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ABSTRACT

In ship model tests, a model-ship correlation line (e.g., the
ITTC57 formula) is used to calculate the frictional resistance of
both the ship and its scaled model. However, this line is
designed for deep water and the effects of water depth is not
considered. Research has been conducted to improve the
correlation line in shallow water, but studies of the extremely
shallow water case (depth/draft, h/T < 1.2) are rare. This study
focuses on the friction of two ship types in extremely shallow
water, where the ship’s boundary layer cannot develop freely.
The physical details are analyzed based on the data generated
with Computational Fluid Dynamics (CFD) calculations. The
results show that for certain ship types at the same Reynolds
number, the frictional resistance becomes smaller when the
water is shallower. The geometry of the ship, in addition to the
Reynolds number, becomes essential to the prediction of skip s
friction in extremely shallow water. Therefore, this scenario is
different from intermediate shallow and deep water, and the
prediction method should be considered separately. The data
and analysis shown in this study can help to improve the
understanding and prediction of ship’§ frictional resistance in
extremely shallow water.

Keywords: Frictional resistance; Extremely shallow water;
Wigly hull; KVLCC2

INTRODUCTION

Inland shipping plays an important role in the transportation
of passengers and cargo. Predicting ship’s resistance accurately
considering the effects of the waterway is essential to build an
efficient ship.

! Contact author: Q.Zeng@tudelft.nl

Performing model tests is one of the important approaches
for predicting a ship’s resistance. In the commonly accepted
approach, a model-ship correlation line (e.g., the ITTC57
formula [1]) is used to calculate the frictional resistance of both
the ship and its scaled model. However in shallow water,
limited space leads to a higher overspeed of the water around a
hull. Moreover, due to a condition of zero tangential velocity on
the water bottom, an extra boundary layer is formed. The higher
overspeed and the extra boundary layer results in a thinner ship
boundary layer compared to deep water. A higher velocity
gradient in boundary layer is therefore achieved and leads to a
higher shear stress on ship surface. Consequently, the
correlation line derived from deep water starts to show large
errors [2]. The prediction method of frictional resistance in
shallow water needs to be improved.

Researchers have been working on this topic for about one
century trying to find practically useful predictions for resis-
tance in shallow water. However, studies in the extremely
shallow water case where the ratio of water depth to ship draft
(h/T) less than 1.2 are rare. In the researches of Schlichting [3]
and Lackenby [4], h/T is always larger than 1.3. The method of
Jiang [5] applies only for h/T > 1.5. The study of Raven [6]
investigated lower h/T, but the number is still above 1.2.

It should be pointed out that extremely shallow water is
commonly found in many inland waterways [7]. The conven-
tional prediction of the frictional resistance derived from deep
water and/or intermediate shallow water will not be accurate
enough in extremely shallow water. The authors simplified the
case into a 2D condition with the flow passes between two
parallel walls [8] to study the boundary layer in shallow water.
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Whereas, more phenomena can be observed at a 3D condition
which will be introduced in this paper.

In this study, double-body computations are applied to
reveal the physics of how a ship’s friction changes in extremely
shallow water scenarios. A Wigley hull and the KVLCC2 are
used and the effects of a ship’s geometry on friction are also
analyzed. With the results and discussions, this study is
expected to add new information and achieve a better under-
standing of the prediction of ship’s frictional resistance in
extremely shallow water.

METHOD

Two well-known and but contrasting ships, a Wigley hull
and the KVLCC2, are analyzed through CFD calculations.
Compared with the Wigley hull, the K\VLCC2 has a much larger
block coefficient and a large area of flat bottom. These features
will influence the frictional resistance in extremely shallow
water. In this part, details of the main dimensions of these two
ships are presented, followed by the code verification and
validation.

Models
The surface of the Wigley hull applied in this study is
defined by the formula

R e

where B is the ship beam, L the ship length, and x, y, z are
the coordinates at three directions. The origin is chosen at the
intersection of the ship’s midsection, ship’s centerline, and the
plane of still water surface. The x is positive forward, y is
positive port and z is positive upward. As a 2.5m-length Wigley
model was used in the experiments performed by Kajitani, et al.
[9], for possible comparisons with the test data in this and
future studies, the visual model with the same dimensions was
built.

