of rays outside-the six degree rays :
contsins’ an appreclable amount of energy, there will be a cone -
of week intenslty represented by, say, the eight, ten, and -
twelve degree rays, which will be refracted downward below

“the ‘depth of maximum velocity, and will separate the outer
~from the inner slhiadow zone. '

E, Conestruct Ray Discram.

: -~ By use of the Refraction 81lide Rule, and Sectlon II

of this manual, a ray diegram can be constructed for any bathy-
thermograph sllde in a relstively short time., After the poss-
ibllity of reflectlions from surface and bottom has been conegidered,
the rule ls that targets in the sound beam at ranges less than
about 3000-4000 yards will be detected, those in a shedow zone
will not. Ray disgrams must bLe used in cases too complicated

to be covered by the "Assured Range" methods, or in cases where
more detall le wanted. It should be noted that in many cases

a cualitative familiarity with the intensity contours in Figure
29A~28H velowmay help to interpret & ray dlagrem in terms of the
maximum ranges obtalnable, '

F. Construct Intensity Diagram,

The primary function of the intensity diagram is to
indicate parts of the sound beam in which the signal is relative-
ly weak and an echo is less likely to be detected. Without
exact knowledge, this procedure is of couwrse only an epproximate
one, since the contours do not indicate the intensities of the
returning echo, but give simply the ratio of the sound intensity
incldent on the target to the intensity at a distance of one
yard from the projector. Nevertheless this relative informstion
‘can be very useful; in Figure 28, for instance, 1t is evident
that a submarine below the thermocline at 2500 yards, is less
likely to be detected than one above the thermocline at the same

range, since the lntensltles below 100 feet are all considerably
reduced.

In the absence of a2 method for calculating intenslities
under ell conditions, the followling rules and eample diagrame
will be useful, ‘

1. The intensity drops sharply at the limiting ray in
the surface layer when the temperature is constant or increasing
with depth unless reflection at the surface occurs, as in Fig-
ure 298 and 29C. It drops sharply at the limiting ray at all
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depths when the maximum temperature is at the surface as in
Figure 29D where it i1s shown that the intensity at two points

close to the limiting ray is large , a8 compared with the sit<

uation in Figure 29B,

2e When a thermocline exlsts, the intenslity contours
bend sharply to the left at the top of the thermocline as in
Flgures 204, and 20B, Below this level tHe intensity drops
gradually to the limiting ray. Observation has shown that the
decresse in intenslty below the thermocline at any glven range
ls even larger than the intenslty calculations show, lndicating
that other factors besides refraction are effective,

3. If the BT trace 1s concave to the right, crossing of
rays from different pasrts of the beam occur as in Figure 29D
and 28F. The distribution of intensity will be complex as
shown in Figure 20F, where the intenslity at the surface reeaches
e sharp maximum at about 800 yards. Such a meximum may produce
8 false echo which is distingulshable from a real one only by
the fact that 1t is heard all around the horizon,

4. In shallow water with a bottom of smooth hard sand,
reflection of the downward refracted beam may extend the range
at the surface sgignificantly as shown in Figure 29G, which also

shows that sklp dlstances are to be expected. When the sea sur-

face 1s calm and smooth, reflectlon from 1%t may increase ranges
near the surface considersbly. :

5, Observation has shown that the lowest useful intenslty. .

for echo-ranging is, on the average -65 to -85db, If the
efficlency of the installation has not been tested, the value
=75 db may be used. A% long ranges this contopur rather than
the limiting ray must be considersd as marking the limiting
ToNEe, .

Go Exact Prediction of Meximum Renge,

For a more precise evaluation of the naxlmum range
predlcted by the refraction theory, 1t 1s necessary to detsr-
mine whilch intensity contour marks the limit for the glven
ship and target under the exlstlng conditions. It is apparent
at once that the limit could not be expected to be the sams for
8ll targets, all types of sound gear, or all speeds of a glven
vessel. The best and most obvlous procedure ig to measure the -
limiting range on a particular target, observe the water tem-.

peratures, calculate the lntenslty dlagram, and note the ia-

tenslty at which the contact was lost, Thls is most eagily done -

in deep water where there is no sound reflected from the bottom
to confuse the lesue, and where there is an isothermal layer

to tranemli out to the limlting range. An lsothermal sayer 150
to 200 feet deep is sufflclent, and in this case the intensity

contour at limiting range can be Aetermined without caleulation
by 1pspection of Flgurs 28,



