(6.3) Transmission Through aLayer: Normal Incidence

Applicable to:

(1) Effect of walls, barriers, etc.

(2) Separation layers ® acoustic windows

(3) Matching layers

1

£l

Bt

. =X

For pulses short compared to 2L/ ¢, thislooks like two separate interfaces. For continuous wave or
much longer pulses the multiple reflections set up a steady-state reflection from and transmission

through layer 2.
Incident wave — p, =Pe"™*
Reflected wave — p, =P ol (Wt

PositiveandNeg.  j p = Ael (29
going waves in P (4o
Medium 2 fp,=Be™

Transmitted wave — p, = Pe/™ %

Apply two B.C. (continuity of pressure and particle velocity) at both interfaces.

BC.#1 (p+p,)_ =(p,+D,)

R+R=ArB

B.C.#2 (u +u,)

x=0 = (Ua * ub ) x=0
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R—P _A-B

2 Z,

B.C.#3 (p+p,)

x=L - pt |x:|_

i kL kol — P @ ikaL
Ae’* +Be" =PRe ™™

x=L t|X:L

B.C.# (u,+u,)

koL koL
Ae 2 _Be 2 :Ee_J K;L
% 4

From four equations we can get ratios to Pj again, as for single interface.

%_\[—igcosk L+j&ﬁ—igsink L
p 2 ¢ 2
R= _€ Ly €es 4g
R §[+igcosk2L+jg%+igsink2L
e 4Lg ek 4g
R=R-= :{:|R|2 [Note: Risin general complex.]
R +T, =1 Conservation of energy
T = 4

. - .
2+aei+igcos2 L+ae +£Ssin2k2L
TR T

Let’slook at Specia cases of interest
Casel: 1z =2

For this case
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T =
lag, z0
1+ +sin’k,L
1§z 25
If z>>2z7
T » 12

1+—§§21 9 sin® k,L

For sink,L » 0
(1) For klL<<1 T, »1

or (2 For kL=0,p.2p,...np
or L:nlz for n=0,1,2,...

Then T, =1 and medium 2 acts as an acoustic window.

R R e R ek e b e b b e b e Exarnple 64 khkkkkhkhhkkhkkhkkhkkkhhkkhkkhkkkhkkix*x

Consider what happens when we have a dab of pine of different thicknesses surrounded by air.

For air, z, =z, =z, =415rayls,
For pine, z, =z, =1.575Mrayls and ¢, =c;,, =3500m/s.

pine pine

In this case we note that z, > z, SO we use
1 _ 1
& 1+3.6€°sin*k,L
—c— = sm k,L
8 Z o
Y ou can see from the solution that the Intensity Transmission Coefficient is going to be essentially
zero unlesssin k,L » 0. Let’slook at the plots of the Intensity Transmission Coefficient versus
frequency for different pine of variable thickness.

TI »
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It isinteresting to note that when k,L =0,p,2p, ... np, the transmission coefficient acts as if there

isn't even a substance in between media 1 and 3.

kkhkhkhkkhhkhhkhkkhhkhhkhkhhkhhkhdhhkhhkhhhkhdhkhhhkhhkhhhkhhkhdhhdhhkhdhkhkhhkhdhhkhhkhhkhdhhkhhkhkhkkhdkkikx
Case2: znlznp

Takek,L <<1 againorL:nIE

Oelze ECE/TAM 373 Notes - Chapter 5 pg 16



Then
TI = 421—23

2
(z+2)
In effect, a thin membrane may act as a barrier between two fluids or gases and not have any effect
at particular frequencies and will appear to be just two media separated by one interface.

Case 3. Matching layer

If k,L=(2n —1)% forn =1 2,% then L:(2n—1)|Z2 odd multiples of aquarter
wavelength. This means that cosk,L =0 and sink,L =1 and

T = 427,
& &
Sy
2 @
Further, if z, :,/zlz3 then
2 2
T = 4z, = (2422)2 =1.
&22 + 2 22 0 Z,
g 2, !25

So, this means that if you have an acoustic window that is an odd multiple of a quarter wavelength
and z, = ,/zizg you will have 100% acoustic transmission. Of course this means that you only get
the 100% transmission for selective frequency bandwidths.