Similarly, a 1/58 model of the KVLCC2 is used in the tests
of Kim, et al. [10], a numerical model with the same size was
built and its main dimensions are listed in Table 1, together with
the dimensions of the Wigley hull. The under-water part of the
sections of each ship is depicted in Figure 1. To make a distinct
comparison, the Wigley hull is shown at the same draft as the
KVLCC2.

Table 1 Main dimensions of the Wigley hull and the 1/58 scaled
KVLCC2

Unit Wigley hull 1/58 KVLCC2

Lop m 2.500 55172
B m 0.250 1.0000
T m 0.156 0.3586
Cs - 0.445 0.8098

Setup of computations

Double-body computations are used to generate the
frictional resistance of the ships. A commercial RANS code,
Ansys Fluent (version 18.1), is applied. The numerical calcula-
tions are steady-state and the type of structured mesh is applied.
The method of “Coupled” is used as the scheme of the pressure-
velocity coupling and the discretization of gradient is “Least
Squares Cell-Based”. “Second Order Upwind” is applied for the
discretization of momentum, turbulent Kkinetic energy, and
specific dissipation rate. The SST k- model, which accounts
for the transport of the turbulence shear stress in the definition
of the turbulent viscosity and is considered to be reliable for
adverse pressure gradient flows [11], is chosen as the turbulence
model in this study.

The Reynolds numbers spread from Ig(Re) = 5.8 to Ig(Re) =
9.2, as shown in Table 2, which cover the range from ship
models to full-scale ships. Four water depths are chosen in this
study (Table 3), where the cases with h/T = 1.1 and h/T = 1.05
are both extremely shallow water scenarios. The deep water
case and the case with h/T = 1.2 are used for comparison
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Figure 1. The sections of A) the Wigley hull, B) the KVLCC2

Table 2 The Reynolds number (Re) chosen in this study
No. Ig(Re)
5.8
6.0
6.2
6.4
6.6
6.8
7.2
7.6
8.0
8.4
8.8
9.2
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Table 3 The selected water depths

No. h/T

1 15.0 (deep)
2 1.2

3 1.1

4 1.05

(h: Water depth; T: Draft of the ship)

The computation domain extends L, in front of the ship and
3 Lyp at the back. The depth of the water (h) is determined by
h/T. The position of the “Side” boundary should be decided
carefully because if such boundary is too close to the ship,
unexpected blockage effects will be caused. A short discussion
about this problem will be shown later. The boundary
conditions are shown in Figure 2 and the mesh around the ship

hull is shown in Figure 3.
Side: Symmetry

Top: Symmetry

Outlet: Hull: Non-slip wall

Qutflow —

Sym:
Symmetry

Bottom: Inlet: Velocity inlet
Moving wall

Figure 2. Computation domain and boundary conditions
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In simulations, the ship is fixed and water comes from the
inlet boundary with ship’s design velocity. Dirichlet boundary
condition is set at the inlet boundary. Neumann condition is set
at the outlet boundary, where the diffusion flux for all flow
variables is zero. Cauchy condition is used at all symmetry
planes, where the normal velocity is zero and normal gradients
of all variables are zero. Non-slip wall condition is set on both
ship hull and the water bottom, where the fluid has zero velocity
relative to the wall. Additionally, the bottom moves with the
same speed and direction with the water that comes from the
inlet boundary. The treatment of the wall will be introduced in
detail in the “Validation” section.

The main purpose of this study is to analyze the effects of
water depth on the ship’s friction. Therefore, the side boundary
should be set as far as possible from the ship to avoid or keep
the blockage effects at an acceptable level. To show the effects
of the position of the side boundary, four calculations with the
boundary Ly, 2Lgp, 3Ly, and 4Ly, away from the ship are
performed and the results of ship’s friction coefficient (Cy) are
shown in Table 4. The C; is calculated with equation (2):

R

R @
0.5-pV?S

f

where the R; is the integral of the shear stress on the ship
hull at x direction, p is water density, V is ship’s design speed,
and S is ship’s wetted surface in still water.
Based on Table 4, it can be seen that
e When the “Side” boundary locates at L, even though the
Blockage is more than 7%, the difference of C; is only
about 1% from other cases;
e When the boundary is located at 2L, (Blockage < 4%),
moving the boundary to a further place makes little contri-
butions to the calculation of C;.

