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Abstract

A number of studies on wave dissipation in the surf zone have been conducted over the past three
decades. These studies, however, did not include the case of energy dissipation in the vicinity of a
seawall. In this paper two wave energy dissipation models (Dally et al., 1984; Battjes and Janssen,
1978) are modified to account for wave reflection. Dally et al.’s (1984) model is also calibrated
against hydraulic model tests for irregular waves on a beach consisting of a constant slope followed
by a horizontal shelf. The numerical model developed, predicts the H,,, wave decay for the tests
performed and the effect of reflection was also well simulated.

1. Introduction

In the surf zone, the wave energy transported from deep water dissipates in the process
of wave breaking, and is mainly transformed into turbulence energy. Two approaches are
commonly used to evaluate the wave properties in the surf zone. The first approach predicts
the variation of the wave properties within a wave cycle. The Boussinesq model is an
example of such a detailed model (e.g. Schiffer et al., 1993). The second approach calcu-
lates for wave properties averaged over a wave period. In most applications, such a model
is sufficient. This paper describes such an averaged model. Wave decay in the surf zone can
be predicted by solving the wave energy balance equation;
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where E is the energy density (calculated using linear wave theory), C, is the group velocity,
D is the wave energy dissipation rate per unit area due to breaking, and s is the distance
along the wave path.

Integrating Eq. (1) subjectto initial conditions, E or the wave height H can be determined
as a function of the distance s. However, a formulation for the energy dissipation term D is
required to solve the above equation.

Many studies have been undertaken to estimate D over the surf zone. Battjes and Janssen
(1978) propose a formulation for D using a bore like model, which was first advanced by
LeMéhauté (1962). Dally et al. (1984) suggested an empirical formulation for D which
includes energy stabilization. Both these models were developed for cases without wave
reflection. In the present study both the above models were modified to account for wave
reflection. Dally et al.’s (1984) model was also calibrated for irregular waves on a beach
consisting of a uniform slope and a horizontal shelf as shown in Fig. 1. This will be called
a ‘‘shelf beach’ in this paper.

Battjes and Janssen’s (1978) model defines wave decay using wave height values
obtained from a spectral analysis of the wave record. In the present study, this model which
represents total energy is referred to as the Frequency Domain Model (FDM). Dally etal.’s
(1984) wave model was developed for the statistical definition of the wave height, obtained
from a zero crossing analysis of the time series. The modification of Dally et al.’s individual
wave model is thus referred to as a Time Domain Model (TDM). Nairn (1990), and
Thompson and Vincent (1984) also distinguished between both the above wave height
defimtions.

2. Energy dissipation rate

Battjes and Janssen (1978) developed the following equation for D by assuming that all
the broken waves have a wave height of H,,

1
=zfQPgH§1 (2)

where H,, is the maximum possible wave height in a depth &, fis an average wave frequency
and Q is the fraction of waves breaking. The value of @ was obtained by assuming the
cumulative probability distribution function (pdf) of all wave heights is of a Rayleigh-type
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cut off discontinuously at H= H,,. This was shown to imply the following relation between
Q and (H,yo/ Hy),

1=0 _(Hums)
—an_(Hm) 3)

The maximum wave height H,, is determined from a Miche type expression introducing a
variable ¥, to allow for the influence of wave steepness.

_ 7kh)

H,,=0.88k~ 'tanh|——

g (0.88 “)

Battjes and Stive (1984) calibrated and verified Battjes and Janssen’s dissipation model

for random waves. They proposed the use of the peak period of the wave spectrum T}, as
the mean period. They also calibrated -y with deep water wave steepness,

v=0.5+ 0.4tanh(33H°) (5)
L,
where L, is the deep water wave length calculated using the peak frequency, and H, is the
deep water rms wave height. Nairn (1990) mentioned that the dependency of -y on the wave
steepness is opposite to conventional breaker criteria such as Weggel (1972) or Singamsetti
and Wind (1982). These criteria (developed for regular waves) suggest that steeper waves
break sooner, i.e. with smaller incipient H/d ratios (further offshore). Nairn mentioned
that this parameter could be compensating for the shift of energy from incident wave
frequencies to long wave motion. Nairn recalibrated the above equation,

33H,
y=0.39+0.57tanh( 3 °) (6)

op

Battjes and Stive (1985) verified that an approximate equation for Q proposed by
Thornton and Guza (1983) yields results similar to Eq.(3). The equation proposed by
Thornton and Guza relates Q to (H,,/H,,) directly as follows,

Q=(ﬂm_=s) 7

Both Egs. (3) and (7) are plotted in Fig. 2. Although Eq. (7) approximates Eq. (3) closely,
the deviation increases for small values of Q. Fig. 2 also shows,

H,
InQ=3.86 3.86(Hrms) (8)
which is a much closer approximation to Eq. (3). To decrease the computational time and
enhance convergence, Eq. (8) was used instead of Eq. (3) for calculating Q in the present
model.

