CHAPTER 13

WAVE REFLECTION AND TRANSMISSION
IN CHANNELS OF VARTABLE SECTION

E. L. Bourodimos¥*

A. T. Ippen  #*%*

SUMMARY

Reflection and transmission phenomena were investigated in a laboratory
channel for transitions of linearly varying depth and/or width terminating
in channels of reduced cross-section. Upstream wave characteristics were
varied from deep to shallow water waves by changing wave frequencies,
amplitudes and channel depths over a wide spectrum of conditions. Experi-
mental values were corrected to correspond to transmission in an endless
channel. The reflection and transmission coefficients are given as functions
of the pertinent dimensionless parameters such as: group velocity ratio,
channel depth ratio and wave steepness. Associated wave energies were also
evaluated.

THE PROBLEM

Ocean waves arriving on beaches and in estuaries undergo a process of
shoaling, i.e., they are transformed by the variation in the bottom topo-
graphy of these areas. Changes in wave length, amplitude and phase angle
are produced, and the transmission of wave energy is affected; part of the
energy is transmitted, a part is reflected, and in addition processes of
dispersion and of dissipation are active. Detailed knowledge concerning
these phenomena is important in the design of maritime structures and
harbors.

This study deals with an experimental program on reflection and trans-
mission of waves in channel transitions of linearly varying bottom elevations
and/or width for three geometries of the channel transition as given in
Figure 1. labelled A, B and C. The depth in the approach channel was varied
to give ratios of hllh between 1.80 and 3 to 5. The periods of the incoming
waves could be varied from .8 to 12.0 seconds resulting 1n a range of charac-
teristics from deep water to shallow water waves. Wave steepness also was

considered as a significant parameter and varied accordingly from 1/1000 to
1/20.
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The limits of the theory for such transitions are well established. On
the one end of the spectrum is Green's Theorem which gives the amplitude
of the transmitted wave on the basis of frictionless flow for shallow water
waves in long, gradual transitions while reflection is zero. On the other
end we find the theoretical transmission and reflection coefficients for
abrupt transitions in width and/or depth given by Lamb (2) for linearized
shallow water waves. There have been a number of attempts to generalize
the theory for transitions between these limits by various investigators
such as Rayleigh (3), Carrier (4), Takano (5), Kajiura (6) and Dean (7).
An extensive review of this literature is given in references (8) and (9).
The theory for the amplitude and phase changes for a wave of discrete
frequency encountering a gradual transition is rather complex.

The mass flux varies with position and time over the tramsition length,
such that the net storage within this length is variable and is zero only
over a full wave period.

THE EXPERIMENTAL STUDY

In view of the rather limited scope of the theoretical results available
so far, the present study adopted for the experimental program a systematic
variation of the basic wave parameters within the possibilities of the
available laboratory wave channel. These parameters are in dimensionless
form: the group velocity ratio CG3/C , the reflection coefficient K_ = aé/ai
the transmission coefficient Kt = aé/al, the depth ratio h3/h1 and the

incoming wave steepness HllLl'

The experimental wave channel is 100 feet long and is of rectangular
cross-section, 2.5 feet wide and 3.0 feet deep as shown in Figure 2. The
gides and 40 feet of the bottom consist of plate glass. Both a piston-type
and a flap-type wave maker are available at one end followed by an expanded
aluminum wave filter. At the other end energy absorbers of several types
were utilized. Data were cbtained by means of resistance wire wave gages
mounted on carriages travelling over the channel sections upstream and down~
stream of the transition. The wave envelopes were recorded on Sanborn
oscillographs.