Table 4 The effects of “Side” boundary’s position on ship’s
friction (Ig(Re) = 6.4, h/T =1.2)

Position Blockage* Cs (x1079) Difference
Lop 7.552% 4.5511 -

2Ly 3.776% 4.5034 -1.048%
3Ly 2.517% 4.5039 -1.038%
4Ly, 1.888% 4.5040 -1.036%

(*Blockage: the ratio between the area of ship’s midsection and the
area of waterway’s section)

Therefore, according to this study, when the “Side”
boundary is set at Ly, or further away from the ship hull, the
blockage effects are negligible. If a higher level of accuracy is
required, the blockage coefficient should be less than 4%. In
this study, the Blockage < 4 % is guaranteed.
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Additionally, if combined with the assumption that the
velocity distribute evenly over a transverse section, i.e. a mean
longitudinal velocity, another metric (y) for blockage effects on
ship’s friction can be given:

7=V, 1V, (3)

where the V. is the mean longitudinal velocity at any trans-
verse section, and the V, is the speed of water at the inlet boun-
dary.

Corresponding to Blockage < 4 %, y < 1.042, which indi-
cates that if the mean longitudinal velocity is 1.042 times larger
than the initial velocity, the effects of blockage on ship’s friction
is perceivable.

Verification

According to Eca and Hoekstra [12], the discretization error
is the main error in a numerical calculation on condition that the
double precision format and suitable convergence criteria are
used. Those conditions can be easily guaranteed and this
subsection will focus on evaluating the discretization error.

A grid refinement study, suggested by Roache [13], was
performed and four geometrically similar grids were built. With
a refinement factor r = 1.25 for all three directions, denser grids
are generated and the finest grid is the G1, as shown in Table 5.

The value of y+ stays the same for all test cases. The results
of the coefficients of frictional resistance of each grid for the
Wigley hull and the KVLCC2 are shown in Figure 4.

It can be derived from Figure 4 that C; increases slightly for
the KVLCC2 but obviously for the Wigley hull with the
refinement of grids (from G4 to G1). From numerical
viewpoint, G1 has the highest accuracy among the four grids,
but it also takes four more computing time than G2. Therefore,
to balance the accuracy and the computing time, G2 is a
possibly better choice. To support this assumption, the
uncertainty of G2 is checked following the method of Eg¢a and
Hoekstra [14], which is shown in Table 6.

0.003900

—a— KVLCC2
0.003875 —a— Wigley
0.003850

0.003825 x i —

5 0.003800
W] Gl @

0.003775 G3
G4

0.003750

0.003725 ~p—————— finer grids

0.003700
1.0 1.2 1.4 1.6 1.8 2.0

a

Figure 4. The results of C;with the grid refinement for the
Wigley hull and the KVLCC2 (lg(Re) = 6.4, deep water)

Table 6 The uncertainty of C; of the chosen two ships

p Uncertainty
Wigley hull 1.46 0.85%
KVLCC2 5.14 0.07%

(p: the order of accuracy )

The theoretical value of p is equal to the order of the method,
which is equal to two in this study. The calculated p of the
Wigley hull is close to this value but the corresponding p of the
KVLCC2 is much higher than two. This might be caused by that
the four selected grids of KVLCC2 are already at the end of the
“asymptotic range”, and a refinement of the mesh can no longer
make and significant changes on C;. However, the uncertainty of
G2 of both the Wigley hull and the KVLCC2 has an acceptable
level (less than 1%) and will be applied for further calculations.

Table 5 Number of nodes in x, y and z directions for the Wigley hull, and the KVLCC2 (deep water case, «a is a factor indicating the

density of mesh)

Grids X y z o Total cells (million)
G1 558 98 122 1.00 6.45
. G2 403 78 98 1.25 3.30
Wigley hull
G3 350 62 78 1.56 1.69
G4 274 50 66 1.95 0.87
G1 475 102 190 1.00 9.12
G2 379 78 158 1.25 4.78
KVLCC2
G3 303 62 134 1.56 2.66
G4 243 50 118 1.95 1.58
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Validation

The results of frictional resistance coefficient are compared
with the ITTC57 correlation line. In the meantime, the
calculations for the deep water case are performed with
different values of y+. In the simulations, a low-Reynolds
number model is used when the first grid point is in the viscous
sublayer (y+ < 5). The wall function approach is switched on in
the logarithmic layer (30< y+ <200). In the buffer layer (5< y+
< 30), a method by blending the low-Re formulation and wall
functions is applied to ensure a reasonable result[15]. In the
outer layer (y+ > 200), the boundary layer is still resolved with
wall functions and errors will be certainly generated. However,
the case when the first grid point is located in the outer layer is
included for comparison.

