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Abstract: Numerical dynamic response prediction refers to a research-passenger design concept vessel with the following
specifications: 44.5m total length, 9.0m breadth, 3.0m height, mono-hull type, 20 km/h top speed, designed for navigation in
the Danube River and Black Sea coastal areas, and with a maximum significant wave height of 2.5m. The multi-deck and
compartment layout for research laboratories, as well as onboard rooms for crew and passengers, with specific equipment
and provisions, necessitates a dynamic analysis for two loading cases with a draught of 1.5 m and 1.7 m. The vessel oscillation
response in regular waves is computed using a frequency-domain linear strip approach, and the dynamic response in irregular
waves using a statistical short-term approach, with seakeeping criteria assessment. The detailed parametric dynamic response
analysis is solved using the eigen DYN_OSC version 2025 program, which includes a wide range of specific navigation
parameters. This research predicts navigation operational capabilities of the research passenger vessel.
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1. INTRODUCTION

A new ship design concept, besides the structural criteria [1, 2, 3], has to be assessed by several hydrodynamic
criteria, among which are the navigation operational capabilities by ship’s dynamic response prediction for the
specific waves’ condition, and the seakeeping safety rules required criteria [4, 5, 6, 7].

The seakeeping analysis of a vessel design concept requires a hydrodynamic vessel motions method [8], ensuring
a fast and accurate computational method capable of a wide range of navigation operational parameters for the
vessel and wave system. For practical purposes, in the case of a slender shape mono-hull design concept vessel,
the references [9, 10, 11] point out the best use of the two-analysis-part approach. In the first part, the vessel
oscillations’ response in regular waves is computed by a frequency domain linear strip approach. In the second
part, the vessel dynamic response in irregular waves is computed by a short-term statistical approach [12, 13, 14]
(section 2).

This study approaches the dynamic response prediction of a research-passenger design concept vessel for the
river-coastal navigation area, with the structure previously assessed by strength criteria [3] for two reference
loading cases with draughts of 1.5 m and 1.7 m, in accordance with onboard provisions and research equipment
amounts. The research-passenger vessel satisfies the main requirements for the strip hydrodynamic method: the
maximum vessel Froude number of 0.270, for top speed 20 km/h, is smaller than 0.4, and the vessel concept
design has a mono-hull with slender shape, length over breadth ratio of 4.94 (44.5/9), which is almost 5 (section
3). For extended parametric dynamic response prediction, the vessel design concept includes a change in the
vertical position z¢ of onboard masses and the influence of the passive bilge keel system type on roll response.
The research-passenger vessel navigation area is the Danube River, IN(2.0), and the Black Sea Coast, C(2.5),
waterways, with dynamic response prediction eigen DYN OSC versions 2025 [15] program, with integrated
deterministic regular wave and statistical irregular wave solvers (section 2). The vessel’s short-term dynamic
response, on river-coastal routes, in terms of most probable oscillation motion and acceleration response
amplitudes, is assessed by seakeeping criteria, resulting in the safety limits polar diagrams.

For both loading cases, the detailed parametric research-passenger vessel dynamic response analyses, in regular-
irregular waves (section 4), include as navigation parameters: vessel speed, gravity center vertical position, and
bilge keels type; wave frequencies, heading angles, and significant wave height for the river and coastal navigation
scenarios.

The combination of navigation operational capabilities from seakeeping criteria with previous structural
assessment results [3] provides practical safety limits for navigation in river-coastal conditions for the research-
passenger vessel design concept (section 5).
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2. METHODS AND SOFTWARE. THE ANALYSIS STEPS OF THE RESEARCH-PASSENGER VESSEL
FOR THE RIVER-COASTAL NAVIGATION SAFETY EVALUATION BY SEAKEEPING CRITERIA

The river-coastal navigation safety evaluation of the research-passenger design concept is carried out according
to the seakeeping /T7C procedures [4, 12], with eigen developed integrated program modules DYN OSC [15],
improved in terms of computational accuracy, running time, and interface, with main analysis steps in Figure 1.