Dally et al. (1984) developed a wave energy dissipation model which explicitly takes
into account wave height stabilization over a horizontal beach. Dally et al. assumed D in
the surf zone to be proportional to the difference between the local energy flux and a stable
energy flux,
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Fig. 2. Different formulations for Q in Eq. (2).

K

where D =0, and the local stable wave energy E,, is calculated using the stable wave height
proposed by Horikawa and Kuo (1966). Horikawa and Kuo (1966) conducted laboratory
tests on a shelf beach as shown in Fig. 1. Their data indicated that a stable wave height
develops in a water depth h over the horizontal profile. This stable wave condition is attained
when no more energy dissipation due to wave breaking occurs. The data published by
Horikawa and Kuo (1966) suggest,

Hy=TIh (10)

where I is a coefficient which ranges between 0.35 to 0.4.

Dally et al. proposed constant values of K=0.15 and I'=0.4 to give the best results over
a wide range of monotonic beach slopes. These values were recommended for models which
included wave setup. If wave setup is not calculated, Dally et al. recommended values of
K=0.17 and I'=0.5. The Dally et al. (1984) model was developed for regular waves only.
In a subsequent paper Dally and Dean ( 1986) developed a model for irregular waves. They
divide the offshore wave height distribution into bins, use the joint wave height and period
distribution of Longuet-Higgins (1983) and then apply Eqgs. (9) and (10) to each bin.

Kamphuis (1994) showed that Eq. (9) may be applied directly to a representative wave
height and period. This is similar to Johnson (1990) who used H,, as the representative
wave height, and obtained good results. Johnson used a value of I, =0.4, and suggested
a value of K=10.25 for the case of wave decay with an opposing current. Recently, Larson
(1993) showed that a model for the decay of a single wave parameter ( H,,,) can produce
results very close to a Monte Carlo simulation, such an approach reduces the computational
time considerably.

The tests performed by Horikawa and Kuo (1966) were performed, with regular waves,
and their results cannot be simply used to calibrate an irregular wave model. Since no
detailed study of stable wave heights for irregular waves has been published, irregular wave
tests similar to those by Horikawa and Kuo were performed in this study for cases with and
without reflection.
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3. Modelling of reflection

The wave energy dissipation models described in the previous section deal only with an
incident wave. In the vicinity of a seawall reflection off the wall must be included in the
wave decay model. It was assumed that only the incident wave dissipates energy through
breaking, whereas the reflected wave does not. Jones (1975) made this same assumption
together with other approximations to derive an analytical solution for the longshore veloc-
ities along a seawall. The tests performed in the present study further showed that the
reflected wave does not affect the decay of the incident wave. Thus, the TDM and FDM
can be applied simply with the incident wave heights used in Egs. (8) and (9).

The reflected wave was calculated using a mirror image technique (Carr (1952)). The
incident wave heights were determined from a refraction model which marches in the
onshore direction. The reflected wave was calculated by marching in the offshore direction
starting from the seawall. The details of the wave transformation model and its verification
is provided by Rakha and Kamphuis (1994). The total wave height was calculated by
summing the energy for the incident and reflected waves,

H=VH+H* (11)

where H, is the total rms wave height, H; is the incident rms wave height, and H, is the
reflected rms wave height. Goda (1976) mentioned that Eq. (11) is based on two assump-
tions. The first is that the energy of composite waves appearing as the result of superposition
of multiple trains of irregular waves is the sum of the energies of the individual wave trains.
The second is that the proportionality of representative wave heights to the square root of
wave energy holds for such composite waves too, regardless of the direction of individual
wave trains. Goda (1985) also mentioned that this formula is not valid in the immediate
vicinity of the seawall because of the fixed phase relation between the incident and reflected
waves. Clearly, the above equation can only be applied to a wave height such as the rms
and significant wave height defined from the complete wave train, and not for individual
wave heights. It will be shown later that the above equation is not valid for H,,, due to the
phase effect. In the present study, it was found that the breaking of the incident wave before
reaching the seawall decreases the phase effect.