The results of C; in deep water against y+ with Ig(Re) = 6.4
are shown in Figure 5. Based on this figure, it can be derived
that

e The values of C; is more sensitive to y+ than ship types;

e When compared with the ITTC57 formula, the maximum
error of the calculations is about 5%;

e The results with the y+ around 10 and 200 have small er-
rors compared with the ITTC57 line.

The value of y+ determines the wall treatment in the simu-
lations. Shear stress is highly depending on how the boundary
layer is resolved. Therefore, C; is sensitive to y+. However, in
deep water, C; of a ship hull is practically considered to be
independent of ship types, and Reynolds number is the only
influence factor ([1, 16]).

The ITTC57 correlation line is chosen as the benchmark
since it is based on a large number of model tests and is widely
accepted. For the accuracy of the calculations in this study,
errors less than 5% is considered as acceptable. Therefore, the
selection of y+ will not make a large difference and the only
requirement is that the same y+ should be kept for different
water depths with the same Reynolds number.

A y+ study in shallow water was practically not imple-
mented. First, the validation is only applicable when enough
validating data is available. The strategy in this study is that the
code is validated in deep water and applied to gain insight into
shallow water cases, where insufficient validating data is avai-
lable. Secondly, once the code was verified for y+ in deep water
case, the results can be used to predict the behavior of the code
in shallow water based on a known value of y+.

0.0041
'Y
0.0040 N .
™ A
0.0039 .
PO} .
¢y 0.0038 .
. L ]
. 'Y
'y
0.00371 e . & e o
Y
0.0036 mTC57
e Wigley
a4 KVLCC2
0.0035
10° 10! 10?
¥+

Figure 5. The results of C; with various y+ and compared with
the ITTC57 correlation line (Ig(Re) = 6.4, deep water)

RESULTS AND DISCUSSION

In this part, the results of ship’s friction in extremely shallow
water are shown and analyzed. Afterward, several special
conditions that can affect the results are also discussed.

Results of computations and analysis

If the 2D flow is considered over a flat plate, the frictional
resistance on the plate is always increasing with a decreasing
gap between the two parallel plates [8]. However, this argument
may not apply for 3D ship flows, especially in extremely
shallow water. As shown in Figure 6, the results of the frictional
resistance coefficient (C;) of the Wigley hull and the KVLCC2
are given.

Some remarks can be made from Figure 6:

e Although the KVLCC2 and the Wigley have the similar C;
at deep water case (/T = 15), the KVLCC2 has much
larger C; when h/T > 1.1. The spreading of the curves
seems to depend on the fullness of the hull lines;

e For the KVLCC2 when Ig(Re) < 6.5, the Csat h/T = 1.1 is
smaller than that at h/T = 1.2; for Ig(Re) < 8.0, the C; at
h/T = 1.05 is obviously less than h/T = 1.2. For Ig(Re) <
6.4, the C; at h/T = 1.05 is even lower than the deep water
case. This phenomenon is counterintuitive and will be ex-
plained later;

o For the Wigley hull, the C; at h/T = 1.1 is always slightly
larger than h/T = 1.2 (this may not be easily observed in
the figure but it is true according to the data). For Ig(Re) <
6.5, slight drop of C; can be observed for h/T = 1.05.
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Figure 6. The frictional resistance coefficient (Cy) of the Wigley hull (left) and the KVLCC2 (right)
Velocity
0.683
0.512
0.341
0.171
(m 52;3100 Stern Bow

Figure 7. Streamlines under the bottom of KVLCC2 (bottom view; streamlines at the plane -0.025T away from ship bottom plane;
h/T =1.05 and Ig(Re) = 6.4)

Consequently, in contrast to the KVLCC2, the C; of the
Wigley hull is much less sensitive to the water depth. Such a
difference is caused by the ship’s geometry. Different from 2D
cases, as the streamlines under the ship bottom shown in Figure
7, a large part of flow will go sideways if it is restricted in the
vertical direction. Larger area of overspeed, therefore, can be
observed beside the ship than the deep water case (Figure 8).

In the meantime, a different shape of the ship will lead to a
different distribution of shear stress on the hull, as shown in
Figure 9. It can be derived from Figure 9 that in contrast to the
Wigley hull, a negative gradient of shear stress at —x direction is
found on the flat bottom of the KVLCC2, which causes a
smaller C; in extremely shallow water. The main reason is that a

highly restricted under-keel space is formed and the boundary
layer on the ship’s bottom cannot be developed freely.