Several tramsitions with linearly varying depth were tested during the
overall program, the first attempts being made with relatively steep tran-
sition of 1:0.58 (o = 60°) and 1:2.75 (o = 20°). The depth ratios h1/h3
employed varied from 2.5 to 7.0. The short and intermediate waves were kept
to small amplitudes. The channel following the transition section terminated
abruptly. The results obtained for this initial study for reflection and
transmission are reported in reference (8) and are employed for the present
study primarily for comparison. This is true also for the second study with
a transition of 1:16 (a = 3.57°), however, wave steepness was varied in this
program as an important parameter. Depth variations extended over a more
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limited range of hllh = 2.0 to 3.0. The wave periods corresponding to the
range of short waves %o shallow water waves were T = .67 seconds to 7.25
seconds. The wave steepness varied correspondingly from a maximum of .058
for short waves to a minimum of .00072 for long waves (8).

The test program to be emphasized here is the one specified for the
three transitions A, B and C, indicated in Figure 1. As for the transition
1:16 these transitions were also exposed to the full range of waves from
short to shallow water waves with depth ratios and wave steepnesses as
given before.

EXPERIMENTAL RESULTS

Although the channel following the transition terminated in wave absorbers
at the end of the wave channel some reflection remained as determined from
the wave amplitude envelope. This necessitated the reduction of the data
again as originally developed by Ursell and Dean (10) for an endless channel.
This was done by a computer program for the wave systems S1 and S3 shown in

Figure 3. The corrected emplitudes a'l, a'2 and a'3 are related to the
measured wave amplitudes a5, 85, ag and a, for the linearized waves assumed
as follows: 1
2 2
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Hence, the experimental reflection and transmission coefficients are defined
by:

1 a T
K =—"% 4 K, = —= (5)
1 t o
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|

These coefficients derived from experimental data are compared in the graphical
presentations of results with those given by Lamb for abrupt transitions for
long waves (2). Since in the short and intermediate wave range Lamb's analysis
is not applicable the coefficients of reflection and transmission were restated
from the energy balance quite generally for a channel of constant width:

2

2
@a- K ) Co1 = K¢ Cg3 (6)
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C 1/2
and K = 1- Kt2 (CL3 (¢D)]
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wherein CG =nC = 3 C [. oin 2 kh

Valges for the group velocity ratios are readily obtained from wave tables
(11).

Lamb has derived the reflection and transmission coefficients for abrupt
transitions and shallow water waves as:

€))

(10)

Noting that the termsv h3/h1 represent group velocity ratios for shallow

water waves and since C = L/T these coefficients may be stated for our
purposes as:

B C
1- 6 D
K.=_ 1 @6l (11)
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Values of the coefficients computed from equations (11) and (12) were used
for comparison with the experimental results defined by equations (4) and (5).

Figure 4 gives these experimental values for transition A and
short and intermediate waves versus the group velocity ratio. Previous
experimental investigations for linearly varying bottom transitions 1:2.75
and 1:16 are shown by respective average lines. As in the previous studies
the scatter for this transition of slope 1:8 is very large and a good
physical explanation is difficult. A possible reason is the restricted
length of channel, within which only a few waves can be generated ahead of
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the transition. Damping effects also make an accurate evaluation of amplitude
changes difficult, since wave envelgpes extend over a considerable portion

of the channel. Generally, reflection coefficients for gradual transitions

are considerably higher than those established for Lamb's case. The most
abrupt transition 1:2.75 is closest to this case, the transition 1:8 giving

the highest values of Kr' The transition 1:16 shows the reflection coefficient

lower again as one would expect for decreasing bottom slopes, the reflection
eventually becoming negligible.

The trend for both the reflection and transmission coefficients is a
decreagsing one with an increase in the group velocity ratio. Differences in
the transmission coefficients for the various transitions are relatively small
in the significant range of group velocity ratios near unity and all K  values
are close to unity. Maximum values of K_ = 1.25 were reached for the lowest
group velocity ratios. To be noted in connection with the scatter of the
results in Figure 4 is the fact that they are not differentiated with regard
to wave steepness, which was found however, to have relatively little effect
on reflection and transmission for the short and intermediate wave range.