Over the horizontal section in the wave stabilizing zone shown in Fig. 1 the reflected
wave height can be calculated from,

H.=KH, (12)

where, K, is the reflection coefficient. Substituting Eq. (12) into Eq. (11) the following
equation for the total wave height is obtained,

H=V1+K? H, (13)

Silvester (1974) mentioned that K is less than unity due to second order effects, where
K, depends on the wave steepness obtained from linear wave theory and the water depth.
Goda (1976) showed that the average K, for a wave spectrum was 0.9 for a 1 : 10 bottom
slope and 0.75 fora 1 : 30 bottom slope. In the present study a constant reflection coefficient
for the vertical seawall of 0.9 as recommended by Ippen (1966) and Kondo et al. (1986)
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Fig. 3. Plan of 2 m wave flume (dimensions in meters).

was found to yield a good approximation to the wave transformation for the tests performed
as shown later.

Smith and Hughes (1993) mentioned that although reflection produced by the structure
had a little effect on the non-broken incident wave heights, the breaker location appeared
to be affected by the interaction of both waves. They mentioned that the effect of reflection
on the breaker location should be studied. For the TDM, the location of the breaker was
predicted using the Kamphuis (1991) breaker criterion,

Hy= (0.09564'0"’)Lp,,tanh(2 th) (14)
Ly,
where the subscripts b, p, and s denote breaking, peak frequency of the spectrum, and
“‘significant’’ respectively. The value of m was calculated as the average slope over one
wavelength offshore of the point of interest. For the cases with reflection the total wave
height as defined in Eq. (11) was used in Eq. (14). The use of the total wave height in Eq.
(14) is validated later in this paper. At breaking H, was assumed to be equal to y2H .
This was shown to be reasonable from earlier work by Briand (1990) and Kamphuis (1991).

4. Laboratory experiments

Tests were performed in the 2 m wide wave flume shown in Fig. 3. The water depth in
the flume varied from 0.86 m to 0.98 m. The test section of the flume was 1.25 m wide with
0.37 wide channels at both sides to reduce the secondary reflection off the wave generator.
Without the side channels the maximum increase in the incident deep water wave height
from secondary reflection would be 30%. The use of the flume layout shown in Fig. 3
resulted in an increase in the incident deep water wave height of only 4-12%. The larger
increases occurred for the cases where only a small percentage of the waves broke before
reaching the seawall. The beach consisted of a 1 : 10 wooden fixed slope and a 5 m long
horizontal section. Fig. 1 shows a vertical cross section of this shelf beach profile. A seawall
was constructed at the end of the horizontal section, and dissipative material was placed in
front of the seawall to produce the tests without reflection. The seawall was located at a
distance of 1.6 m from the baseline.
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Table 1
2D tests on a fixed horizontal beach

Name Type Depth on shelf (cm) Hg, (cm) T, (sec) Number cf tests
KA Irr. + Refl. 6-18 59 1.15 17
KA Irr. 6-18 5-9 1.15 17
KB Irr. + Refl. 6-18 5-9 1.25 17
KB Irr. 6-18 5-9 1.25 17
KC Reg. 6-12 5-13 1.15 13

A total of 68 irregular wave tests were performed both with and without reflection as
shown in Table 1. The water depth on the horizontal shelf was varied from 6 to 18 ¢cm in
increments of 2 cm. The deep water rms wave heights tested ranged from 3.5 to 7 cm. Two
peak wave periods of 1.15 and 1.25 sec were tested. A JONSWAP wave spectrum was used
with a groupiness factor of 0.8 and a peakedness of 2.3 (Funke and Mansard, 1980). Zero
crossing analysis and spectral analysis were used to analyze the wave records.

A movable carriage with an array of five capacitance wire wave probes was used to
measure the wave heights over the full beach profile. The actual shape of the wooden profile
was measured using a manual profiler a few days after filling the flume with water. The
standard deviation for the water depth over the horizontal section was found to be 3 mm.
For each test the wave statistics H,,,,;, H;, H .y, and H,,,, were determined as a function of
distance along the profile. Stable wave heights for each of these wave statistics were deduced
from these wave height profiles. Each irregular wave test was performed once with reflection
and once without reflection.

