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ANALYSIS THE KEELUNG HARBOR
HYDRODYNAMIC ENVIRONMENT FOR THE
SAFETY OF NAVIGATION

Hsing-Yu Wang!, Dong-Taur Su?, and Sung-Shan Hsiao?
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ABSTRACT

In this study, we simulated the hydrodynamics of the waters
near the Keelung Harbor entrance and fairway before and after
harbor expansion. The simulation results are used to discuss
the impact of changes in the current characteristic on the in-
bound vessels. With reference to the fairway planning of Kee-
lung Harbor, the simulation results before the expansion show
that the current velocity with inbound fairway during the flood
tide ranges from 0.08 to 1.03 m/s. Current direction was af-
fected by the east breakwater, and a circulation occurs near the
harbor entrance. After the expansion, during the flood tide,
counterclockwise circulations occur near the east breakwater.
For the flood tide, current velocity ranges from 0.02 to 0.65
m/s, and during the ebb tide, the current flows to the northeast,
and the current velocity ranges on the inbound fairway be-
tween 0.07 and 1.22 m/s. Comparing the data on the inbound
fairway before and after expansion, the current velocity at the
harbor entrance increases. After passing the existing east
breakwater for an additional 400 m, the current velocity at the
harbor entrance is greatly reduced. Through the calculation
results of this study, the necessary conditions for the safety of
inbound navigation are provided to avoid the deflection caused
by difference in the current at the bow and stern and the result-
ing improper handling.

I. INTRODUCTION

The Port of Keelung is an important harbor in northern Tai-
wan. It has been developed for more than 130 years. Accord-
ing to statistics from Taiwan International Ports Corporation,
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LTD. on the number of entry vessels and inbound cargo ton-
nage at international commercial ports in Taiwan, the total
number of entry vessels (less than 1,000 to 60,000 gross tons)
at the Port of Keelung from 2012 to 2019 was 24,450, less than
the ports of Kaohsiung and Taichung. However, the total num-
ber of containers handled at the Port of Keelung (6,350,752
Twenty-foot Equivalent Unit (TEU)) was only less than the
Port of Kaohsiung (40,576,696 TEU). As the Port of Kee-
lung is a harbor built using the natural valley terrain, the de-
velopment of port capacity has reached its limit, and because
of the rise of new ports in the surrounding countries and other
factors, the total traffic of the Port of Keelung has shown a
significant decline. In recent years, in order to enhance com-
petitiveness, the Port of Keelung has begun to transform into
a harbor, combining tourism and entertainment, and is
planned as the cruise's home port. According to statistics on
the number of international passengers between 2012 and
2019, the number of liners and irregular international cruises
calling at the Port of Keelung reached 3,323, which is the
highest in Taiwan. The overall data show that the total num-
ber of different types of vessels that entered and departed the
Port of Keelung was 27,773, indicating that the Port of Kee-
lung is a harbor with heavy maritime traffic in Taiwan. Addi-
tionally, the Port of Keelung extended the east breakwater by
200 m on the side of the sea in 2008 to maintain marine trans-
portation and enhance the service capacity of the cruise's home
port. The purpose of extending the breakwater was to improve
the static stability of the water area of the wharf adjacent to the
fairway and the maneuvering basin during the winter monsoon
and typhoon. However, changes in the structure of the harbor
may affect regional changes in water flow. After the expansion
of the east breakwater in the Port of Keelung was completed,
Acoustic Doppler Current Profiler (ADCP) and floating buoy
system was used (Hsiao et al., 2011) to measure on-site cur-
rents. The observation results show that during the flood tide
in summer, the path line of the floating buoy placed near the
east breakwater is of counter-clockwise rotation. Kao et al.
(2010) used numerical models to calculate the current pattern
changes before and after the expansion of the east breakwater
of the Port of Keelung. The simulation results show the cur-
rent pattern near the harbor entrance channel was affected by
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the extension of the breakwater by 200 m; the current direction
changed significantly, and the velocity of the vertical shoreline
direction increased. Yuan et al. (2011) also conducted a safety
assessment of the entry of large vessels into the port based on
the marine environment after the expansion of the east break-
water.