As depicted in Figure 10, where the velocity distribution on
the midsection is shown, the development of the boundary layer
on ship’s bottom is highly restricted for KVLCC2 compared to
the Wigley hull. Since the KVLCC2 has a much larger block
coefficient (Cg = 0.81) and a large area of flat bottom, the
boundary layer is highly compressed. It can be found in Figure
10 that the velocity of the flow under the bottom of the
KVLCC?2 decreases significantly which leads to a friction loss
on the ship’s bottom. Owing to a large flat bottom of the
KVLCC2, such loss can lead to a smaller total frictional
resistance of the ship in extremely shallow water.
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Figure 8. Velocity distribution on the plane z = T around the 1/58 KVLCC2 (top: h/T=1.05; bottom: deep water; Ig(Re) = 6.4; u:
flow velocity at x direction; Vy: the velocity of the incoming flow)
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Figure 9. Distribution of wall shear at x direction for the Wigley hull (top) and the 1/58 KVLCC2 (bottom) at Ig(Re) = 6.4 and h/T
=1.05

7 Copyright © 2019 by ASME



u//O
1.157
1.068
0.979
0.890
0.801
0.712
0.623
0.534
0.445
0.356
0.267
0.178
0.089
0.000 o

u/vo

1.157
1.074
0.992
0.909
0.826
0.744
0.661
0.578
0.496
0.413
0.331
0.248 k
0.165

0.083 J
0.000 ¢

0.175

0.200 (m)

0.700 (m)

0.525

Figure 10. The velocity distribution on the midsection of the Wigley hull (top) and the KVLCC2 (bottom) at Ig(Re) = 6.4 and h/T =

An example at Ig(Re) = 5.8 is shown for a clear explanation.
In this example, the shear force at x direction on three places:
the flat bottom, the side parallel surface of the hull, and the total
surface of the KVLCC2 are compared in different water depth.
The surface area of each place is shown in Table 7.

Table 7 The area of the flat bottom, the side parallel surface of
the hull, and the total surface of the 1/58 scaled KVLCC2

Area(m?) Percentage
Bottom 1.796 43.6%
Side 1.010 24.5%
Others 1.310 31.8%
Total 4.116 100.0%

The results of shear force (friction) on each surface with
different water depth are shown in Figure 11 and its percentage
are visualized in Figure 12.

0.25 —
i
[
020 IwtTTTTeeeee
!f I ------------------
o '
z T
E 0.151 i -#- Total
g : : -+ Bottom
t i ===- Others
2 0.10 I g m e - Side
& i e
LA N
far g e e e e e e e e e e e e e -
0.05 e -
[
1ol h2
0.00 L—1 1 ‘ . . —— ‘
1 2 3 4 5 6 7 8 910 15

hiT

Figure 11. The shear force at x direction on the flat bottom, the
side parallel surface, and the total surface of the 1/58 scaled
KVLCC2 (Ig(Re) = 5.8)
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Figure 12. The shear force (N) and its percentage with different h/T on the flat bottom, the side parallel surface of the hull, and the
total surface of the 1/58 scaled KVVLCC2

Based on Figure 11 and 12, it can be derived that for Ig(Re)
=5.8:

e Compared with the deep water (h/T = 15.38), the percent-
age of the friction on the flat bottom increases at h/T = 1.2,
but decreased when h/T < 1.2. At h/T = 1.05, the number
is even less than that in deep water;

e The shear force on the flat bottom takes about half of the
total friction. For h/T < 1.2, changes of the shear force on
the flat bottom dominate the changes of the total friction;

e The friction on the parallel surface and other surface is
less sensitive to the water depth.

According to one’s intuition, larger friction is expected if the
water is shallower. However, based on this study, this is
incorrect or only partly correct in extremely shallow water. This
can also be explained physically by the velocity distribution as
shown in Figure 10.

Flow separation is found at the stern of the KVLCC2.
Vortices caused by the separation can even provide thrust
locally (as shown in Figure 9). This thrust will also cause a
decrease of C;. However, the influence of the separation occurs
at the stern only, which is minor compared to the changes on
ship bottom (see Figure 12).

