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The aim of this article is to evaluate the effects of cargo relative weight and its distribution along
the boat’s length in addition to the relative water wavelength on the dynamic performance of a
high-speed planing hull. Here, the dynamic performance is measured by the intensity of the boat’s
heave and pitch motions. The Zarnick’s strip theory, which divides the vessel’s hull into equal lateral
sections, is used to study the applied forces on the vessel, and a MATLAB code is provided based on

Kgy words: . it. It is demonstrated that increasing the cargo weight and its distribution result in more heave and

glgh speed planing hull pitch, and the maximum amount of them are observed in the wave with a length of about 5 times the

Piaﬁe length of the boat. In addition, the interactive effects of cargo weight and its distribution on the heave
itc

and pitch motions are affected by the relative wavelength. Therefore, the more centralized cargo
distribution is preferred to increase the dynamic performance of a heavy planing boat with cargo
weights more than 50% of the boat’s weight, while moving in short waves (1/L<4); and for light cargo
weight, less than 50% of the boat’s weight, the favorite cargo distribution is broad. When the boat
sails in long waves, the desired distribution is reversed.
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1 Introduction

Nowadays, high speed vessels, regarding their
speed, price, maneuverability, and vast applications,
have acquired many usages and have been subjected
under many researches. Meanwhile, improving the
methods to predict sea-keeping and dynamic behav-
iour of planing hulls are indispensable. As a result, en-
hancing the stability and improving the performance
of a planing hull in waves are important for high-speed
boats.

These boats have complex dynamic behaviors at
high speeds and suffer from high pitch and heave mo-
tions. Therefore, the design of a planing hull in the pre-
liminary stages requires a correct prediction about
behaviors of the boat, in order to prevent the occur-
rence of such undesirable motions. The changes in the
distribution and the amount of cargo weight on the boat

can affect the vessel behavior. Meanwhile, numerical
methods are highly beneficial to analyze ships motions
and their effective parameters.

Motions of the high-speed planing hulls have been
analyzed in various researches in three fields: laborato-
ry methods, numerical methods and analytical models.
Yosefi et al. comprehensively reviewed the hydrody-
namic analytical methods for high-speed planing hulls
since 2013 [1].

Some researchers have focused on planing boats
with stepped hulls to provide more comfortable cruise
with higher speed. Trimulyono et al. used computation-
al fluid dynamics (CFD) to modify a two steps hull with
variations in the position of the steps. Their research
aimed to determine the effect of the first and second
step positions on the total resistance, dynamic trim, and
dynamic sinkage [2]. The other research, by Avci and
Barlas, aimed to evaluate the optimal longitudinal posi-
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tion of a single transverse step. They experimentaly
studied the resistance properties of the hull with four
different configurations and determined the optimum
longitudinal location of the transverse step [3].

One of the other methods to reduce planing craft re-
sistance is to use the interceptor. Samuel et al. used CFD
for calm water conditions to analyze the hydrodynamics
of a planing hull with an interceptor. They showed that
the interceptor is remarkably useful in trim control and
planing hull drag reduction [4].

In analytical models, Sahin et al. presented a mathe-
mathical 2D model, representing the vertical motion of
the prismatic planing vessel. They presented an auto-
matically controllable system to control the interceptor
in order to minimize the total resistance and enhance
comfort for high-speed planing vessels [5].