With the development of the government's energy policy,
the Hsieh-Ho Power Plant on the west side of Keelung Har-
bor is expected to be expanded outside the west breakwater,
as well as the sea reclamation works, and the power generat-
ing units will be converted into natural gas generating units.
In order to provide better harbor tranquility for Liquefied
Natural Gas (LNG) carriers, the east breakwater with a water
depth of about 40 m is planned to continue to extend 400 m
to a depth of about 50 m. However, large-scale port expan-
sion projects should once again affect the hydrodynamic
characteristics of the area. Tsai et al. (2010) and Li et al.
(2010) carried out a numerical simulation of Keelung's sea
area for the ocean current energy generation project. The re-
sults of the simulation showed that circulation current occurred
at the location of Keelung Harbor's expected expansion.
Chang et al. (2013) conducted harmonic analysis through
long-term monitoring of tidal and current data. The calcula-
tion results showed that in addition to the periodic tidal
component, the Port of Keelung also has an average ve-
locity of 4.46 cm/s (eastward) and a permanent current of
0.13 cm/s (eastward), and the east to west current is much
faster than the north to south. Fang et al. (2018), through the
numerical calculations of simulated sea reclamation works and
east breakwater extension of 400 m, showed that during the
flood tide, the 400 m extension of the breakwater near the
harbor entrance causes circulation problems, but the circu-
lation dissipates as the ebb tide velocity increases and the cur-
rent direction changes. As maritime safety is the major goal of
vessel navigation, the ship handling is mainly composed of
people, vessels, and the natural environment. The pilot must
master and process a large amount of information to maintain
or change the state of the vessel's movement and achieve the
intended maneuvering purpose. The Port of Keelung is re-
stricted by the geographical environment, and obviously af-
fected by the northeast monsoon. Yang and Liu (2005), Tsou
(2019), and Nieh et al. (2019) discussed the issue of vessels
entering the Port of Keelung in winter. If the Keelung Harbor
expands in the future, it will inevitably cause changes in the
current near the fairway and affect the navigation vessels
(Armstrong, 2019; Rowe, 2000).

Although ship handling is an applied science subject, the
seafarers (such as the pilots) formerly rely on the inher-
itance of experience to control the movement of ships.
Mastering the marine information of vessels entering and
leaving the fairway can enhance the safety of navigation,
but facing changes in the marine environment caused by the
expansion of the harbor, in the future we should fully con-
sider the impact of the marine environment on vessel ma-
neuvering and develop a reasonable ship maneuver plan to

cope with the complex environment. In this study, we using
a hydrodynamic model that takes into account tidal effects
and wave progression, and use winter conditions to simulate
the hydrodynamics of the waters near the harbor entrance and
fairway before and after Keelung Harbor expansion. The sim-
ulation results are used to discuss the impact of changes in the
current environment on inbound vessels before and after the
expansion. Through the calculation results of this study, the
necessary conditions for the safety of inbound navigation are
provided to avoid the deflection caused by the difference in the
current of the bow and stern and the resulting improper ma-
neuvering.

II. MODEL SETUP AND SIMULATION

In order to understand the influence of the hydrodynamic
characteristics before and after the expansion of Keelung Har-
bor on the vessel's entry and underway, a hydrodynamic model
including both wave and tidal characteristics was used for cal-
culation (Chiang et al., 2011; Chiang and Hsiao, 2011; Wang
etal., 2018).

2.1 Wave Model

In this study, calculation of wave pattern was carried out by
using the mild slope equation of the current effect (Kirby,
1983):

D*p

t2

+(v-c7)%—v [(CCVp)+ (0 -KCC,)p=0 (1)

where U is the ambient current, V is the horizontal gradient
operator, ¢ is the two dimensional velocity potential, & is the

wave number, C and C, are the phase and group speed of the
waves, o is the dispersion relation given by o = gk tanh k# .