Figure 5 gives the experimental data for transition B for short and
intermediate waves. Within the scatter the average experimental trend shows
surprising agreement with the equivalent curves computed from Lamb's theory
for shallow water waves. No previous results are available for this type
of transition.

Figures 6 and 7 show a comparison of the reflection and transmission
coefficlents for transitions A and B for shallow water waves with Lamb's
theory for abrupt changes in section as a function of group velocity ratio.
The reflection coefficients for transition A are again higher than Lamb's
values and the transmission coefficients are lower, but the change is not
great. Transition B gives higher values than transition A, as expected, in
view of the additional side contraction. However, it is seen that Lamb's
theory overcompensates for this effect and the reflection and tramsmission
coefficients are now lower and higher respectively than those from this theory.

Reflection and transmission coefficients both decrease with increasing
group velgcity ratio. The scattering for shallow water waves for each
change in the depth ratio is more distinctly attributable to wave steep~-
ness as is seen from the following figures 8 and 9. In view of the absence
of any theory including wave steepness as a parameter results for the re-
flection and transmission coefficients are compared to the mean curve of the
transition 1:16 for shallow water waves for transition A and show higher
values for A than obtained for the transition 1:16 (8). Transitions A and B
both show a considerable decrease in the Kr values with increasing wave steep-
ness. Some of this effect is undoubtedly associated with the markedly
increased energy dissipation in the tramsition process as the wave steepness
increases. This, although subject to extensive experimental error, was
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verified from energy balance considerations in reference (9). Energy losses
for the range of wave steepnesses tested on transitions A and B show increasing
dissipation rates for shallow water waves to maxima of 5 and 8% respectively.
For the intermediate wave range these dissipation rates are somewhat higher,
increasing from 2% for the lowest steepnesses of HllL = 1/1000 to 6% and

12% for transitions A and B for the highest steepnesses of 6/100.

Transmission coefficients seem very little affected by wave steepness
changes for both transitions. This trend is confirmed by the previous study
on transition 1:16.

Figure 10 shows the effect of wave steepness on the Kr and Kt values for

transition C of constant depth, hence of constant group velocity ratio.
While again the scatter is sizeable a generally decreasing value of Kr with

rising wave steepness is noticeable, while the value of Kt is constant.
CONCLUSIONS

An extensive experimental program was conducted in a rectangular wave
channel to determine the reflection and transmission coefficients for trans-
itions of linearly varying depth and/or width. Experimental results were
obtained for three transitions: a transition A of constant width and linearly
sloping bottom (1:8), a transition B with a linear reduction in width to one
half (1:12.8) and a linearly sloping bottom (1:8), a transition C with a
linear reduction in width to one half (1:25).

The variables were: the wave frequency, which could be adjusted from
deep water to shallow water waves in the approach channel, the wave ampli-
tude, to give a maximum possible range of wave steepness, the channel depth
resulting in different depth ratios for the upstream and downstream channels.
The experimental results obtained in this program were compared to results
of previous experiments on transitions of constant width with linearly
varying depth of 1:2.75 and 1:16 where applicable.

Data reduction was on the basis of linearized, small amplitude theory
with systematic reference to the theory for abrupt tramsitions by H. Lamb
for shallow water waves. Generally, the coefficients of reflection and
transmission were related to the resulting dimenslonless parameters: group
velocity ratio, wave steepness and channel depth ratio. Only very general
conclusions are possible due to the relatively large scatter of the data
in spite of considerable care exercised in the measurements.

1. For transitions of constant width and linearly rising bottom experimental
reflection coefficients for all slopes are materially above the values pre-
dictable from Lamb's theory for abrupt transitions. This holds for waves

from deep water to shallow water in the approach channel.
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2. TFor these transitions transmission coefficients are somewhat lower than
predicted from Lamb's equations, but generally quite close.

3. For the case of the transition of linearly decreasing width and depth
Lamb's theory seems to predict the transmission and reflection coefficients
quite well in the shorter wave range. For shallow water waves the reflection
coefficient was found to drop lower and the transmission coefficient to rise
above the values computed from Lamb's relations.