6.4 Transmission from One Fluid to Another: Oblique Incidence

D by @

7 Z3
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Incident wave: p, = Pe/™ %™
= P ej[V\K—kl(wsqi)?+sinqi $)e (xR+yy+22)]
I

=P ej (wt—k;cosqx—k sing y)
i

Reflected wave: p, = P e/t rkeosiusingy)
" r r

Transmitted wave: p, = P g/t"-ecosaxiesnay)
where g, can be complex

So, Let’s again apply our boundary conditions
B.C.#1  Continuity of pressureat x =0
P ks 4 p griysing = p gikeysing

This must be true for any value of y (independent of y). Thus the coefficients of y must be
equivalent:

k,sing, =k,;sing =k,sinq Snell’s law

Snell’s law gives us a couple of important pieces of information: the reflected and transmitted
angles

k;sing, =k sing, k,sing, =k, sing,
3 R
sing, _ sing,
G q

Since P e !sni 4 p g lysind = p grlevsna mugt be true for al y then

R+R=R
or 1+R=T

(1)

B.C.#2 Continuity of norma component of particle velocity at x =0

U, COSQ; + Y COSQ, = U €OSq,

P cosq _Poosq = 2
-Lcosg, —Lcosq, =—-cosq,
4 4 Z

We can view this as smilar to form for normal incidence if we consider
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z = 4 , Z, = — 4 ’a']dz[: %
Cosq, cosq, COsq,
and remembering that g, = g; then we have
1-R=4 050 ¢ ()
2, COsQ;

Combining (I) and (1) gives:

1-R=2259 (14 R
Z, COs(;

Solve for R, called the Rayleigh Reflection Coefficient gives:

1 A COSG 2 /7
Z, COSG; _ Z, COSY; —Z COSq, COs(
1+49054  z,cosq; + 7 cosq,
z, cosq Ccos0}

Usng T =1+ Ras before gives:
27,
COS(,
& z, z, 6
¢ * +
eC0Sq,  COSQ; g

T=1+R=

Likewise we can define the Intensity Reflection and Transmission Coefficients for oblique
incidence:

R =R
4 5%
T =21 = Eal 2
% 2% _, 4 0

Ecosq,  cosq g
and we can define the Power Reflection and Transmission Coefficients for oblique incidence:

R =R

but in general for oblique incidence T, * T, so:
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4% 422 €054

_Cosg, -~ _  cosg,cosq  _ Z,COSQ;

T = T = 2 .2
cosq ®z .z 0 & c0sq0

(écosqt COSG s &2 COSQ; m

As a sanity check, what happens to each of the reflection and transmission coefficients when
g; ® 0, that is, back to normal incidence:

Rz 200 - ZLO0G % 4

Z,008; + Z£0q, 5Ltz
22, cosq; ® 2z,

Z, C0Sq; + 7 COSq, 4%

.2 .2
_%,0050, - 2005, 0 @,- 20

&§2,0080,+2 080, 5 &Z,+Z g
2
T o danose 427
(zcosq +zc0sq,)”  (z+2)
.2 .2
R = 2% 0080 - 20054 8 () &0 20
§2,000, +20050, 5 §Z+Zp
T = 455,005,000, 442
(z,cosq +zcos0,)”  (z+2)

T=

so we recover the equation for normal incidence back.

Let’s consider 5 cases for oblique incidence:

Cael 2@ ¥
z,

&>/ Ocosq - cos
R = 20080, - Z,00Sq, _ gAz 4 %

~ ®1
Z, COSq; + 2,008, ?A 9cosq, + cosq,
)
&5/ O et
22,Coyy; _ % AlzCosq, ® 2

z,Coxy; +2,Cosq, g@%lgCosqi + Cosg,

.2

R/ Ocosq, - °
_ eez, cosq, - 2 0050, 02 :QS ZIQCOSqi COsq, : ® 1

&2, €08, + 2 00Sq, é?%i Ocosg, +cosq, =
2 z
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('j 2
| = =

® 0
2
(z, cosq; +z, COSQt 3@/ ocosql + cosqt

Case2: 2® 0
z,
&/ Ocosq, - cos
R = 22,0080, - 2,C0sq, :EAQ 4 G ® -1

Z,€0sq; + 2 COSq, aaz/ 9cosq, + cosq,

0
T = 2z, c0sq; Z?A P

Z, COS(; + Z COSQ, ?ﬂz / Zcosq, + cosqt

2

0
Py At

=c ® 1
$z, cosq, + z COSq, 4 g?z / Ocosq, +cosq,
i t
) 4 / Ocos’q,
" e e ;o0
2, cost; +2,€0sq, ) ?%1 Ocosq +Cosqt
Case3: z,=27
R = %0054, - 7,0, _ Oy - COY,
z,C08(; +2,€0S0, €O, +Coy,
T = 2z, c0sq; ___ 2cosq,
Z,00S(Q; +7 C0SQ,  COSQ; +C0Sq,
_ &2, 00s(; - Z, COsq, (_52 _ 20s(; - Cosq, ('_52
§7,0080, + 2 €0SQ, ;  &COSQ; +COSQ, 4
o 477 cos’q ___ 4cos’q,
" (zcosq, +zcosq,)’  (cosq, +cosq, )’
For z, =z, thatis, r.c,=r ., inorder for
.2
R=R = M =0 (which you would expect with no real interface)

e(:osqI +C0S0, &
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4cos’q,
(cosq; +cosq,)

T = > =1

the propagation speeds in both media must also be the same, that is, ¢, =c,, which, from Snell’s
Law, yields g, =q, .

