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FORTRAN Computer Programs for Energy Ratios of
Ultrasonic Waves Reflected and Refracted at
Solid-Liquid and Liquid-Solid Boundaries

by
Walter G. Mayer
The equations governing the energy partition at solid-liquid and

liquid-solid boundaries used in the two PORTRAN programs described here
are as follows:

a) Incident wave in the solid:

The energy ratio of reflected longitudinal to incident longitudinal

wave 1s

(L/1)% = [(A-B+0)/a+3+ 0% (1)
The energy ratio of reflected shear wave to incident wave 1is

(s/1)2 = 4 A B/(A'+ B + C)2. (2)
The energy ratio of refracted longitudinal to incident wave is

(/D% =1 - (1) - (s, (3)

vhere A = 3in28 sin2y (V_./V. )2:
2 s2' L2
B = (cos2y)”,
C= VLlplcoaﬂ'/Vszzcosa.

b) Incident wave in the liquid:
The energy ratio of reflected to incident wave is

(8/1)2 -{[cosﬂ - A cosa(1 - B)/[cosB + A coscf1 - n)}f. (4)
The energy ratio of refracted longitudinal wave to incident wave is

4 3
(L/I)a -’-{2con27(A cosal cosy)s /[coaB + A cosp(l ~ 8)1:(2. (5)
The energy ratio of refracted shear wave to incident wave is

(s/1)% = 1 - (/1) - (L/1)%, (6)
vhere A = szPZ/VuPl’

B = 2siny sin2y (.coay - (Vszlvm)cosﬂ}.
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The symbols used in both programs are given below:

L \
[ wm L
-1 U?u/d Nt
RHa/
. . - VL
T < /\‘ in RHC 2,

-y L2

/B Vs2

Solid

The hg.adir:ga in Program 1 mean:
(RL/1)SQ = Duergy ratio of reflected longitud, wave to incid. wave
(RS/1)5Qq = " noon " shear noom
(T/1)Q = " " n refracted longitud, " " " "
BETA = Angle of incidence '

For Program 2:
(R/1)SQ = Energy ratio of reflected longitud, wave to incid., wave
(TL/1}sQq= " " " refracted " moom
(T8/1'sq = " wom " shear I

ALPHA = Arzle of incidence

The case solid-iiguid is comparatively simple becsuse all angles are
real for azy emgle of incidence; Program 1 describes this situation,
Program 2, incidence in the liquid, is more involved since the refracted

B lorgitudinal wave becomes imaginary beyond a certain angle of incidence,
i.e, the sin2 of its angle of refractionDl,

Program 1 calculates these ratios for 30 different BETA. The BETA in
the program proper is in radians which is transformed to BETAG in degrees.
The printout in column BETA is actually the value of BETAG, The program is
written so that the angle of incidence increasez from O to 90° in steps of
¥,

Program 2 opecrates with CAMMA in the loop (statement 21), The reason
for selecting this angle rather than the angle of incidence ALPHA as the
variable 1s the following: For each combination solid-liquid there is a
different angle of incidence for which either the longitudinal or the
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shear wave become imaginary, Thus, after a certain ALPHA, there is no
use calculating, Rather than finding this critical angle for each
combination and programming the computer accordingly, it is much easier
to do the calculations in terms of GAMMA because this angle will run
from 0° to 90° in any event, regardless of the particular situation,

This program is written so that GAMMA decreases from 90° to 0° in
steps of 2°, and this covers the entire range of interest as far as
ALPHA arnd BETA are concerned. The program dozs, howavar, print out the
-corresponding ALPHA rather than the GAMMA, The ALPHA is calculated from
Snell's law,

Obvicusly, the cutoff angle for the shear wave (GAMMA = 90°) in
terms of ALPUA is the first entry in the ALPHA column, The cutoff angle
for the lorgitudinal wsve is calculated and printed out at the end of
each set of resuits,

Program 1 prints out the sppropriate RHOZ2, VL2, RHOl, VL1 at the
end of the results,

Program 2 prints out the applicable RHOl, VL1, RHOZ2, VL2, VS2 at
the top of the results., ' '

In either case subscripts 1 refer to liquid, subscripts 2 to solid.

For both programs data tape or deck must list values in following
order: RHOL, VL1, RHOZ2, VL2, VS2,
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PROGRAM 1

Solid-Liquid Boundary, Incidence in Solid, Incident Wave Longitudinal
Angle of Incidence = BETA.