Under the assumption of irrotational field, single-frequency
linear surface waves, the potential energy of a wave can be ex-
pressed as follows:

(0()—6,5/,2,t)=f(z,h)(p()_c,)_/,t) 2)

cosh [k(h + z)]

cosh kh
In a single periodic harmonic motion, Equation (2) can be
rewritten as follows:

where f(z,h) =

(p(;c,},t) = Re{ae”e’”} 3)

The following expression can be obtained by substituting
Equation (3) into Equation (1) for the real part and imaginary
part:

Real part:
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—{(T-va)[(0v)+(v-0)]}

g

“

—l{vzm 1 (VCCX~Va)}—k2+|Vs|Z:O
a ccC,

Imaginary part:

V-[aza(U+Cg)}:0 (5)

Equations (4) and (5) are the equations of motion for wave
interaction before breaking waves. When the current velocity
U is known, it solves the system of linear equations in two
unknown parabolic simultaneous equations and obtains the
amplitude a(x,y) and the wave number |Vs|. When U =0,
Equations (4) and (5) become:

Real part:
1 @+@+L[va.v(cc )]t +# =[vs|=0 (©6)
al|ax?® o0 CC g

4
Imaginary part:

V. [azccgvs] =0 )

In addition, energy is dissipated in the surf zone, and the
energy expression of Equation (5) must be modified. Based on
the energy flux theory, ignore the effect of bottom friction (Mi-
zuguchi, 1980):

d(EC | . H/2-ch )
( g)z_g, e=—pV (ki) , V.=v,| "
o ) 7'h,
ZSSBg 1 s - tan S (8)
T Skp -, L

2

where ¢' is the ratio of the radiation to the water depth of the
recovery zone. According to Mizuguchi (1980), ¢'=0.17
when the wave recovery zone is not obvious in a gentle slope.

In the area of wave—current interaction, the energy dissi-
pated by the nearshore current within the surf zone is small and
negligible, so the energy amplitude expression according to
Equation (8) can be expressed as follows:

E [ —
V|=U+C,||=
o7+
5 pg’k, tanp 1 Hy/2-c'hy (H )z ®
16 o | 3" 1-C, r'hy ?
2

With Equation (6), the energy in the surf zone is expressed,

and Equation (9) is modified as follows Equation (10).
2 (73 _ 2g E
v|a O'(U+Cg)}—v-{7;(U+Cg)
5g’k, tanp 1 Hy/2-c'hy , (10)
:_8 o 37 c' r'h (HB)
1+=— \/1— 5
2 7'

In Equations (8)—(10), the subscript B indicates the value
at the surf zone. Because the phase function of ¢ is
x(;c,t) :s(;c)—a)t , the wave number obtained from the de-
formed mild slope equation can be expressed as follows:

k=Vx=Vs (11)

To obtain |Vs| from Equations (4), (5), or (10), it is neces-
sary to know the direction of the wave. There are only two
equations to solve a, |Vs|, #. The linearity of the wave

phase function gradient is assumed to be irrotational by Equa-
tion (12), and the convergence conditions of wave model is
given by Equation (13).

Vx(Vs)=0
Vs = |Vs|cos 6’?+|Vs|sin 07 (12)
0 . 0
a(|Vs|s1n 0) —5(|Vs|cos 9) =0
|Hn0w —ow < gH (Hnow)ﬂ SH = 0001
|lemw _Hlald < gk (Hlnow), .S'k =0.001 (13)
|H2now —H,,| <& (H2nOW)’ & =0.001

2.2 Hydrodynamic Model

In this study, the tidal effect is caused by the tide, which is
added to the hydrodynamic model. In addition, the tide is re-
garded as a long wave, and the Coriolis force effect of the
earth's rotation is also considered. The governing equations of
the hydrodynamic model are as follows:

Continuity equation:

on 0 0
—+—|U(h+n)|+—|V(h+ =0 14
o oLl )] 6y[ (h+)] (19
Momentum equations:
0
a_U+Ua_U+Va_U:fV_ga_77+l %+i
ot ox oy ox pl ox oy (1)

+;(r ~7,) - 1 (6S~“+6S”J
p(h+n)> ™ " p(h+n) ax oy
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Figure 1. Hydrodynamic model boundary condition diagram