Many studies on planing hulls have been developed
based on the impact of a wedge on the surface of the
water. Von Karman reduced the level of the problem
from three dimensions to two dimensions and simpli-
fied the vessel cross sections into wedges [6]. Accord-
ing to Von Karman momentum theory, when an object
enters water, its momentum is divided between the
body and the fluid around it, and the forces acting on
the object can be measured by the rate of momentum
change. Instead of considering a wedge, Wagner re-
duced the problem to a sheet entering the water sur-
face and varied the width of the sheet with time [7].
Clement and Blount performed a series of tests on the
TM-62 vessels. In these experiments the variable visu-
al aspect ratio (length-beam ratio) was evaluated on a
base model with prismatic end and a deadrise angle of
12.5 degrees [8]. They found that the amount of trim
and heave depend on the geometry of the body, the
forward speed, and the longitudinal location of the
center of gravity. The experiments on a set of prismatic
body boats with a fixed deadrise angle along the body
in calm water and regular waves were performed by
Fridsma [9]. Fridsma also studied the behavior of a
planing hull facing irregular waves [10]. Katayama et
al., considering linear and nonlinear motions, per-
formed some model experiments with Froude num-
bers of 2 to 5 in calm water and in regular waves [11].
They also calculated hydrodynamic coefficients from
laboratory and theory (based on the potential theory),
and compared the results of the experiments with the
results of the dynamic simulations. These authors con-
cluded that the nonlinear strip theory method with a
proper calculation for hydrodynamic forces can pre-
dict the vertical motions of a planing boat with suffi-
cient accuracy for scientific purposes.

Garme performed experiments based on the Frids-
ma’s model in calm waters and regular waves with dif-
ferent velocities [12]. His simulation results showed a
good correlation between heave, velocity, and vertical
acceleration values, but the results for pitch motions

were much higher than actual values. Moreover, Ghadi-
mi et al. presented a mathematical model to investigate
the effect of variable deadrise angle and trim angle of a
planing hull on its performance [13].

Furthermore, to calculate hydrodynamic forces on a
planing hull, Wang et al. presented a new computational
method based on computational fluid dynamics [14].
After that, Martin investigated the instability of a plan-
ing hull which is caused by heave and pitch motions in
calm water [15]. He developed a method for predicting
the surge, heave, and pitch motions by which a planing
hull encounters porposing instability. Based on Martin's
work, Zarnick developed a nonlinear mathematical
model using strip theory [16]. This mathematical model
was developed for a prismatic planing hull with a fixed
deadrise angle at high speeds and in regular waves. Zar-
nick used the strip theory to determine the coefficients
in the motion equations using a combination of theoret-
ical and experimental relationships. He also assumed
that the water wavelength can be larger than the ves-
sel’s length and the slope of the wave is small. The Zar-
nick’s 2D strip theory was used by Sayeed et al. to
predict the vertical motions of a planing hull in head
waves [17]. Their results were capable to be implement-
ed in the simulator for training purposes. Next, Keoning
considered trim and heave of a high-velocity boat and
developed Zarnick’s method using special relations
[18]. He also studied the distribution of hydrodynamic
lifting forces along the body with nonlinear added-mass
and wave-imposed force in regular and irregular waves.
He proposed a computational model incorporating the
main nonlinear parameters to predict the wave effects
with high accuracy. Besides, Van Dayzen developed
Keuning model to three degrees of freedom for surge,
heave, and pitch motions in regular and irregular waves
[19]. In addition, Chiu and Fujino added an elastic pa-
rameter to the Zarnick theory by considering the effects
of inertia [20]. They omitted the quadratic and higher
order terms in the equations of motion and evaluated
the hydrodynamic coefficients for oscillating motions.
The completely nonlinear equations proposed by Zar-
nick were transformed to Taylor series by Hicks et al.
[21]. They also identified areas of dynamic response
and the effect of second-order terms on the boat prog-
ress. Moreover, Blake proposed a linear model in a fre-
quency range based on Martin’s studies and found that
it would be necessary to consider the time-dependent
wetting length to improve predicting the motion behav-
ior of a boat [22]. Thereupon, Lewis et al. developed
Blake’s numerical model, which itself was based on the
Zarnick’s nonlinear strip theory [23]. They found that
their numerical model can predict motions of the larger
ships.

Niazmand Bilandi et al. developed a 2D+T theory to
calculate the boat’s dynamics and heave and pitch mo-
tions for a double-stepped planing hulls [24]. Their re-
sults showed the appropriate accuracy of the method
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Figure 1 Reference and moving coordinate frames for a planing boat

Source: Authors

and its readiness to predict the behavior of a double-
stepped planing hull in rough water. Ghadimi et al. pre-
sented an analytical method to simulate the roll motion
of a flying boat and compared it with experimental data
[25]. However, Tavakoli et al. [26, 27], using mathemati-
cal simulation, studied the motion of a planing hull in
the direction of heave, pitch, and roll, and showed that
the range of the motions have no significant effect on
the boat’s hydrodynamic. Also, the results of this simu-
lation showed that the range of these motions have no
significant effect on hydrodynamic coefficients. Accord-
ing to the Hoseinzadeh et al. [28], reducing the coeffi-
cient of added mass led to a faster vehicle and decreased
the heave and pitch, which promote the accordance be-
tween numerical outcomes and Fridsma’s experimental
results.