11 FORMAT(SHRHOlw=,E10,L/UHVL1=,E10,4)
12 FORMAT(SHRHO2=,E10,4/4HVL2=,E10,4)
13 FORMAT(E6.h4)
14 FORMAT(1X,8H(RL/1)8Q,7X,8H(R8/1)8Q, 7X, TH(T/I)8Q, 8X, UHBETA)
15 PORMAT(4(E11,5,4X)) '
16 PORMAT(12)
READ16, N
D0221=1,N
READ1 3, RHOL
READ13, VL1
READ1 3, RHO2
READ13, VL2
READ13,VS2
PUNCH14
BETA=0
DO23K=1, 30
SIB=STNF(BETA)
COB=COSP(BETA)
SI1ZB=SINF(2*BETA)
WL=VL1/VL2
W2=Y32/VL2
COA=CGRTP(1,0-(WL*SIB)##2)
SIG=WS*SIB
COG=SQRTF(1.0-SIGH*2)
GAM=ATANF(SIG/CO3)
SIZG=SINF(2*GAM)
COZG=COSF{ 2%GAN)
COZGS=COZG**2
UNTENsWS#*2#S T ZB*S1ZG+C0ZGS+( WL#RHOL#COB) /( RHO2#COA)
RELO=(UNTEN-2*C0O2GS) /UNTEN
RELOQ&RELO#*2
RETRQ=({ WS#2*COZG/UNTEN)##2#81ZB*812G
DURCHQ=1,0~RETRQ-RELOQ
BETAG=BETA*57,29578
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PUNCH15, RELOQ, RETRQ, DURCHQ, BETAG

23 BETA =BETA+0,0523598
PUNCH12, RHO2, VL2

22 PUNCH11,RHOL,VL1
STOP
END
END

Ssmple Data Tape or Cards

02
1,0000
1490,0
2. 7000
63%.0
31%0.0
1,0000
1490,0
7.8000
5850.0
3230,0

Top number, (=N), indicates how many sets of data are to be calculated,
02 in this case, namely aluminum-water and steel-water,

densities and velocities must be in order as sequence of RERAD13 state-

ments indicate.

Sample Printout Rescelts (Program 1)

(RL/I)SQ {RS/1)SQ
« TOL9EE 00 <D000IE=32
« TOOB6E 00  BBTSIE-02

RHO2= ,2T700E Ol
RHOl= ,1000E 01

Values of
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PROGRAM 2

Liquid=80lid Boundary, Incidence in Liquid, Incident Wave Longitudinal
Angle of Incidence = ALPHA,

1 FORMAT{SHRHOl=,E10,4/UHVL1=,E10,4)
2 PORMAT(5HRKO2=,E10,4/4HVL2=,E10,4/4HVS2e, E10, 4)
3 PORMAT(E6, L) .
L PORMAT(1X, TH(R/1)SQ,8X,8H(TL/1)SQ, 7X,8H(TS/1)8Q, TX, SHALPHA)
5 PORMAT(4(E11.5,4X))
" 6 PORMAT(E11.5,19X,E11,5,4X,E11.5)
7 FORMAT(11HCUTOFFXLONG,E11,5)
8 PORMAT(12)
READS, N
D035I=1,N
READ3, RHO1
READ3, VL1
READ3, RHO2
READ3, VL2
READ3, VS2
PUNCH1, RHO1, VL1
PUNCH2, RHO2, V1.2, VS2
PUNCH4
GAMMA=1, 5707963
" DOR1K=1, 45
SYN=SIN?(GAMMA)
SUN=2*SINF(2#GAMMA)
PRO=SYN*SUN
COG=COSF(GAMMA)
QRO=PRO*COG
QUA=SYN#*2
BOY=1,0-( (VL1/VS2)*+2)#QUA
GAL=SQRTF(BOY)
ARM=(1,0~QRO)*VL2*RHOZNGAL/ (VLI*RHO1 )
PAA=GAL*PRO*VS2#RHO2/( VL1¥RHOL )
DIV=1,0-PAA
ROT=1,0+PAA
UA=( (VL2/VS2)##2)%QUA
‘BOAC=1,0-UA
BEAR=SQRTF(BOAC)
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IF(BOAC)31, 32,32
THIS IS POR COSINE BETA RRAL
TOPS»( BEAR¥DIV~-ARM) ##2
BOTS=( BEAR#ROT+ARM) ##2
RAS=TOPS/BOTS
CS=COSF( 2%GAMMA)
CSS=CS*#2
TOPTLA=U*C3S*ARM*BEAR/ (1,0-QRO)
TLAS=TOPTLA/BOTS