Table 1 also shows 13 regular wave tests. Reflection was not tested for the regular waves
because of instabilities in the waves. The scatter in the data for the regular wave tests was
larger than that for the irregular wave tests. The regular wave tests were performed to
compare the results with those obtained by Horikawa and Kuo (1966).

5. Determination of I
5.1. Tests without reflection

The coefficient I"is required for the TDM and was determined for both H,,,,; and H,. Figs.
4 and 5 depict as an example the results obtained for Test KA4, which had a significant
deep water wave height of 7 cm and a water depth over the horizontal shelf of 10 cm. Similar
results were obtained for the other 33 tests performed. Fig. 4 compares the values of the
rms wave height obtained from wave statistics obtained by zero crossing analysis (labelled
statistical) and the rms wave height obtained from a spectral analysis (labelled spectral).
Although both definitions yielded identical results in deep water, the statistical value was
consistently higher than the spectral value near the breaker. Nairn (1990), and Thompson
and Vincent (1984 ) reached this same conclusion. All the tests performed showed that the
values according to both definitions became nearly identical in the wave stabilizing zone
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Fig. 4. Statistical and spectral wave height profiles.

over the horizontal shelf. For some tests both definitions were close throughout the wave
decay zone.

Fig. 5 shows an example of the wave decay and stabilization of the wave statistics H,,
H,, and H,,. It can be seen that each of these wave statistics approaches its own stable
wave height. Such figures show that Eq. (9) for regular waves can indeed be applied to any
single wave height statistic using the appropriate coefficients, which need to be determined.

Fig. 6 plots the stable significant wave height against the still water level (SWL) depth
over the horizontal shelf. A constant value of I', would be represented by a straight line in
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Fig. 5. Wave decay for different wave statistics.
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Fig. 6. The line shown on the figure is the best fit straight line; and has a slope of 0.44
(#=0.92). Fig. 7 gives a similar plot against the mean water level (MWL) depths. The
MWL depths were obtained by adding the wave setup, calculated using a numerical model
(Rakha and Kamphuis (1993)) to the SWL depth. The best fit in this case was a line with
a slope of 0.43 (¥#=0.95). The legends in both Figs. 6 and 7 divide the data according to
the deep water significant wave height. From the above figures an average value of I, =0.43
may be used. However, for the same water depth the larger incident wave heights produced
larger stable wave heights implying some dependence on the deep water wave height. The
data also shows that a nonlinear fit should give better results. These effects are shown later
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Fig. 7. Stable wave height as a function of MWL depth.
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on, to be a result of the dependency of I"on the breaker wave steepness. Hardy et al. (1990)
found that the value of I for the characteristic wave height was 0.4 on an offshore coral
reef. Figures similar to Figs. 6 and 7 were obtained for the rms wave height, suggesting an
average value of I, =0.32.

Fig. 8 relates the statistical stable wave heights H,; and H,. From Fig. 8 it can be seen
that the assumption that H, .= H,//2 is not a bad assumption even in the wave stabilization
zone. The best fit was given by H,,,=0.74H, (¥ =0.99). The best fit for the maximum
stable wave height H,,,, was given by H,..=1.49H, (¥*=0.96), which differs from the
value obtained by assuming a Rayleigh distribution.

As mentioned previously, a distinction between the statistical and spectral definitions is
necessary. Fig. 9 shows that the characteristic wave height H,,,, defined from the wave
spectrum and the statistical wave height H, defined from the statistical wave height distri-
bution are nearly identical in the wave stabilizing region. The data includes both cases with
and without reflection. The cases with reflection showed that H,,, was slightly higher than
H,. Fig. 9 implies that the same value of I'may be used for both definitions.

Dimensional analysis shows that,

o)
b

where, f is an unknown function, ¥, is the breaker index (H/d),, (H/L), is the breaker
wave steepness, and m is the beach slope before the horizontal shelf. The beach slope was
constant for all the tests performed, and its effect was not studied.