In this research, Zarnick’s two-dimensional method
along with the improvement by Hoseinzadeh is used
and a code is developed. After ensuring the accuracy of
the software in comparison with Fridsma experimental
data, the effects of the cargo weight and its distribution
on the behavior of a planing hull are investigated.

2 Mathematical Model

The model assumptions are alike with Zarnick’s
model [16], which formulated a nonlinear mathematical
model for planing boats with fixed deadrise angle in
regular waves and a constant forward velocity. Accord-
ing to Fig. 1, the model considers the reference xyz coor-
dinate system and a moving &x( coordinate system that
its origin is placed at the center of gravity of the boat.
The hull is divided into cross-sectional strips to provide
separately calculation of hydrodynamic forces over each
section. Fig. 2a shows the intersection of the boat hull
sections and water surface. Fig. 2b also shows interac-
tion of the body wedge strips with water, which can
arise two conditions.

(@

(b)

Figure 2 (a) The longitudinal and (b) transverse interactions
of the vessel with water.

Source: [16]

The forces acting on each section depend on the depth
of penetration of each section in water. The total hydro-
dynamic force on the boat’s body is obtained by integrat-
ing the forces on each section. As a result, the forces are
calculated and their moments are determined.
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2.2 Equations of motion

The dynamic equations of motion for a planing hull,
as seen in Fig. 1, include:

M¥Xce =T, +F,—Dcos6
Mic; =T, +F,+Dsin0 + W €Y
16 = Tyxp + Fy — Dxg4

The normal velocity (V) and parallel velocity (U) re-
garding to the keel, are:

U = %xcgco0s0- (2 —w,) sinf
V = %cgsinf— 0 + (2 — w,) cos 6

(2)

The submergence of each section of the boat’s hull is
(h):

h = z;; — &sinf + (cosf —r 3)
In which, r is the wave elevation for regular head
waves according to Equation (4):

r = rycos[k(x + ct)] (4)

where r, represents the wave amplitude, k is the wave
number, and c is the wave celerity. The hydrodynamic
forces acting on the body are obtained by integrating
the forces computed for each section. The governing
equations that determine the motion of the planning
hull can be written as Equation (5) [16]:

M + Mgsin?0  Mgsinfcosf —Q,sinf|icq
M,sin@cos® M + Mgcos?0 —Qqcosf [2CG] =
—Q, sinf —Q, cos 6 1+1, 6

(5)

Tx+F,X—Dcost9
=|T,+F,+Dsin0+w
TXp+F'9—DXd

2.3 Hydrodynamic force and moment

The corresponding equation for F’, F’ and F’, can be
written as equations (6-8):

F'\, = {Maé(z'cgsine — X¢g cos ) +
dw, .
+ j maFcosedf—Jmawze sinfd¢é —

fma 3% sm9d§+fma

- UVm,,,,  — f Vi, dé —pf CD,CbVZdE} sin@
! !

—Zcos0d¢ —

F',= {Maé(z'msine — Xcg cos ) +
dw, .

+f mg——CO0S Gdf—jmawze sin 8d¢ —

! dt !

f v 2% gin gdg + f 02 cos pae )
— | muV—==sin mgyU—=cos -

1 @’ o0& I v 9¢
-UVmg,, —f Vi,dE —pJ- CD,CbVZdE} cos @ —

! !