4, All vzlues of reflection and transmission coefficients tend to decrease
with increasing group velocity ratios as is predicted from Lamb's expressions.

5. Wave steepness was confirmed to have a material effect on reflection
coefficients for all transitions tested, as had been established in a previous
study. It does not seem probable that viscous effects alone are responsible
for this. Non-linear wave characteristics may account for part of this effect.
Transmission coefficients were found essentially constant with wave steepness
within experimental accuracy.

ACKNOWLEDGMENTS

It is a privilege to acknowledge the support of the Fluid Dynamics
Branch of the Office of Naval Research, U. S. Department of the Navy, for
this study carried out at the Hydrodynamics Laboratory of M.I.T. in its
program of graduate research.



202

10.

11.

COASTAL ENGINEERING

REFERENCES

Green, G., (1837), "On the Motion of the Waves in a Variable Canal of
Small Depth and Width", Cambr. Tramns. Vol. VI, p. 225.

Lamb, H., "Hydrodynamics", 6th edition, Dover Publ., New York, 1932,
pp. 260 - 273.

Rayleigh, Baron (Strutt, John William), (a) "On Progressive Waves',
Proc. Lond. Math. Soc., (1) 9, 21~26 (1877), (b) "Hydrodynamical Notes",
Phil. Mag. (6) 21, 177-195 (1911), (c) "On the Theory of Long Waves

and Bores", Proc. Roy. Soc. London Ser. A90, 324-328 (1914), (d) "On
Waves", Phil. Mag. (5) Vol. 1, 257-279 (1876).

Carrier, G. F., (a) "Gravity Waves on Water of Non-Uniform Depth",

(b) "Gravity Waves on Water of Variable Depth", U. S. - Japan Coopera-
tive Scientific Res. Sem. on Tsunami Run-Up, April 18-24, 1965,
Sapporo, Japan.

Takano, K., "Effets d'un Obstacle Parallépipédique sur la Propaga-
tion de la Houle", La Houille Blanche, Vol. 3, 1960, pp. 247 - 267.

Kajiura, K., "On the partial Reflection of Water Waves Passing over a
Bottom of Variable Depth", Earthquake Research Institute, Univ. of
Tokyo, Japan, 1961.

Dean, R. G., "Long Wave Modification by Linear Transitions", Journal of
Waterways and Harbors Div., Proc. A.S.C.E., Vol. 90, No. WWI, p. 1~
29, Feh. 1964.

Ippen, A. T., Alam, A. M. Z., and Bourodimos, E. L., "Wave Reflection
and Transmission in Channels of Gradually Varying Depth", M.I.T.
Hydrodynamics Lab. Technical Report No. 72, July 1964.

Bourodimos, E. L., and Ippen, A. T., "Wave Reflection and Transmission
in Open Channel Transitions", M.I.T. Hydrodynamics Lab. Technical
Report No. 98, August 1966.

Ursell, F., and Dean, R. G., "Interaction of a Fixed Semi-Immersed
Circular Cylinder with a Train of Surface Waves", M.I.T. Hydrodynamics
Lab. Technical Report No. 37, September 1959.

Wiegel, R. L., "Gravity Waves - Tables of Functions", Council of Wave
Research, The Engineering Foundation, University of California,
February 1954.