Fig. 10 depicts the dependence of I on the breaker index, the legends separate the two
wave periods tested. It shows that there is no clear dependence on the wave period. Since
the wave length is primarily a function of the wave period and the water depth only, the use
of either the breaker index or the breaker steepness should therefore suffice. The range of
wave periods tested cannot define the wave period effects. More tests with a larger range
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of wave periods would be necessary. Figs. 11 and 12 show that less scatter than in Fig. 10
is obtained using the breaker wave steepness. That same observation was made by Kamphuis
(1991) with respect to the breaker criterion.

Two best fit equations were obtained. The first is for the significant stable wave height,

H
I,=0277 +2.46(——5) (16)
L b
with 7 =0.78 and the curve fit standard error=0.013 for I'; and,
H,
I}ms=0.l9+2.84(———"2) (17)
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Fig. 10. Effect of breaker index and wave period on I
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with 7#=0.78 and the curve fit standard error=0.011 for I},

Larson’s (1993) method was used to predict I, for the tests performed. Larson men-
tioned that for a monotonic beach, his model gave the same results as a Monte Carlo
simulation. Fig. 13 shows that this method overpredicted the value of I, for larger wave
steepness, which suggests that the Monte Carlo type of model will overpredict H,,, for
these cases.

5.2. Tests with reflection

For tests with reflection, Figs. 14 and 15 provide sample results obtained for the total
wave heights as measured for Test KA4. From Fig. 14 it can be observed that both the
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spectral and statistical definitions again yield similar results throughout the surf zone. Fig.
15 shows that each wave statistic again approaches its own stable wave height. The scatter
in the maximum wave height was however observed to be larger for most of the tests with
reflection, due to phase effects.

Fig. 16 relates the rms and significant stable total wave heights. The assumption that
H,...= H,//2 is shown to be reasonable; the best fit line gave a slope of 0.72.

Fig. 17 compares the H,, stable wave height definition for cases with and without
reflection. A best fit gave a slope of 1.31 (r*=0.98). The results for the stable significant
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Fig. 14. Statistical and spectral wave height profiles (with reflection).
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wave height gave a best fit with a slope of 1.34 (r*=0.98). Finally, the stable characteristic
wave heights for the cases with and without reflection gave a slope of 1.39 (#* of 0.98).
Substituting the commonly accepted value of K, =0.9 into Eq. (13) produces:

H,=1.34H, (18)

which is close to the best fit obtained from the tests and thus the reflected wave does not
affect the incident stable wave height. The assumption by Jones (1975) that the reflected
wave does not lose energy due to the breaking process has also been confirmed. Also the
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Fig. 16. rms stable wave height as a function of significant wave height (with reflection).
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289

total wave height can be obtained by summing the energies of both the reflected and incident
waves, The above conclusions are verified later by including them into a wave transfor-
mation model which predicted the wave heights well.

The above analysis was not performed for Hy,,,, because Eq. (11) cannot be applied to
individual wave heights in the wave record. The scatter in the results for H,,,, with reflection
was larger than for other wave statistics because of nodal and antinodal points in the H,,,,
profile, indicating phase effects. The actual value of H,,, at each location is the maximum
value of H within the wave cycle obtained by adding the local instantaneous reflected and
incident waves. The incident wave that generated the reflected wave is different from the
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Fig. 18. Breaker criterion for all tests.
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incident wave added to the reflected wave, thus the analysis of such a wave statistic would
require a detailed Boussinesq type wave model. If the stable H,,, is regarded as that value
obtained for a smooth curve averaging all the individual points then the data obtained for
H,,.x describes some trends. A graph of this stable H,,,, vs. H; gave a best fit line with a
slope of 1.7. Comparison of the H,,, stable wave height definition for cases with and
without reflection (similar to Fig. 17) gave a best fit line with a slope of 1.55. This value
is less than the highest possible value for individual waves which would be close to 1.9,
and greater than the values 1.31 and 1.34 obtained for the rms and significant wave statistics.

6. Breaker criterion

As mentioned earlier Eq. (14) was used together with the assumption H,,,= y2H, to
determine the breaking criteria for H, using the total wave height. Fig. 18 shows that Eq.
(14) can be applied to the total wave height for the cases with reflection. The larger
deviations were observed for the cases where the waves broke on the 1 : 10 slope. These
deviations resulted from the inaccurate determination of the breaker location, because the
distance between the wave probes was 20 cm while the numerical results provide the breaker
location to the closest 5 cm.

