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I11. Wave Model

Following is a description of the wave model used for the simlxlation.

Two main effects will transform waves arriving at Sardinera Bay: refraction due to the
changing depth, and diffraction due to the presence of the preakwater(s). In order to
accurately simulate these transformations, a mild slope modql equation has been used,
following Kirby (1994).

The equation may be written as:

= o(C, i o, okl o
C A, +i(k —k)C, 4 +-2—(—[l)-)xA-;z—a;(CCgAy)y +5 A==l a=0, (1)

where 4 is the wave amplitude, o is the wave frequency, k is‘]the wavenumber, and the
dispersion relation is given by:

? = gk tanh(kh) . #))

Where 4 is the water depth and g = 9.8 m/s? is the accelerption due to gravity. The
phase velocity and the group velocity are defined as:

1)
C=— 3
P 3)
and
ow
C, =—, 4
respectively.

From the Coastal Engineering Manual, (Part II, Section 3 Pa. J 25): “Wave nonlinearity
has a strong effect on the phase speed of waves and thus can 1:\signiﬁcantly modify both
refraction and diffraction effects. For example, waves shoalinjz on a plane beach refract
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Because of this, the computational grid must be oriented to coincide with the desired
incident wave direction. In this case two computational erid orientations were chosen
(18° a directions (See
Sectio

Villa Marina, Fajardo

Puerio

Sea LoversChico
TPlayy
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In addition, two domain sizes were chosen for each direction. In order to characterize
the wave transformations caused by the approach to the bay, a grid 2900 meters long
and 1400 meters wide was used. In order to examine the :ffects of the bathymetry
within Sardinera Bay itself on the incoming waves, a smaller grid 900 meters long and
800 meters wide was used. (See Figures 2-5.)

Furthermore, the above-mentioned wave conditions weie simulated using four
additional domains, corresponding to the bathymetries discussed above, modified by
the presence of a breakwater as proposed by the owners of Villa Marina Yacht Harbor.
(See Figure 6.)

Vika Marina, Fajardo

Sea Lovers
700 ot

600
500
400 F
300+

200

ey

100+

0_,,,_ 1 i L 1 j
0 100 200 300 400 500 800 800
Figure 6. Computational Grid oriented at 30 degrees, clos:>-up version, with
proposed breakwater for Villa Marina Yacht Harbor included.

The output from the model is the normalized complex amplitude of the resulting wave
heights at each point on the computational grid. In additon, a calculation of the
--~nalized energy flux is made, which involves the product ¢ f the wave amplitude and
the square root of the group velocity. These results are described in the next section.
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IV. Results

{
For description purposes, the waves have been divided into three categories. These are:

a) Waves generated by trade winds: corresponding to every day conditions, with
periods ranging from 3 to 6 seconds and amplitude} ranging from 0.5 to 1.5
meters. We will consider the results from the T |= 5.0 seconds waves as
representative of this category.

b) Waves generated by weak to moderate extra-tropical cycldnes, and tropical cyclones
up to category 2 hurricanes: corresponding to typical winter swell conditions,
with periods ranging from 7 to 12 seconds and amplithdes ranging from 2 to 10
meters. We will consider the results from the T | 9.0 seconds waves as
representative of this category.

¢) Waves generated by moderate to intense extra-tropicdl cyclones, and tropical
cyclones up to category 4 hurricanes: correspondilg to hazardous or even
catastrophic swell conditions, with periods ranging from 9 to 15 seconds and
amplitudes ranging from 5 to 15 meters. We will consfder the results from the T
= 13.0 seconds waves as representative of this categorr
The results of the refraction/diffraction analysis will be dihscussed in the following
order: !

1) The effects of the existing bathymetry on the wave field along the approach to
Sardinera Bay for waves with periods of 5, 9 and 13 |seconds, arriving through
both the 18° and 30° windows, will be examined.

2) The effects of the bathymetry on the wave field within Sardinera Bay itself, as
generated by uniform wave trains (unaffected by| the bathymetry of the
approach) arriving from the 18° and 30° directions, wjth periods of 5, 9 and 13
seconds, will be described.