0 0
%—I:+U2—V+V(Z—V:W—g—gn+—l (_afxy +_aryyj
X X
Y y.opP y (16)
1

S Y PO S S M
p(h+m) ™ " p(h+ng) ox oy

where 7 is the water surface elevation, £ is the static water
depth, U and V' are the average velocity components of the
water depth in the fixed coordinates of the x and ) axes:

1 n 1 "
U=—| udz, V=-or—| vdz 17
(h+n)j—h () L (1n
Shear stress 7z, 7, 7,, 7, includes viscous stress

caused by fluid viscosity and Reynolds stress caused by turbu-
lent effects. Because the value of viscous stress compared with
Reynolds stress is very small, viscous stress is ignored gener-
ally, and only Reynolds stress is considered to represent the
momentum exchange between fluids:

TVx:pEv aU’ Txy:pEvaUﬂ
: ox oy 18
7, =pE g 7, =pE x "
X P v o s » P v ay >

The vortex viscosity coefficient £, is obtained from the

semi-empirical formula of the Prandtl mixing length theory
(Falconer, 1980):

_ kg (d+h)NU>+77

' 6C

c

E (19)

The sea surface wind shear components 7. and 7,, are the
components of the sea surface wind shear in the x and y direc-
tions; refer to Dean and Dalrymple (1984):

., = pk W’ cosa; T, = pk W*sina (20)

1.2x107° , W<W,

w

21)

c

2
1.2x107° +2.25x10“’{1— VWV/} , W>W

The bottom friction stress 7, and r,, are the components
inthe x and y directions (Ponce and Yabusaki, 1981):

7, = pEUNU? +V?; 1, = pEVU> +V?

(22)

where the coefficient of the bottom friction F, = g/ C>.
The radiation stress S, S S S

w> S, S, isthe main fac-
tor causing longshore current, which is expressed by the linear

wave theory as follows (Longuet-Higgins and Stewart, 1964):

(23)

{S” S*}}:E n(1+cos2t9)—% [gjsin@ﬁ)
(gjsin(ze)

n(l+sin2 9)—%

where E is the total wave energy per unit time and area of
section. Under the airy wave theory:

—_ pgH’

o 24)
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Table 1. Calculation conditions for the hydrodynamic model.

Item Model setup
Area 5 X 6 km

Grid size Ax=Ay=25m

Number of grid points 200 x 240
Time step At =2sec
Time scale 1.0
Wave condition 2.5 m; 8.0 sec;
North-northeast (NNE)

The boundary conditions of the hydrodynamic model are
shown in Figure 1. The water level change includes the level
rise and fall caused by waves and tides.

Tide is a sine function changing from right to left, 7, is the

time difference when the tide reaches the left and right bound-

aries, and 7, is the phase difference:
Left boundary:
L
1, = A sin {2—”(” T+ Tmn)} T =—= (25)
T; ghMax
Right boundary:
. . |27
’7R = AR sin _(t + Tvtart) (26)
T A
Offshore boundary:
=

[A; +(4; —A,;)[

N, —j N —j 27
o lnd 22 | 2 g (LGP

N, -1 T N,-1)

The water level (,_Z caused by waves is based on Matushev-

skiy (1975), ignoring the reflection effect. Equation (28) is the
water level descent outside the surf zone, and Equation (29) is
the water level uplift in the surf zone:

& = —H—z—(cos 0)" (28)
‘8 sinh(2kh)
dé, dh 1
v = K2 = 29
dx x 1+(8/377) 29)

The left boundary of the velocity is shown in Equation (30),
the right boundary is shown in Equation (31), the offshore
boundary is shown in Equation (32), and the longshore bound-
ary is shown in Equation (33).

oV
U =U,_, [a—) =0 (30)
y j=1
ov
U]:NY = UJ:NY—l > (_J =0 (31)
y Jj=NY
oU
U]:NX Uj:NX—l > (_j =0 (32)
X )i nx
U=0, V=0 (33)

The stability of the hydrodynamics calculation must satisfy
At < 2AS/ &My » Where As is the grid size. The maximum

value of two adjacent time steps is less than the allowable error
with Equation (34), and then the calculation of the next time
step can be performed.

y

Max(ry.]f+1 - 775) < 5,7775 , &,=0.0001

Max(US" -Uf ) < &,Uf

ij

&, =0.0001 (34)