7. Wave spectra

Fig. 19 shows the wave spectra at four distances from the baseline. The position X =6.6
represents the brink position, and X = 4.05 represents the location where the wave is stable.
Figs. 19a and 19¢ show that the peak period of the wave spectra decreases slightly as the
waves decay. Hotta and Mizuguchi (1980) reported this same observation for field data.
Some transfer of energy from the peak to the higher and lower frequencies was also observed,
which is consistent with the findings of Smith and Hughes (1993).

Figs. 19b and 19d provide the wave spectra for tests KA4 and KA6 with reflection
included. The wave spectra for these cases are similar to the corresponding tests without
reflection, but the spectra without reflection were smoother.

8. Comparison with numerical model

The I coefficient in the TDM was calibrated above using the experimental results. Both
models must now be compared with the tests to determine the value of K in case of the
TDM and verify the FDM. Linear wave theory was used in both models referred to as
LTDM and LFDM.

The models predicted the decay of the corresponding H,,,,; for Test KA6 well as shown
in Fig. 20, where Eq. (17) was used in the LTDM. The value of K=0.15 was used for all
the tests and was found to fit the data well. For some of the tests, where the spectral definition
was lower than the statistical definition, the LFDM overpredicted the wave height just after
the breaker. The effect of reflection was also predicted using both proposed models as shown
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Table 2
Goodness of fit summary

Test LTDM LFDM
KA6 0.034 0.034
KAR6 0.027 0.027
Average of all tests 0.038 0.035
Standard deviation of error 0.012 0.01
Maximum error 0.084 0.078
Minimum error 0.02 0.017

in Figs. 20c and 20d. The results obtained for the rest of the tests are presented in Rakha
(1995). Visually, both the TDM and the FDM have the same accuracy. Table 2 quantifies
the errors for the tests performed. The measure of fit used is the standard deviation of the
error normalized by the incident deep water wave height. This same measure was used by
Kamphuis (1994),

_ V Z([Ica] _Hmeas)z/N

= Hi
Table 2 shows that the LFDM performed slightly better than the LTDM. The difference
between both models was found to be insignificant for a confidence limit of 95%. Rakha
and Kamphuis (1994) compared visually both the LTDM and the LFDM against 2D and

3D tests on fixed and sand beaches. The results for the 2D tests were similar but for the 3D
tests with higher reflection, the LTDM predicted the wave heights better than the LFDM.

(19)

9. Summary

The stable wave height coefficient I for H,,,,, and H, was calibrated against stable wave
height tests on a shelf beach with irregular waves. I" was found to depend on the breaker
wave steepness. The tests were performed for a 1 : 10 slope followed by a horizontal shelf
beach. The peak periods tested were 1.15 and 1.25 seconds. More tests with a larger range
of periods and slopes would extend the proposed equations.

The wave height definition obtained from a statistical analysis of the wave heights differs
from that obtained by a spectral analysis. The TDM was developed for the statistical wave
definition, and the FDM for the spectral wave definition.

Both the TDM and the FDM were compared with 68 two dimensional hydraulic model
tests. Both models predicted the wave decay of their corresponding wave statistics well.
For some cases the FDM overpredicted the wave heights just after the breaker location.

The effect of wave reflection was included in both models, using a mirror image technique.
The reflected wave did not lose energy through breaking, nor did it affect the energy
dissipation for the incident wave. A reflection coefficient of 0.9 gave good results for a
vertical seawall.

The Kamphuis (1991) breaker criterion predicts the breaker location for the total wave
height well.
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The wave spectra showed a transfer of energy to the higher and lower frequencies as the
waves stabilized.

10. Notation

C, = wave group velocity;

D = wave energy dissipation rate;

E = wave energy density;

E, =stable wave energy density;

g = acceleration of gravity;

h = water depth to MWL;

H, =incident wave height;

H,  =maximum wave height for depth %;
H,, =characteristic wave height;

H, =reflected wave height;

H., =root mean square wave height;

H, = significant wave height;

Hy  =significant breaking wave height;
H, = stable wave height;

H, = total wave height;

k =wave number;

Ly, = wave length for peak period at breaker;
m = beach slope;

Q = fraction of waves breaking;

T, = peak period;

X = offshore distance from baseline;

0% = empirical constant;

Yo = breaker index;

r = empirical constant for stable wave;
K = wave decay rate empirical constant;
p = fluid density.
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