_ TSAS=1,0-RA3-TLAS

31

21

35

SNALFA=(VL1/VS2)*SYN
ALPHAR=ATANF( SNALFA/GAL)
ALPHA=ALPHAR¥57, 29578
PUNCHS, RAS, TLAS, TSAS, ALPHA

GO TO 21

THIS IS FOR COSINE BETA IMAGINARY
BUT=ARM*»2 o
UP=(1,0-PAA*#2)#( ~BOAC) ~BUT
TOPIMS=UP#*#2-L4*BOAC*BUT
BELOw=(ROT#*2)#( =BOAC) +BUT
BOTIMS=BELO**2
RACOS=TOPIMS/BOTIMS
TSACOS=1,0-RACOS
SNALPA=(VL1/VS2)*SYN
ALPHAR=ATANF( SNALFA/GAL)
ALPHA=ALPHAR*57, 29578

PUNCHS, RACOS, TSACOS, ALPHA

GO 10 21

GAMMASGAMMA=0.0 349065

THIS IS THE LONGITUDINAL WAVE CUTOFF ANGLE
SNCUTL=VL1/VL2
BANG=SNCUTL#*2
CBOUTL=SQRTF(1,0-BANG)
CUTLR=ATANF ( SNCUTL/CSCUTL)
CUTL=CUTLR*57, 29578
PUNCHT, CUTL

sTOP

END

END
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Sahpl‘e Data Tape or Cards - Same as for Program 1
Sample Printcut Results (Program 2)
RHO1l = ,1000E Ol

VL1 =+1400E Ok

RHOZ =.2700E Ol

VL2 = ,6330E Ok

vsS2 =,3130E Ok

(R/1)SQ ‘ (T1./1)8Q (T8/1)8Q ALPHA
«10000E 01 +O00000B-32 - ,28426E 02
+921T3E 00 +78263E-01 +28LO8E 02
«TT148E 00 - 16L82E 00 «63691E-01 -12913€ 02
+TOU93E 00 +29435E 00 "« TIO6TE-03 +95202E 00

cutoffxlong .13614E 02

Cllcullt:lons using theue programs were udo for boundaries fomed by .

the following substances:

Liquids: Water, Oil.

Solids: Steel, Brass, Copper, Aluminum, Magnesium,
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la., Erratum,

Equation (1), pege 24 of Technical Report No, 7 which reads

(R/1)2 = ([colB - A coscf(l ~ B)]l[cosa + A coso(l - B)])z

should read

(_‘RII)2 - ([coaa « A cosa(l = B)]/[cosﬁ + A cosa(l = B)])z
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Il. Reflection and Refraction of Mechanical Waves at
Solid~Liquid Poundaries, II,

by

. Walter G, lMayer

ABSTRACT

The energy ratios of reflected and refracted waves at various
solid;liquid boundaries are calculhted as a function of the angle of
incidence in the solid., The influence of density and wave velocities
on the general shape of the resulting curves is discussed, ‘The.

- computer program outlined in Section I of. this Report was used to
obtain the results discussed here,

_~ INTRODUCTION

In a previous papér'(Section V, Technical Report No. 7) the energy
ratios between incident, reflected, and refracted waves at various
liguid-solid boundaries were calculated as a function of angle of inci-
dence in the liquid; The present paper deals with the problem of ener-
gy partitibn‘at boundaries formed by solids and 1iquids with the inci-
dent ultrasonic wave in the solid, The results can be used to arrive
at some conclusions concerning the gemeral shapé‘df:the curves for
various values of density and wave velocities., Some aimilaritiei
betwesn the results for solid-liquid interfaces and solid-vacuum bound-
aries given by Arenbergl aré pointed out, The fcrmulas used for the
calculations are based on the equations given by Erginz. The same
results can be obtained 1f one uses the formulas given earlier by.
"Schaefer who 1nveet1gnte§ ultrasonic mode converaion at iron-xylene
and Dekorit-wylene boundaries’, S