WAVE REFLECTION

TRANSITIONAL
REGION I REGION IX REGION TIT
n=asin(kxeot) T
P ¥ X L
7 ] PRZaC i g
-
| _-|m
h(x) =
hl R < <R
< b -hs
< v A < <
Elevation
4
By B(x) By
) (B~ Bg)/2
A
Plan
TRANSITION VARIATION OF DEPTH VARIATION OF WIDTH
A (h=hy)p= 1/8 B, = By= const
(o= 716°)
B (h.-hy{i 1/8 Bg/By=1/2
B/~Bs "
7 = |/i28
8= 4 46°)
c h;=hg= const B, /By=1/2
B,-B
—'—2—€3—= 1728
8= 2 29°)

Figure |

Schematic of Channel Transitions Tested

203



COASTAL ENGINEERING

204

uswdinby jojuswiisadxl jo woiboIq jowsyos
2 anbig

jog |suubyp
{035 0} joU S BUMDIp SIYL 9ION
NOANNSANNS SOUOUNASNNNNNANNA YN AN AN AN MUY SONNNRNNY

NN

—N s /VvvvvaVVVv\
R R .

$ieqiosqy  ABieug

Whuiny pepuodxg

80oLI0)  pejpdoid-iRS




205

WAVE REFLECTION

waysAS 9AOM PAWIOJSUDI] PuD PIINSDIW

¢ aunbig
we}sks B8ADM pawiojsubil ¢ (4'x ,nw
AN CANA\RRNNNSNSNS N\
|
|
NAMNANAN “ ly
£y f
_ P P P .
| X+ T S—” _ 7 ~—— 7 __
v €2
o=="L (Fg+i0-xyursSo= &
e'e .
(5g+ 10 + xEy)uiso= _b\ ('g+ 10+ xyuisto="y
uoibe uoibay uoiba
o Y _ _om._”o_:mco‘..r _ I Y
walsks  aADm painsoepy ¢ (4'x)ls
N OUOMANANNNANYN ANY
|
|
|
AN AN CUCRRRNNRRRNNNR | _z
< -1 (0 |
N2 2N L | P e i
- %+ g _ 7 ~— SN———””
—————e— —————
(

("g+ 1o-xEnyuis*o 'Yy,

(g + 10y yuisfo"gy,

%+ 10 -x'y) wistos' 9,

{'g+10+x'y)uis'o u_._P

T uoibe y _ Ir voibey
|OuO1}isuDJ |

_ T uotBay




COASTAL ENGINEERING

206

Y UOHISUDJL — SBADM 9{DIPSULISIU) PUD JIOYS — ONDY ANDOjBA dnoJ9 SA SJUBIDIHIR0D UOISSIWSUDIL PUD UOI;O3) 8y

& anbig
_00
n@O
on 001 060 080 0L0 090
] _ _ °
——
v T e — —
- v ¢4ﬂ~_,:o:_,»x<ﬁ|'q'|nlﬂ'|.4 —z0
\4 ~ g -_— — N v
«4 RS n s:ﬂ_,.ﬁfnhlllllll.«lql
4 Imandet S A vy v i v
o, L s v v "
| M v v —-—yY v —vo
w v ,l’ldll v
¢ v . v % -—
v
v v
- v — 20
— -180
— - -
* s 8 _ e
2 0l
4]
JURIDI}}90D UOHI| Y ¥
JUBNINY}00D UOISIIWSUDIL O
- —¥)
_ L _ A _ L _ 1 1

y



207

WAVE REFLECTION

g UOIHISUOJ — SPAOM DIOIPIULIBIU| PUO |IOYS

— ooy KII20JaA dNOIY SA SJUBIDIJ0) UOISSIWSUOLL PuO DI 5oN

‘G 94nbig
199
)
ol 001 60 80 10 90 )
7 T T T T _ _ T T T °
v v
v
I v v ’ v 5 v —jee
— LT g~ —AED liyygy) ¥ v % 4444 v
TN u gv v ]
|
- g, g *0

10011000 UOHONEY V
ﬁ» HUNOILI90D UOISSILSUDLL o

] L I

vV 9o 90




COASTAL ENGINEERING

208

V UOIHSUOL] —SAOM MO[{OYS ~0HOY KJ190jaA dnoJ9 SA SJUBIDNS4B07) UOISSIUISUCL] PUD UOHIB[4IY

'9 ainbiy4
99
nQQ
060 080 (74 ¢] 090 [4-1¢]
T _ T _ T _ T _ T _ T
v v
B v e A¥QIN ]
v v 1 Sawy §
v v TN
.,llum.nl«,:,q:q’ v I Lighvgy Taney %
Ve v ll’r’llﬂdﬂ.’l’.@’ ¥
[ v % 3 G\.ﬂoﬂﬁﬂuyll -]
v v
v v
v