- J agrpgbAds
l

F'g = —Qg0(Zce Sin O — X cos 6) —
dw, -
- f mad—cos 0&dé + mawze sin8éd¢é —

fmaV smefdf fma cos@fd§'+ (8)

+mUVsiorn +fmaUVd€ + f Vmgédé —
! 1
—pf CD,CbV2d€+J- agupgbAcos 6EdE
1 1

In these relationships, 4 is the cross-sectional area of
each strip, a,, is a correction factor equal to % [16], and
Ay, = 720, CD . represents the cross-flow drag coefficient
equal to 1.33 cosf. Note that the integration terms are

considered only over the wetted length of the hull (/).

The amount of added-mass of a wedge-shaped sec-
tion is determined by Equation (10):

T 2
mg = kg pr )

Where, k  is the two-dimensional added-mass coeffi-
cient and p is the density of the water. The parameter b
is the half beam which is calculated according to: b = d
cotf, but when the water pile-up is considered, it is cal-
culated as follow:

b = Cpyd cotp (10)

Here, the coefficient of € is calculated by:
i 2
=56 (1-3) (1)

Zarnick [16] suggested k, = 1; however, to establish
more comparable numerical data with experimental,
Hoseinzadeh [28] offered a relationship based on the
deadrise angle for the added-mass coefficient (Equation

(12)).
B 0.73 2B8\"?
k, =032+ [@ x (1 - 7) ] (12)
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The M, Q, and I are as equation (14):
M, = f mqd§
l

Y= fl mEde (13)

Iy = jl maE2de

It is assumed that the high speed planing boat has a
constant velocity, and the resultant of drag force (D) and
thrust (7) are small in comparison with hydrodynamic
forces. As a result, the equations of motion can be writ-
ten as:

1 0 0
0 M+ M,cos*6 —Qa cos @ [ZCG] = |F, + w (14)
0 —Q,cosf I+1, 9

3 Solving Equations of Motion

In this section, the equations of motion for a planing
boat are solved using a computer code and in order to
be validated, the results of the simulation are compared
with the results of the Fridsma’s boat model [9]. Then,
the dynamic behaviors of the vessel are studied through
changing the distribution and the amount of cargo
weight.

The obtained equations of motion, which are com-
bination of two second-order nonlinear differential
equations, must be solved over time using standard
numerical techniques. Here, a numerical technique is
used which is a predictive-corrective method and sug-
gested by of Adams-Bashfort-Multon. Predictive-cor-
rective methods refer to a set of tricks for solving
differential equations that use two different predictive

and corrective formulas. A predictor is an explicit for-
mula used to determine an initial estimate of the an-
swer y, . Since the predictor is an explicit formula, the
value of y__ is calculated from the known answer at the
previous point (x, - y) (single-step method) or several
previous points (multi-step method). After finding the
initial estimation of y__, the corrector is used for calcu-

i+1”

lating a new and more accurate value for the answer
yi+1'

3.1 Predictive-Corrective Method

In the third-order predictive equation, the initial es-
timate for y, , would be:

= yl+—(23f(xl ¥ =16 f(xi_1.yi-1) +

(15)
+5 fxi-2.¥i-2)
and the corrective equation is:
Y =i+ =[SF 8- fi] k=23... (16

The terms in Equation (16) are explained as follow:

fi= flxiy)
fier1 = fxio1.yi- 1)
flErkl Y= f(xt+1 y1+1 1))

Therefore, to perform the analysis, a code for extract-
ing the values of heave and pitch motions for the center
of gravity of a planing hull is written in MATLAB soft-
ware. In this code, the equations of motion are solved
over time using the Adams-Bashfort-Moulton numerical
technique. The procedute for calculating the heave and
pitch motions of the boat is indicated in Fig. 3.

(17)
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Figure 3 Flowchart of mathematical calculation

35



36 M. Gandomkar et al. / SCIENTIFIC JOURNAL OF MARITIME RESEARCH [Pomorstvo] 38 (2024) 30-42

4 Results and Validation

In this section, the accuracy of the code is shown
through comparing the results of this numerical analy-
sis with the heave and pitch motions resulted from
Fridsma’s experiments. As shown in Fig. 4, the idealized
prismatic hulls with different deadrise angles, designed
by Fridsma, move in a variety of regular waves.
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Figure 4 Fridsma’s model for a planing boat

Source: [16]



M. Gandomkar et al. / SCIENTIFIC JOURNAL OF MARITIME RESEARCH [Pomorstvo] 38 (2024) 30-42 37

4.1 Specifications of the planing hull studied by
Fridsma

Principal dimensions of the planing boat studied by
Fridsma are given in Table 1.