Case4: g, =90° when g, <90° (Critical Angle)

Important is the fact that at the critical angle cosq, = cos90° =0 so

Z,C08q; - ,C08G, _y

Z, cos(Q; + z, €0sq,
22, c0osq;

Z,COs(Q; + Z €OSq,

R =200, cosq 0 _
z2 C0sq; + Z COSO, g

___ 4zz,c08q _ / 0
T = =4 2
" (2 cosq, +2,c0sq, )’ ? %0

From Snell’s Law,
G — G — G =c
sing, sing, sin90°
so we define the critical angle from

R=

T= =2

sing, =sinq, =4
CZ
Therefore, the critical angle g, is
g, =sn’ éazl—_where C <C,
et g
Consider
¢, =1130m/s and ¢, =1600m/s
. 1
q. =sin'cL-=sin 12%0 44.9° isthe critical angle.
eC g 1600m/5g

Now, what if g, =50°

sing, = Gy ng; =Msi n50° =1.085
C, 1130m/s
Let'sassumethat d, =g +jq,y (0, is complex).

Then
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sing, = Sin(qRE + J0m ) = Sin(qRE) COS( 9 ) +COS(QRE)Sin( I[oJ% )
=sin(gge ) cosh(q,, ) + j cos(gxe ) sinh(q,y, ) = 1.085

Comparing real to real and imaginary to imaginary then:

sin(gge ) cosh(q,y, ) =1.085
cos(qg )sinh(a,, ) = 0.

SO
cos(0x ) sinh(d,y ) = 0 when g =% or g, =0
When g = g and g * O,
ad o

singgzjcosh(qIM ) =cosh(q,, ) =1.085

uw = cosh™ (1.085) » 0.41
0 =Oge *+ j9u =1.57+j0.41 (rad)

Case 5: Angle of intromission
Taking the Power Transmission Coefficient and rearranging (muItipIy by (zicosqi )'2) gives:

1 &gz, Gamosq, O
— 49_ 9 t
T = 472,090, . (Z1msqi) __€4 26 C0SY; g
(z,cox, + zcosq, )” ;2 &z, | cosq, 8 6
(zcosq,) 921 oSG, g
Note that when 2 = &% , T, =1; therefore, R, =0.
z, Cosq;
Combining the condition & - 2059 with Snell’s law _i— yields for the angle of
z, cosq; sing, slnqt

incidence for which there is no reflected power and, therefore, complete transmission of power
(EXERCISE for the student in homework: Solve for Eq. 6.4.18):

&z, 0 oz, ©

¢+ -1 TGt

. _ 4 g el g
sing, = € > S = > (Eq6.4.18)

§25 &g & .0

where q, iscalled the angle of intromission
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Following are some examples (corrected from versions in the text) of the pressure reflection
coefficient for various ratios of propagation speed and characteristic impedance.
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Figure6.11 Magnitude and phase of the pressure reflection coefficient with c,/c; = 0.9 and
z/z; = 0.9.
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Figure 6.12 Magnitude and phase of the pressure reflection coefficient with c,/c; = 0.9
and z/z; = 1.1. Note the angle of intromission at 46.4°.
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Figure 6.13 Magnitude and phase of the pressure reflection coefficient with cy/c; =
1.1 and z/z = 1.1. Notethe critical angle at 65.4°.
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Figure 6.14 Magnitude and phase of the pressure reflection coefficient with c,/c; =
1.1 and z/z = 0.9. Note the angle of intromission at 43.2° and critical angle at 65.4°.

kkhkkkkhkhkhkhkhkhkhkhkhkhkkkkkkhkkkkkx kkhkkhkkkkkhkhkhkhkhkhkhkhkhkhkhkhkhkkkkkk*k
Example 6.5

Confirming that the angle of intromission is 46.4° in Fig. 6.12.

c05(46.4°) = 0.6896

sing, = 2sing, =0.9 sin(46.4°) =0.65175
c,
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q, = 40.67

cosq, =0.758
cosq, _ 0.758
cosq, 0.6896

L __4 5 _ 0S4
R=COSG COsq _ z Cosq;
%, 4 3,000
COosC, COsg, z  COSQ;
but z/z; = 1.1 s0
R=0
and we have complete transmission!

kkhkkkkkhkkhkkhkkhkkhkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkkkkkkkkkk*%
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