3) The effects of the existing bathymetry on the wave fie d along the approach to
Sardinera Bay for waves with periods of 5, 9 and 13 seconds, arriving through
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both the 18° and 30° windows will be discussed, as relates to their impact on the
proposed breakwater for Villa Marina Yacht Harbor.

4) The effects of the proposed breakwater for Villa Marina Yacht Harbor on the wave
ficlds within Sardinera Bay itself, as generated by uniform wave trains (again
unaffected by the bathymetry of the approach) arriving from 18° and 30°, with
periods of 5, 9 and 13 seconds, will be deseribed.

1) The Approach to Sardinera Bay

The bathymetry along the approach to Sardinera Bay can be ¢haracterized in general as
a monotonically, uniformly varying bottom. It ranges in denth from about ten (10.0)
meters at the easternmost end of the computational grid, to sone five (5.0) meters at the
mouth of the Bay itself, approximately two (2.0) kilometers tc the west.

Batiymetry for Vila Marina, Fajardo ‘i

Figure 7 Three dimensional representation of bathymetry for approach to Sardiners Bay,
Fajardo, with Bajo Laja visible in the foreground.

There is, however, one noteworthy feature to the bathynietry of the approach to
Sardinera Bay: a small seamount known as “Bajo Laja”. This seamount is located
almost halfway between Isleta Marina and the El Conquistzdor Hotel, at latitude 18°
21.129" North, longitude 65° 37.024" West. The depths at Bejo Laja can be as shallow

-10 -
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18° Swell at Villa Marina, Fajardo

1¥%, 30", Period = 135s).

It is believed that a combination of wave energy beams resulling from waves similar in
nature to the T = 9s and T = 13s period waves simulated heje, arriving through one or
both of the windows discussed above, are responsible f br the destruction of the
southern tip of Puerto Chico’s breakwater during Hurricane |Georges in 1998. A more
graphic example of the consequences of the focusing of wavejenergy cannot be made.

2) Sardinera Bay
Within Sardinera bay itself, again we find a relatively gently sloping bottom which

ranges from five (5.0) meters at the mouth to zero (0.0) meters at the shoreline,
approximately five hundred (500.0) meters to the west.

-14 -
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a perfect one, as envisioned above. In fact the wave ener L}: penetrates the “shadow
zone” much the way the waves from a stone dropped at the end of the breakwater
would (where the wave is cut in two). ‘

18° Swell at Villa Marina, Fajardo
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Figure 13. Waves refracted by the Puerto Chico breakwater in Sardinera Bay,
Fajardo. (Direction = 18°; Period = 5s, 13s).

This effect is visible in the refraction/diffraction diagrams foﬁ' all periods (T =5, 9, 13
seconds) and all directions (18° and 30°). As theory predicts, Udiffraction is stronger for
ionger wavelengths (and thus longer periods). As intuition p{*edicts, the penetration of

-16 -
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diffracted wave energy is greater for the 18° waves than for the 30° waves, since they
impact Sardinera Bay at a more direct angle (See Figure 13).

It is clear that wave diffraction is an important phenomenor in determining the wave
field within Sardinera Bay. It is this phenomenon thai is responsible for the
“choppiness” during everyday conditions and the rolling motion during storm
conditions experienced in Sea Lovers Marina and in the scuthern most slips on the
western docks of Puerto Chico as compared to the conditions n the rest of Puerto Chico
Marina and within neighboring Villa Marina.

18° Swell at Villa Marina, Fajardo

Figure 14. Wave puwer_ impacting Sardinera Bay, Fajardo (Dir “ction = 18% Period
= 05). '

The power diagrams for all three-wave periods and both direc:ions show the bulk of the
energy concentrating at the tip of the breakwater and just south of it. The energy
penetrates deep into the southern part of Sardinera Bay, dissipating between the
entrance to Villa Marina Yacht harbor and the small outcrophing just to the southeast.
Perhaps a bit more so than anticipated, the energy from the 18° window tends to be
more tightly packed near the tip of the breakwater. (see Figures 14-15).