———

—

—_—

- ——

(4]

»0

N

90

80

ol

W

ri



209

WAVE REFLECTION

01400} 384
UOISSJWSUDJ] PUD U
S—01DY Kjo0jap dNoIY SA $JUSIDISHR0)

— S9ADM MO)|DYS —

8 UONISUDL].

1 ainbiyg

1989
£94

ANOINL SenyI= NOILISNVY L ddnugy

AWOINL S,anvy = NOILiSNVuT Ldnugy

vy v v
[— ——l_
«w (IMwRd™ T7am,

=155y /,«/
% w

20

90

80

[°2]

2

4

Iy
91



COASTAL ENGINEERING

210

'V UOIJISUOLL —SBAOM MOJIOYS —

$59Ud93}S IADM SA SIUBIDIJIBO0D UOISSILISUOI] PUO UOKIB|JaY

g aunbi4
1
OlX—-—
14 H
% o (44 ob 9€ 143 82 2 [ 9l el 9 ¥ OO
| ] ] T ! I f ] ! T I
- v
———— '“l"'l,l,l v
L ,I,lllrlld ’4”" v — 20
v v ————— ——— v
v . «.IIG/JIMJN § v TR —— © v,
v - l.dljw% vV v Iy
- v VT ]
v v mglntvﬁllh %0
v v
vV
v
— ¥ —90
— — 80
° (o]
B ) o ° o450 o 1
—og———ag2-—-_________ 0O Q o o oo
v O~ =T ST olllllollpll.o,ndl'Qer Qq .
—_— - _—
— —— = “OyTNGIRAVEL B —0O-—0g-——0 ) . p |
o © ° i
o
| _ _ _ _ _ _ [ _ _ l [ "




211

§ UOI}ISUDI) —SBADM MO||DYS — sS0udadlS OADM SA S|UBIDIFJO0) UOISSILISUDIL PUD UOHIA|}eY

WAVE REFLECTION

6 aunbi4
"
O
e 14 44 oy oc € a2 e 02 ol 2t 8 14 oo
1 ! ] 1 | I | T [ T [ |
I —
Il’l’lll’dﬂ oV _V — 20
v Te—- v v
v Ve I/l/«“ v v
¥ . v v L $0
j v ¥ Vo v
v v /l LK
v //
- 4// v -190
v v ///
— v |.A 80
— — 0l
— IA 21
- . OW ° Pe) [-JRRS ¥ 1
———————— ..ovlllm.l..ll.iWa.l 0o°° 00 i
S —_—e . e
| o ° g om.w 2% o o o 5 o —le
=] ° [+]
o
I R R Y AN SN N S N SR R oz




COASTAL ENGINEERING

212

D UOIISUDJ] — SOADM 3iDIPAWaiU) PUD JJOUS—SSBUdIIS SADM SA SJUSIDI;IR07) UOISSIWSUDI| PuUD UOHO?|jaY

‘0l 8anbig
|
OXr
-] 14 144 ob 98 2% - ve 74 9 Kl -] (o]
_ T T _ T 1 T _ T _ T T °
TV ——— vV v v
e e——— . v v Ve Avdl.uo
,-I-,l,i’ . v 5 v - Iy
. S Ve, W
v VT r——— Y v,
v vV TTTwee——. —{ %0
v v v v
v
e
v
— 90
v v
— 80
o
° °
o
°
o ° o — 2
° o ° %o 8 ® L0
O T T T s e s s -—oP0—-—% R N N Y "
° ® %o o |y,
_ L _ _ _ ! _ _ [ _ [ o