Max(V;.;‘” - V; ) < gVVf‘

ij b

&, =0.0001

2.3 Modeling Procedure and Validation

The model was developed by examining the environmental
background data, selecting the range to be simulated, and cal-
ibrating the tidal model. Field investigation was performed,
and data were collected to calculate the required environmen-
tal background data using the integrated model. The model
calculation area is shown in Figure 2. A numerical topography
with a longshore of 5 km and an offshore of 6 km was estab-
lished around the Port of Keelung. The water depth was estab-
lished by using the Ministry of Science and Technology's 200
m grid topographic data. The calculation conditions of the nu-
merical model were mainly obtained by the observation station
(code X2) shown in Figure 3, and referring to the field obser-
vation data of the Harbor and Marine Technology Center. Ta-
ble 1 lists the configuration settings of the hydrodynamic
model. Figure 4 compares the model simulation results with
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the current measurement. The calculated current velocity,
current direction, and changes in water level were all highly
consistent with the measured data. The currents simulated by
the model generally flowed parallel to the coastline. Specifi-
cally, the current flowed from the east to the west during flood
tides and from the west to the east during ebb tides. The results,
in accordance with the actual situation, indicate that the model
successfully reproduced the characteristics of the current in the
sea area adjacent to the Port of Keelung. After the boundary
conditions and related parameters adopted by the hydrody-
namic model were determined, the model was employed to
calculate the hydrodynamic characteristics before and after the
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285
1075

Geographic location and computed domain in the Port of Keelung. (a) Before expansion; (b) after expansion.

MOST observation station
r Code: X2
Location: 25

09°57” N; 121 ° 45’

Current and Wave observation station (X2) in computed domain.

Port of Keelung expansion and to discuss the impact of re-
gional current pattern changes on inbound vessels).

II1. ANALYSIS OF THE IMPACT OF
HYDRODYNAMIC CHANGE ON INBOUND
NAVIGATION

3.1 Hydrodynamic Simulation Results

The results of the hydrodynamic simulation are shown in
Figures 5 to 7. Figure 5 shows the results of the wave field
before and after the expansion. Large changes in wave height
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occur in places where the topography changes greatly. Figure
6 to 7 shows the simulation results of the current pattern. The
large current velocity occurs near the steep topography and
near the breakwater. Because the characteristics of the current
in the nearshore mainly reflect the mechanism of tide—wave
interaction and the nearshore topographical characteristics, af-
ter the expansion of the Hsieh-Ho Power Plant, the local cur-
rent conditions will change with the topographical characteris-
tics. From the model, it was calculated that the current flows
from the east to the west during flood tides and from the west
to the east during ebb tides, and the current velocity increases
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Computed current pattern during flood (a) and ebb (b) tides in the Port of Keelung before expansion.

Winter-Ebb current speed (m/s)
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Computed current pattern during flood (a) and ebb (b) tides in the Port of Keelung after expansion

due to the effect of topography between Keelung Island and
the Port of Keelung. From the extension of the fairway outside
the harbor entrance to the breakwater, the average velocity dur-
ing the flood tide is about 0.26-0.62 m/s, and the average ve-
locity during the ebb tide is about 0.46—1.03 m/s. The distri-
bution of the current direction shows that due to the influence
of the east breakwater, a circulation occurs. In addition, the
simulation results after the expansion show that the current
pattern in the sea area was affected by the extension of the
breakwater. During the flood tide, the anti-clockwise circula-
tion occurred near the east breakwater extending 400 m, with
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an average velocity of about 0.31-0.65 m/s. During the ebb
tide, the current flowed northeast, with an average velocity of
about 0.52-1.22 m/s.