" D)

1) Formulation of the numerical model of the research-passenger design concept vessel

(RPV) and the river-coastal environmental state conditions:

*  Numerical model for the hydrodynamic strip formulation: 3D geometrical model of the
vessel offset-line stations, and the mass distribution by steps formulation diagrams for
the two loading cases, on minimum draught, 1.5m, and maximum draught, 1.7 m;

= Environmental state scenarios include two relevant navigation conditions: the Danube

k River route, Hsmaw=2 m, and the Black Sea coast route, Hyna=2.5 m. j

v

(2) Hydrostatic characteristics of the research-passenger design concept vessel.

= Hydrostatic RPV vessel diagrams for hull buoyancy and water lines data;

= Still water equilibrium of RPV vessel for the two main loading cases, medium draught
and trim equilibrium parameters;

= Stability RPV vessel diagrams for the two main loading cases, and for the five most
probable referenced vertical positions of the vessel gravity centre (z¢).

v

/(3) Response amplitudes operators of the research-passenger design concept vessel: \
» Hydrodynamic damping and added masses terms function on the wave frequencies.
= FEigen frequencies for the oscillation motions of the RPJV vessel, for the two loading
cases. For the roll motion, the parameters vertical position of the hull gravity center,
and the equivalent damping induced by bilge keels are considered supplementary.
= Response amplitude operator (RAO) functions for the RPV vessel as frequency domain
solution of the oscillation motions, for unit amplitude regular wave excitation, on the
K two loading cases. for five vessel speeds. and a full range of wave heading angle. j

v

ﬂl) Most probable short-term response of the research-passenger design concept vessel: \
Wave average power density spectrum specific to the Danube River and the Black Sea
Coast navigation routes;
= Statistical short-term power density spectra of the dynamic response for the oscillation
motions of the RPV vessel in random waves, on river-coastal routes, on the two loading
cases, for the selected navigation cases: vessel velocity, wave heading angle, bilge
keels influence, and vertical position of the hull gravity center.
= Response most probable amplitudes (RMS) for the RPV vessel as a short-term statistical
solution of the oscillation motions and accelerations, for the random waves power density
K spectrum, on two loading cases, as a parametric study for all the navigation conditions.

v

(5) Safety limits in terms of seakeeping criteria of the research-passenger design concept:

= Polar diagrams of safety limits obtained by short-term seakeeping criteria formulated in
terms of most probable admissible oscillation motion and acceleration amplitudes;

=  Combined seakeeping and strength criteria [3] safety limits of the RPV vessel design
concent operation on river-coastal navigation routes.

Fig. 1. The main analysis steps for navigation safety evaluation by seakeeping criteria and DYN OSC vers.2025 [15]
program modules of a research-passenger vessel design concept (RPV), in river-coastal environmental conditions.
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(1) Formulation of the numerical model of the research-passenger design concept vessel (RPV) and the river-
coastal environmental state conditions

The first step of the dynamic analysis involves the development of the RPJV vessel numerical model, with the main
data in Table 1, according to the hydrodynamic strip method formulation: the offset lines stations 3D geometrical
model, with 30 points per station, imported from the vessel design concept [16, 3] (Figure 2), and the mass
distribution diagram per unit hull length corresponding to the extreme loading cases, with minimum operational
draught 7)., = 1.5 m, displacement A =434.725 t (Figure 3a), reduced provisions and only essential research
equipments, and maximum operational draught 7,.=1.7 m, displacement A4 =501.750 t (Figure 3. b), full
provisions and research equipment. Although there are, by design, two structural construction versions of the RPV
vessel [3], standard and enhanced structures, with the same hull external shape, the two extreme draught
conditions are preserved, resulting in different effective mass capacities of 42.795 + 140.075 t [3]. Also in this
step, by design, the navigation area is set up for the RPV vessel: standard route on the Danube River, with a
maximum significant wave height H,..»~=2 m, and extended route on the Black Sea Coast with Hyye=2.5 m.