Clearly the combination of this natural tendency of the bay itself, combined with the

focusing effect of Bajo Laja described earlier make the probability of some very
iocalized and intense waves impacting at or near the tip of th.e breakwater rather high.
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The need for adequate fortification of the breakwater at its tip. as well as along its entire
] length is clear,

() [ 30° Swell at Villa Marina, Fajardo

Figure 15. Wave power impacting Sardinera Bay. Fajardo (Dir ction = 30% Period

; {\) = Og),

3) The Approach to Sardinera Bay and the proposed brealiwater for Villa Marina

In this section, we examine the effects of the bathvmetry of he approach to Sardinera
bay upon waves of the same periods (T = 5, 9, 13 seconds) ard directions (18° and 30°
as above, with respect to their impact upon a proposed bre tkwater for Villa Marina
Yacht Harbor (See Figure 16).

All previous observations about the distribution and concentiation of the wave energy
in the approach to Sardinera Bay still apply, since the proposed breakwater does not
influence incoming waves until they impinge upon it. (Ther: is potential for some of
the wave energy to be reflected causing changes in the natur: of the wave field to the
east of the proposed breakwater, but they are not contemplat:d in this analysis.) Next,
) we will examine the portions of the wave energy that dire:tly impact the proposed

[ [r— [ Do———

breakwater.

} -18-
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Bathymetry for Vila Mering, Fajardo

o thoen

E[gure 16. Three dimensional repruscnm't"i-ﬁn of hath]."metry for Sirdiners Bay. Fajardo,
with proposed breakwater for Villa Marina Yacht Harbor visible in he foreground.

The proposed breakwater for Villa Marina will receive reletively little energy from
every day wind swell (modeled in this analysis by the T = 55 wave). As discussed
above, the energy from these waves impacts mainly the Puerty Chico breakwater when
arriving through the 18° window. When arriving through thz 30° window, the wave
energy is concentrated just south of the Puerto Chico breakwater, in between it and the
proposed breakwater. There is a second beam of enerpy juit south of the proposed
breakwater (See Figure 17).

o 1
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18° Swell at Villa Marina, Fajardd

T=5s

for Villa Marina Yacht Harbor included (Direction = 18°, 30°; Period = 5s).

These every day wind waves typically have relatively small 1vave heights, between 0.5
and 1.5 meters. As such, despite the fact that they occur precisely where the ship lanes
would be if the proposed breakwater were in place, they do not represent a navigational
' - .ard. Rather, from the point of view of a ship captain, tlie impact of these waves
should be considered as annoying but harmless.

-20 -
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18° Swell at Villa Marina, Fajardo

proposed breakwater for Villa Marina Yacht Harbor includejl (Direction = 18°;

rigure 21. Amplitude of waves arriving at Sardinera Bay,J‘Fajardo, with the
Period = 13s).

The net result of the diffraction of the wave energy from tte gap is the same as that
from Puerto Chico’s breakwater: wave energy “leaks” into th: shadow zone behind the
breakwater. The main difference is that now there are two s“hadow zones (one behind

-24 -
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each breakwater) and that the energy diffracts in both direcdf}ons (north and south), as
opposed to only one (north). It is anticipated that the energyi‘levels at the locations of
the proposed expansion to Villa Marina Yacht Harbor will bq\[ comparable to those felt

at Sea Lovers Marina and at the southernmost slips of the tilvo westernmost docks at
Puerto Chico Marina.

V. Summary

In summary, we have found that the bathymetry along the a;,‘rproach to Sardinera Bay
refracts the incoming wave energy in such a way that it tends o be focused into narrow
beams. These energy beams can be quite destructive i nature, and adequate
construction parameters should be used when designing the pfoposed breakwater so as
to insure its survivability in the face of such stresses as these energy beams may
produce.

In addition we have found that, assuming the proposed l,hreakwater maintains its
structural integrity, the primary source for wave energy affecfing the vessels in its lee
will be due to wave diffraction. As such, the conditions at |the site of the proposed
expansion to Villa Marina yacht Harbor will be comparable to|those found today at Sea
lovers Marina.

_25.
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