3.2 Hydrodynamic Characteristics at the Inbound Navi-
gation

With reference to the existing fairway planning of Keelung
Harbor, we extracted the simulation results of the main fairway
sector, shown in Figure 8, and conducted data acquisition and
discussion at an interval of 200 m on the inbound fairway. The
hydrodynamic simulation results after being captured near the
main fairway sector are shown in Figure 9. The simulation
results before the expansion show that the current velocity
from a to f during the flood tide is within the range of 0.08—
0.62 m/s, and the current velocity from a to f during the ebb
tide is within the range of 0.15—1.03 m/s. Current direction dis-
tribution shows that due to the influence of the east breakwater,
a circulation occurs near the shore. The simulation result after
the expansion is shown in Figure 10, which is affected by the
breakwater after the expansion, resulting in a change in the
current pattern. During the flood tide, a counterclockwise cir-
culation occurs near the east breakwater. During the flood tide,
the current velocity is within the range of 0.02-0.65 m/s, and
during the ebb tide, the current flows to the northeast, and the
current velocity is within the range of a to f between 0.07 and
1.22 m/s. Comparing the data collected on the inbound fairway
before and after the expansion, as shown in Figures 11 and 12,
it can be found that the structure extends to the sea after the
expansion. Although there is no difference in the current di-
rection affected by the structure, the current velocity at points
a and b increases. After passing the existing east breakwater
for an additional 400 m, the current velocity at points c—f is
greatly reduced, and the current direction is greatly changed.

In the future, in order to meet the needs of the Hsieh-Ho
Power Plant, the Port of Keelung is planned to expand with sea
reclamation works. The calculation results based on the meas-
ured data in the sea area show that after the expansion, the
static stability in the harbor is maintained, but the distribution
of the nearby water flow is changed. Because the vessel sails
at the harbor entrance of the fairway, it is affected by the cross-
current effect of the vessel's maneuvering characteristics, and
because the Port of Keelung is located in Northern Taiwan, it
is significantly affected by the northeast monsoon. The simu-
lation results of the hydrodynamic environment before and af-
ter the expansion can provide considerations for piloting and
rudder timing to avoid accidents.

IV. CONCLUSION

With the Port of Keelung as a research subject, in this study,
we simulated the current characteristics of the before and after
expansion conditions. The coupling effect of waves—currents
was considered in this model. The following conclusions can
be drawn from the simulation results:

1. Before the expansion of Hsieh-Ho Power Plant, the

harbor entrance channel flowed from southwest (SE) to
northwest (NW) at flood tide, the average current ve-
locity was 0.26—0.62 m/s, and it had the characteristics
of circulation. Circulation dissipated as the ebb tide ve-
locity increased and the current direction changed. The
ebb tide flow was from northwest (NW) to southwest
(SE), with an average velocity between 0.46 and 1.03
m/s. Because there was no structural influence during
ebb tide, the current velocity during ebb tide was faster
than flood tide.

2. After the expansion of Hsieh-Ho Power Plant, the tide
current is affected by the extension of the east break-
water, and counter-clockwise circulation occurs near
the east breakwater head, with an average velocity of
about 0.31-0.65 m/s. During the ebb tide, the current
flows to the northeast, with an average velocity of
about 0.52-1.22 m/s. The circulation near the harbor
entrance channel gradually moves northward with the
direction of the water flow, and then dissipates as the
current direction of the ebb tide changes.

3. Before the expansion, the current velocity decreased
from 0.62 to 0.08 m/s between the inbound fairway
outside the harbor entrance and the breakwater, and the
current velocity was from 0.15 to 1.03 m/s during the
ebb tide. The impact of the east breakwater head
caused circulation. After the expansion, affected by
the 400 m extension of the east breakwater, the flood
tide current velocity ranges from 0.02 to 0.65 m/s from
the harbor entrance channel to the breakwater, and a
counterclockwise circulation occurs at the head of the
breakwater. During the ebb tide, it is between 0.07 and
1.22 m/s. After the expansion, the structure extends to
the sea, and the structure affects the current velocity
near the harbor entrance.

4.  The simulation results show that after the expansion of
Hsieh-Ho Power Plant, the affected area is roughly in
the sheltered area on both sides of the breakwater and
near the breakwater head. The current velocity slows
down near the west breakwater, the current direction
changes significantly, and a circulation occurs be-
tween the east and west breakwaters. The hydrody-
namic simulation results before and after the expan-
sion through this study can provide a reference for the
safety assessment calculations required for ships en-
tering, as well as considerations for piloting and rudder
timing assessment.
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