‘thermal layer is 200 feet deep. Scales 7 and & of the

For example, s.ppose the limiting range at 15
knots, on a surface target, is 4000 yardse, and the iso-

slide rule indlcate that the sound rey remsins in the Lsother-
mal layer, and that Figure 286 wmay be used to get the in~
tenslty. The value -72 decibels obteined thus may be taken

es the limiting intensity contour for thet particular tar-
get, end spplled to any intensity dlagram provided the

speed of the boat, the efficiency of the sourd gear and the
reflecting power of the target may be considered relatively
unchanged. :

o - This determination of limiting range in isothermal o
water may be referred to as "calibration®. The practical .
value of this procedure in anti-submarine warfare is dimin-

ished by the fact that calibration is most convenlently

carried out on surface targets, rather than on submarines,

Not much 1s known concerning the relative reflecting powers

of sucmarines and surface vessels, although the difference

O0f echo intenslty between a submarine and an aversage freighter

is probably not greater then 10 db, and can be determined and
allowed for.

In any case, however, too great reliance cannot be
pleced on the exact predictions of maximum range made on this
basls., Factors other than refraction have some effect on sound

" renges, and until these factors have been lnvestigated more

carefully, detailed predictions cannot be trusted., It is known
that refracticn is the dominaent factor when gsound-ranging con-
ditlone are-bed; i.e. when a shadow zone exlsts close to the
projector, a ftarget inside the shadow zone can usually not be
detected with supersonlc sound, while a target pot in a shadow
zone can usually be detected. In other cases, however, the
plceture 1s less certaln and more informetion is necessary. Use
of the Refraction Slide Rule to analyze the refraction sound

‘Tield will help to detect discrepancies from the predictions of

the refraction theory. Correlastion orf these- dliscrepancies with
oceanographic snd other factors should mseke possible & more
precise prediction of maximum ranges in all cases.

Among the factors other than refraction which may be
important in their effect on sound-ranging conditions are:

1, The reflecting powsr of thse target.

This is primarily controlled by the area which the
target presents to the eonic weam. It ig evident that this
will vary markedly for different ghips and, especlially in the
case of a submarine, for different orientstions of the same
ship relative to the sound beam. The reflecting power of the
target may also vary with the material of which the target is
made. ’ .

.
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2, Rgvgrbergt;on,

In shallow water this arises primsrily from the
bottom and may prove very troublesome. On the other hand, -
when the bottom ls such that the beam is reflected as from
a mirror, the maximum range may be extended by the reflected
sound (see Example 4, Page 19)., Even in deep water, rever-
berations may occasionally mask a distant echo. . ‘

3. Sound absorptlon by the water. |

The absorption and scattering of sound in a wake, an
eddy, or a tide rip, for instance, may decrease the range at
whlch a target can be detected. Where the water 1is relatively
undlsturbed, sound absorption 1s usually small, but may occasion-
ally be lmportant, especlally at ranges in excess of 4000 yards. -

4, Variations in the sound vrojector and recelver,

If the driving circult i1s not accurately tuned to
the projector, the power emitted will be seriously affected.
Other difflculties with equipment may give rise %o electrlical
"nolse" which may mask the echo. The purpose of the calibra-

- tion described abave 1s to eliminate the effect of all such
factors, but if the equipment has changed since the last
‘calibration, devliations between the predicted moximum range

and the observed range may be expected,

S. Heavy weather.,

When the sea 1s heavy, the pltching of the ship may
produce a stream of bubbles down to and around the sound pro-
Jector, with a resultant "quenching" of the sound beam snd
very bad sound conditions. In additlon, such conditlons ralise
the nolss level, and aleo cause the projector to point in the
wrong direetlon for much of the time, adding to the difficultles
of echo ranging, S

It must not be asgsumed that the above list of
additlonal effects 1ls a complets one, I% is possible that
there are other effects also which oceasicnally are important
in thelr effect on echo ranging. There 1z rezson to bellevse,
however, tha% the above effects include most of those which
are commonly encountered. The use of the Refractlon 31lide

~Bule will help $o determime the extent to whlch the above
- factors affect practical echo ranging. T

d 42—45
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