RESULTS

A plane longitudinal wave 1§cident at a bouvndary formed by a
solid (density pz) and a liquid (density pl)'will be partly reflected
and partly refracted, 'If the incidence occurs in the solid the energy
of the incident wave will be divided between a reflected longitudinal

et i s - i e
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wave (velocitf VLa) » and a refracted longitudinal wave (velocity VLI.)'
Assuming that the energy of the incident longitudinal wave is unity, the
enexrgy ratio of reflected longitudinal to incident wave is

(L/1)% = [(a - B+ C)/(a + B + )%, ()

The omrgy' ratio of reflected shear to incident wave is given by

(s/1)% = b A B/(A + B + O)2, SR (2)

~ Since mo other waves are Sosused to bé presest the mergy watdo of the
‘refracted longitudinal wave is '

@M a1 - @wn? - (sl - (3)
The 'quantitieé A, B, and C cre defined in Ssction I of this Report,

Ir; is difficult to predict the shape of the thrce cirves from
Eqe. (1) = (3) even if only one set of densities and velociti'as‘ is
considered.. In order to determine variations in the energy ratios
for different cqnbini';ions_of solids and liquids the cowputer progrsm
g'ive’;.m in Section I was used, and a set of cuives was obtained for sub-. :
stunces l,i.cted:' in Table I, 'J.‘hé valueés. of Po’iﬂsqn,'s ratioy and ;he.
_ acoustic wédmges.pVL afg also shown in Table i, ' .

Table I, Velocities (m/sec), Poisson's i-acioq , and
' acoustic impedances pV,.

v v p .o A

RO A ,
Water - . 1.1490 o "~ 1,00 . ©1,k9
Steel - 5850 . 323 7.8 0.281 . - 15,63
Brass k3. 2123 8.10 0,351 35.88
Alumimm . 6330 AP 2 - 0,338 17.09
Magnesim . ST 350 - 1.70 0.306 9.80

The results of calculations are plotted in Figs, 1 - L where the
s014d 1line denoted by R indicates the energy ratio of refracted wave to
incident wave obtained from Eq. 3; the curvea labeled L represent the
energy ratio of the reflected longitudinal to incident wave given by
Bq. (1); 8 refers to the reflected shear wave described by Eq. (2).




15.
DISCUSSION

Equations (1) - (3) are rather involved, and it becomes difficult
to estimate the influence of the individual terms and parameters without
making many numerical calculations, There are, however, some charac~
teristic features concerning the curves obtained from these equations,
The discussion of these features is based on the results lhovn in Pigs.
1-14

The solid-liquid combinations used were chosen not onli to give
numerical results for a number of lubetencee which are of some im-
portance in ultrasonic and material teat:lﬂg techniques but primarily
.to obtain various curves which can be compared in order t;hei: certain
conclusions, which are also valid for other eoi:ld-liquid boundaries
not treated here explicitly'mey be dravn. These general conclusions
refer :to initial energy partition at normal incidence, the minima of
the reflected longitudinal wave, and the maxims of the reflected shear
- wave ee_ a function of acoustic inpedencee ‘and Poisson's ratio, |

The inttial values (at B.= 0) of the reflected 1c::g,§:is:utliua1 wave
"and the refraceed wave depend only on the magnitude of Lh: 2coustic
-i.mpedancee of the two media under consideration, Equation (1) reduces
to the vell-known reflection formula for normal incidence. ‘l‘he value .
of (R/I) decreases gteduelly with 1ncreasing B. 'l‘he ehepe of this
curve is determined primarily by the quentitiu, vllpl and L?.“z vhile:

‘ _the shear wave veloei.ty is not a aignif:l.canf pa"'ameter. - '

o ' The shape of the curve. f.or the reflectr—d 1ong:l.tudina1 wive for o
'.emell angles of 1ncidence also depende primarily on the acoustic imped~
ances of‘ the two media, For greater angles of incidence the energy of
the reflected ionéitudinel wave decreases and reaches a minim;p. It

. can be seen from Eq. (1) that in this region the terms A and B are the '
important parameters because C is about one ordar of megnitude smaller
than either A or B, Since the term C does not influence the minimm
of the (L/I:)2 curve appreciably the energy near the minimum depends
mainly on the ratio VSZN‘LZ or on Poisson's ratio g, Neither the
acoustic impedances nor the ratio of densities of the two media influ-
ence the minimum to a great extent,
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Figures 1 - 4 illustrate the dependence on the Poisson ratio of the
minimum value of the reflected longitudinal wave, It should be pointed
out that for low values of 0 this curve may reach two distinct zeroes
before reaching the value 1.0 at = 90°. This behavior can be pre-
dicted from curves published by Arenbersl pertaining to solid ultrasonic
delay lines, The cfitical value of Poiason's ratio given there is 0,26;
this value is slightly different for the present analysis since in the
former case the term C = O, '