Table 1 Principal dimensions of the planing boat

L 3.75 ft (1.143 m)
B 0.75 ft (0.229 m)
w 16.42 1b (7.45 kg)
14 19.6 ft/s (5.97 m/s)
B 109, 202 and 30°
:f)/li r(lgltﬁz)h radius of gyration relative 0.255
Irﬁ(;t/l]‘; e(lt(:)nlgelr‘igziﬁ?al center of gravity 62% (from bow)

Source: [16]

Furthermore, considering different wave lengths
and a constant wave height of 1 inch (2.54 cm), the
beam Froude number was CV = 4 and H/B = 0.111. The
wave lengths regarded in the Fridsma’s experiments are
given in Table 2.

Table 2 Wave lengths of Fridsma’s tests

No. A/L c,
1 6 0.049
2 4 0.073
3 3 0.097
4 2 0.146
5 15 0.195
6 1 0.292

Source: [16]

4.2 Code validation

Fig. 5 to Fig. 8 show the results of response ampli-
tude operator (RAO) for heave and pitch motions of the
planing hull with deadrise angles of 202 and 302 versus

Cy = %[CA/(L/BZ)]1/3. As can be seen, the developed

code is able to generally predict the behaviors of the
planing boat and it is confirmed by the experimental
data.
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Figure 5 Heave RAO of the planing hull with C, =4, = 20°
and H/B=0.111.
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5 The Effects of Cargo Weight and its
Distribution

What is being considered here is the effect of amount
and distribution of cargo loads on the boat’s heave and
pitch motions. For this purpose, the added cargo weight
on the boat in each distribution is increased by 10, 20,
30, 40, 50, 75 and 100% of the weight of the vessel. Be-
sides, the cargo loads are symmetrically distributed
around C.G. in a manner that the center of gravity does
not shift along the boat’s length. Fig. 9 shows the distri-
bution of cargo loads are along the boat.

The pitch radius of gyration for the added loads is
rw_ = ar . As shown in Fig. 9, in order to vary the cargo
load distribution, the radius of gyration is changed by
changing «a coefficient for each analysis. The amount of
ais selected as 0.25, 0.5, 0.75, 1, and 1.5.

In Fig. 10 the results of heave RAO and pitch RAO for
deadrise angle of 20° are plotted respect to A/L. Here,

M. Gandombkar et al. / SCIENTIFIC JOURNAL OF MARITIME RESEARCH [Pomorstvo] 38 (2024) 30-42

different wavelengths from 1 to 6 times of the boat’s
length are evaluated and the added cargo loads are
changed from 10% to 100% of the planing boat's
weight.

[t can be seen in Fig. 10 that, in general, the changes
of heave and pitch motions are similar to each other re-
spect to the relative wavelength. So that by increasing
the value of A/L, the oscillations of the heave and pitch
motions increase and form a maximum at A/L around 5,
and after that, the amplitude of the vessel’s oscillations
decreases. In this regard, since with increase of A/L
more than 5, the motions of the boat become more con-
cordant with the wave surface, the boat is expected to
experience less fluctuations compared to the water
surface.

According to results as shown in Fig. 11, it seems
that A/L greater than 7 does not have much effect on
heave and pitch motions for the planing boat. In those
waves with large relative wavelengths, the boat’s heave
and pitch motions are relatively constant and are not af-
fected by factors such as cargo weight and its distribu-
tion. Therefore, expecting a maximum in the heave and
pitch motions can be reasonable around the A/L=5. An-
other reason for the occurrence of this maximum
around the A/L=5 can be the amount of available time
that a wave applies upward force to the boat or sepa-
rates from boat’s bottom so that the boat is pulled down
with its weight. In waves with A/L less than 4, before
reaching the maximum of the heave and pitch, the wave
applies the opposing forces against ongoing heave and
pitch motions. These available times for heave and pitch
motions are longer in waves with A/L of about 5. There-
fore, in waves with A/L=5, the heave and pitch motions
reach their maximum.