The point when the friction starts to decrease with the water
depth can be predicted by comparing the ship’s boundary layer
in deep water with the under-keel clearance (UKC) in shallow
water cases. In Figure 13, the ratio of boundary layer thickness
(0.99) to ship’s draft is depicted for various Reynolds numbers
in deep water. The UKC of h/T = 1.10 and h/T = 1.05 are also
shown in this figure. The thickness is measured at x = 0.25L,,
(the origin is at the aft perpendicular) on the ship bottom.

0.12

0,10 Fm == M === === ]

UKC

of h/T=1.10

UKC of hT=1.05

0.02 J
0.00 T T T T

70 75 80 85 90 95 100
IgRe

55 6.0 6.5

Figure 13. The ratio of bottom boundary layer thickness (d¢.gq)
to ship’s draft (T) at x = 0.25L,, against Reynolds numbers in
deep water and compared the UKC in extremely shallow water.

It can be derived from Figure 13 that

e A thinner boundary layer is observed for a higher Reyn-
olds number;

e For h/T =1.1, the under-keel clearance (UKC) is 0.1T
which is at the same order of magnitude as the boundary
layer thickness at Ig(Re) = 6.0. According to Figure 6,
shallow water effects can spread up to Ig(Re) = 6.5;

e Similarly, for h/T =1.05, the UKC is 0.05T which is simi-
lar to the Jo g9 at Ig(Re) = 7.8, but according to Figure 6,
the effects can go up to Ig(Re) = 8.5.

In general, the changes of ship’s frictional resistance depend
on whether or not the boundary layer can be freely developed.
The Wigley hull is thin enough and provides enough space for
the development of the boundary layer, due to the lack of flat
bottom, but it is not the case for the KVLCC2.
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Discussions
e The 3D flow around a ship hull in extremely shallow water

(h/T = 1.1) is so complex that it cannot be simplified into a
2D flow over a flat plate. The inherent rule of how C;
changes with water depth and Reynolds number should be
studied and analyzed separately from deep and intermedi-
ate shallow waters.

o If the free surface is considered but the trim and sinkage
are excluded (i.e. fixed floating position), ship-generated
wave system can impact the C;. The trough of the bow
wave system, which is a primary wave system, lower the
water level that close to the hull. This leads to a shallower
water depth and therefore a higher Cy. The crest of the bow
wave system can rise the water level but the influence is
limited to a small area at the bow. The crests and troughs
of the secondary wave system along the hull can compen-
sate to each other and will make little contribution to C;.

o If trim and sinkage are considered, they will make the un-
der-keel clearance smaller than a designed value and let
the extremely shallow case occur earlier. Additionally,
trim and sinkage will also risk ships from grounding which
is an unsafe condition the designer tries to avoid. There-
fore, double-body computations applied in this study is
conservative if compared the real navigating conditions.
This conservative results have already shown significant
changes of C; in extremely shallow water, and the real cas-
es can show even more significant changes and should be
treated more carefully.

o If a ship is also restricted in the horizontal direction, i.e.
sails in confined water, the side boundary will play a simi-
lar role as the water bottom. When the limitations from the
two directions are at the same order of magnitude, the flow
passes over both the bottom and the side surface are com-
parable to a 2D flow over a flat plate, and the conclusions
derived from 2D cases may apply again.

CONCLUSIONS

In this study, the frictional resistance of a Wigley hull and
the KVLCC2 in extremely shallow water are obtained with
double-body computations. The effects of extremely shallow
water on the ship’s friction are demonstrated and compared with
the results in deep and intermediate shallow water. Several
conclusions can be derived based on the analysis:

e Against to one’s intuition, when h/T < 1.2 and at a rela-
tively low Reynolds number, the friction of a highly-
curved ship (such as the KVLCC?2) is decreasing with
decreasing water depth. These changes usually occur on
the model scale of ships;

e For slender ships like the Wigley hull, in contrast to the
KVLCC2, only slight effects can be observed when the
water is as shallow as h/T < 1.2;

e The geometry of a ship plays an important role in the pre-
diction of the frictional resistance in extremely shallow
water. Evaluating whether the boundary layer can develop
freely is the key to estimate the trend of changes;

o Due to a different rule from deep and intermediate shallow
water, the prediction of ship’s friction in extremely shal-
low water should be considered specifically and separate-
ly. Both the geometry and the Reynolds number should be
considered if a new prediction method is built.

With the calculations of ship’s friction in extremely shallow
water, this study adds some information into the understanding
of the physics and the prediction of ship’s friction in extremely
shallow water which expects to improve the prediction of ship’s
resistance in shallow water.
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