The general shape of the (s/?[)2 curve cannot be predicted quite as - '
readily. Both ¢ and the acoustic impedances are of importance, However,
the behavior may be derived qualitatively by considering Eq, (3) and the
general lliape- of the curves for the reflected and refracted longitudinal
waves, It is apparent from Figs. 1 = L that the maximm of thio curve
© will be relat:l.vely high only if both the minimum of the (L/I) curve lnd
the (R/I) .curve are low,

A small change in eithex vel.ocity or-density of- the.liquid med{ium
does. not alter the shape of the curves appreciably as ‘ong as the
acoustic hnpedance of the uquid is not changed very much. c:lculat_ione
for solid-oil ( P = 0.87, V. Ll. = 1740) boundaries indicate thil_: the energy
. ratios one obtains differ by no more than 1 per cent from thogse showm
here for solid-water boundaries, . '

m& range.o.f‘ values of the parameters considered here ensbles one _
. to estimate the behavior of the three curves for similar combinations of
solids and liquids without having to calculate the exact energy ratios.’

BIBLIOGRAPHY

"1, D, L, Arenberg, J. Acoust, Soc. Am, 20, 1 (1948),

' 2. K, Ergin, Bull. Seism. Soc. Am. 42, 349 (1952),

3, J. Schaefer, Ph.D, thesis, University of Strassburg (1942),
Quoted by -E. Hiedemann in Fiat Review of German Science 1979-1946,
Physics of Solids (Office of Military Government for Germany, 1947)
Part I, Chap. 24, p. 169,
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III, Light Diffracticn by Ultrasonic Beams under
Non=Ramsn and Math Conditions

by
W, R, Klein

" The Raman and Nath theory for predicting the light intensities of
the various orders due to diffraction by a pi‘ogrescive, sinusoidal,
ultrasonic beam has been very successful for cases where experimental
conditions are not too extreme, For these cond:lt:ions, namely where the

"ultrasonic ‘frequencies are moderate, the ultrasonic beam 1is rather narrow,

and the sound intensities rather l.ow, one may consider the effect of the
sound beam on the light beam to be that of a simple phase modulation,
For these conditions the intensitics of the diffraction. orders have been
shown to be ‘ . o

1 = ;2<‘v)
vhere n is the ordér number, J (v) 1s t:he nt:b order Beucl function of
argument v given by _ ) :
v = 2mi

vwhere 4 is the variation in refractive index produced by the ultrasound,

A the width of the ultrasonic beam and A the wavelength of the light,

Under more extreme e&perimental conditions, the effect of the
ultrasound on the light beam is no longer a cimplc phase modulation, but
is now & combimtion of phase and amplitude wodulation,

A lystemat::l.c study of the deviations of the msasured values of thé

- light intemsities in the zeroth and first diffraction orders from those

values predicted by Raman and Nath has been performed under experimental
conditions more e:trane'than those for which the Raman and Nath theory

is valid,

A paper containing o complete description of the experimental con~
ditions as well as a comparison of the results of measurements with
other theories has been submitted for publication} A copy will be
forwarded in a later report,
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The following pages show the results of comparison of the measured
values with those predicted by the theory for wazious beam widths, The
figures show the gradusl deviation from the predicted light intensity
distribution as the width of the scund beam is increased, The same
transducer is used for the curves chown here, The width of the beem is
changed by means of a suitable aperture in front of the transducer, The
smallest width of the sound besm (L) is 1.5 cm which is incrcased in
ltefu of 4 mm up to an L of !h? cillc. ’

These cu:ves ere t.\sw.i3 to determine the aifactive scund beam width
‘emitted by a tranaducer rzdizting without J.:I.m:lting spertures placed in
front of 1.!:. Sinze knr'eledge of L 1is essential for tranaducer cnlibra-
tions the curves ave yanroduced here in deizil to serve as reference
curves, ' '

REFERENCES
1l W, R, l(lein, Physica (ﬂbﬂittld)o o
20 We G unyu-, Jo Acoust. Soc. An, (to be pubu-lud).
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