Besides, local maximums for heave and pitch mo-
tions are observed at A/L=2. The reason for this is relat-
ed to the collision mode between the profile of a sine
wave and the boat’s bottom.
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Figure 9 The pitch radius of gyration of the added weight

Source: Authors
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Figure 10 Heave RAO and pitch RAO for the boat with the deadrise angle of 20° against waves with different relative

Source: Authors
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Heave results
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Figure 11 The heave RAO and pitch RAO of the planing boat
against waves with longer relative wavelengths and different
added weights at rw, = 0.75 r,

Source: Authors

It can also be seen in Fig. 10 that the ranges of heave
and pitch fluctuations are affected by the distribution of
cargo weights. So that with increasing value of w, of-
ten, the amplitude of heave and pitch motions increases.
Increasing the w, also causes the maximum heave and
pitch fluctuations to occur in waves with higher A/L. For
example, at rw, = 0.5 Iy the maximum value of heave
and pitch are observed in waves with A/L less than 5;
however, by increasing the rw to 1.25 r , the maximum
oscillations of heave and pitch are observed in waves
with A/L more than 5. The reason of this can also be re-
lated to the increase in the angular momentum of the
boat due to the wider distribution of the cargo loads
along the boat. As the angular momentum increases, the
boat’s resistance against twisting motions increases,
and therefore, the stronger waves with A/L more than 5
can lead more pitch motion. In addition, the amount of
heave is also affected by the angular momentum of the
boat. Considering more resistance to pitch motions for
the boat with more rw , when a wave crest with A/L
greater than 5 strikes the bow or stern of the boat, it
vertically moves the boat, and as a result, the amount of
heave increases.

The amplitudes of the heave and pitch are also af-
fected by the cargo loads. So that the increase in the
amount of relative additional load, more than 75% com-
paring to less than 50%, causes a growth about 100% in
the maximum amplitude of the heave and pitch mo-
tions. Furthermore, it can be seen in Fig. 10 that as a re-
sult of increasing the amount of added loads, the
maximum oscillations of heave and pitch are trans-
ferred to waves with A/L greater than 5. On the other
hand, if there are few cargoes loaded in the boat
(<20%), the maximum value of heave and pitch shift to
A/L=4.

Besides, the amount of additional weight and its
distribution have mutual effects that more intensify
heave and pitch motions. It is obvious that for A/L=4,
the intensive fluctuations and unsetting condition, i.e.
pitch RAO>4 and heave RAO>2.5, are observed at rw, =
0.25 r, and when the cargo relative weight is more than
75%. However, when w, increases, this situation is
seen for less added weights. For example, for A/L=4,
when rw, = 1.5 r, the instable condition is established
for the added relative weights even more than 30%.
Moreover, for A/L=5 and medium and low added
weights, vast load distribution clearly increases the
range of boat oscillations. Accordingly, increasing the
amount of both added weight and rw, increase the
amount of heave and pitch.

Despite the increasing effect of rw, on the pitch val-
ues in various relative wavelengths, according to Fig.10,
increased rw, causes less pitch motion for heavier
boats. In addition, the more cargo weight is loaded, the
more pitch motion is observed for more centralized car-
go. However, when the planing boat is loaded more than
100% of its weight, its heave and pitch motions become
intense and instable in long wavelengths (1/L>4).

Moreover, it seems that A/L=4 is a converging spot
for the heave motions. According to Fig. 10, all values of
heave RAO reach around 2 at A/L>4. Nevertheless, in-
creasing cargo weight and its distribution result in some
deviation in the amount of heave RAO to the values less
than 2.

A question may arise here is what could be the best
cargo distribution (rwg) for a boat to have minimal
heave and pitch motions. In general, it can be said that if
a boat sail with relative cargo loads less than 50% of the
boat’s weight, for small waves with A/L<4, it is better to
spread the cargo widely along the boat (larger rwg), and
for long waves (4/L>5), it is better to arrange the cargo
with a concentrated distribution (smaller rwg).

In another case, if the cargo is loaded more than
50% of the boat’s weight, for A/L<4, it is better to ar-
range the cargo near the mass center of the boat (small-
er rwg), and if the vessel moves in long waves (1/L>5),
in order to minimize the heave and pitch motions, it is
beneficial to spread the loads along the boat’s length
(larger rwg).
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6 Conclusion

In this study, using the Zarnick’s strip theory and the
geometry used in Fridsma’s research, the dynamic anal-
ysis of a planing hull in regular waves was performed.
The effects of cargo weight and its distribution on the
values of the boat’s heave and pitch motions were eval-
uated against different relative wavelengths. The results
obtained from this study can be expressed as follow:

When the relative wavelength is about 5 times the
boat’s length, the forces interactions can lead to severe
heave and pitch motions. By increasing the value of 1/L,
the heave and pitch motions increase and form a maxi-
mum at A/L around 5 and then decrease. Besides, a local
maximum for heave and pitch motions are observed at
A/L=2.

The ranges of heave and pitch fluctuations are affect-
ed by distribution of cargo weight. So that with increas-
ing w, often, the amounts of heave and pitch motions
raise. Increasing rw, also causes the maximum heave and
pitch fluctuations to occur in waves with higher A/L.

The increase in the cargo load, more than 75% of the
boat’s weight comparing to less than 50%, causes a
growth about 100% in the maximum amplitude of the
heave and pitch motions.

If there are few cargo loaded in the boat (<20%), the
value of heave and pitch motions are less affected by
added weight distribution, and their maximums are
formed near A/L=4.

The distribution of the cargo weight (rwg) shows the
increasing effect on the pitch values in various wave-
lengths. However, increased rw causes less pitch mo-
tion for heavier boats. In addition, the more cargo
weight is loaded, the more pitch motion is observed for
more centralized cargo. However, when a boat is loaded
more than its weight, its heave and pitch motions be-
come intense and instable in long wavelengths.

In order to minimize the heave and pitch motions,
when the boat is sailing with light cargo in short relative
wavelingths (A/L<4), it is better to spread the cargo
widely along the boat (larger rwg), and in long waves
(A/L>5), it is better to arrange the cargo with a concen-
trated distribution (smaller rwg). In another case, when
a boat with heavy relative cargo loads (>50%) moves in
short waves (A/L<4), the less rw _is more preferred, and
in long waves (A/L>5), it is beneficial to spread the
loads along the planing boat’s length (larger rwg).

Nomenclature
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U
Beam Froude number, —\@

Cross flow drag coefficient
Pile-up coefficient

w
Load coefficient, PYTE

Wave length coefficient, %[CA/(L/BZ)]l/S

Depth of penetration of each section

Friction drag

Force vector

Hydrodynamic force in x direction
Hydrodynamic force in y direction
Hydrodynamic moment about pitch axis
Buoyancy force of each section (Sectional buoyancy
force)

Hydrodynamic force of each section (Sectional
viscous lift associated with the cross flow drag of a
calm water penetrating wedge)

Acceleration due to gravity

Wave height

Pitch moment of inertia

Added pitch moment of inertia

Wave number

Added mass coefficient

Wetted length of the hull

Vessel’s length

Longitudinal center of gravity

Added mass associated with each section
Vessel's mass

Vessel's added mass

Vertical hydrodynamic force

Wave profile

Wave amplitude

Hull radius of gyration

Added weight radius of gyration

Thrust component in x direction

Thrust component in z direction

Boat velocity parallel to keel

Boat velocity perpendicular to keel

vertical center of gravity

Weight of each section of the vessel

Weight of the boat

Wave orbital velocity in vertical direction
State variable vector

Distance from CG to center of pressure for normal
force

Distance from CG to center of action for drag force
Moment arm of thrust about CG

Surge displacement, velocity and acceleration
Heave displacement, velocity and acceleration
Deadrise angle

Pitch angle, velocity and acceleration
Reference coordinate system

Body coordinate system

Wavelength

Density of water

Wave slope
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