(2) Hydrostatic characteristics of the research-passenger design concept vessel

As the second step of the dynamic analysis setup, the hydrostatic characteristic diagrams of the RPV vessel are
obtained using an incremental water line position procedure [17, 15] applied for the design concept offset lines
stations (Figure 2), delivering the corresponding hull buoyancy initial data related to the two main loading cases.
The oscillation motions are referenced to the RPV vessel’s still water equilibrium state, obtained by an iterative
nonlinear procedure [15], applied for each mass distribution (Figure 3) of the two loading cases. For the roll
motion restoring capability assessment, the stability diagrams of the RPV vessel (Figure 4) by an enhanced
iterative nonlinear procedure [15] are obtained, considering the most probable vertical positions of the vessel
gravity center in the range zg = 2.80 + 3.40 m (step g = 0.15 m).

(3) Response amplitude operators of the research-passenger design concept vessel

The third step of the dynamic analysis involves the hydrodynamic added masses (33, mss, mss, mq4), and damping
(N33, Nss, N3s, Nys), computation by a 2D hydrodynamic formulation on each RPV hull station [15], function to a
complete range of the regular wave excitation frequencies (w=0+3 rad/s, step dw=0.001 rad/s), the vessel-wave
angle (1=0+180 deg, and step J1=5 deg), and the vessel speeds (v = 0 + 20 km/h, step év=5 km/h). For the two
loading cases, in this step, the eigen frequencies (Table 3) for the oscillation motions of the RPV vessel are
obtained as the first results of the dynamic analysis, defining the most sensitive frequency domains of the vessel
and wave resonance conditions. In the case of roll motions, the eigen frequencies are function also to the vertical
position of the vessel gravity centre (zg = 2.80 + 3.40 m), and the equivalent damping induced by bilge keels
system, kzx= 0% (no bilge keels), kzx = 5% (standard bilge keels), and kzx= 10% (extended bilge keels), as percent
value of the critical specific roll damping [15]. For the selected navigation parameters (4, v, 1, ®, zg, kpx) and unit
amplitude regular wave excitation, the response amplitude operators of the RPV vessel oscillations (Figures 6-11,
17-22) are computed by a frequency direct solution [15].

(4) Most probable short-term response of the research-passenger design concept vessel

The RPV vessel is designed to operate on river-coastal routes, using the ISSC average power density spectrum for
the irregular waves’ energy model (Figure 5) [1, 7], with the wave significant height range H; = 0 + 2.5 m (step
oH; = 0.01 m), having maximum for the Danube River H; = 2 m, and for the Black Sea coastal H, = 2.5 m.

In the fourth step, for the selected navigation parameters (4, v, i, ®, zg, k), based on the RAO operators (unit
amplitude regular waves’ dynamic response) and the wave power density spectrum (irregular waves energy
formulation), the short-term statistical analyses deliver the motions spectra and the most probable short-term
oscillation motions (RMS,s.) and accelerations (RMSosc «cc) amplitudes (Tables 5, 8 and Figures 12-14, 23-25).
(5) Safety limits in terms of seakeeping criteria of the research passenger vessel design concept

The fifth step of the dynamic analysis includes the prediction of the polar diagrams safety Hy(m) limits (Tables 6,
9, Figures 15, 16, 26, 27) of the RPV vessel function to the selected navigation parameters (4, v, i, ®, zg, ksx), by
the short-term seakeeping criteria formulated in terms of most probable admissible oscillation motions
(RMSssc_aam), and accelerations (RMSosc ace adm) Vertical combined, pitch and roll amplitudes (Table 4).

In a previous study [3], the safety operational limits of the RPV vessel were determined using strength criteria,
with a structural FEM model with oblique design wave loads. Combining the limit results, seakeeping and strength
criteria, the practical safety limits on the river-coastal navigation routes of the RPV research passenger vessel
design concept are obtained (Tables 7, 10).

The accuracy and robustness of eigen DYN OSC [15] strip approach hydrodynamic modules have been validated
by experimental scaled models at the towing tank test laboratory [18], and also by numerical benchmark full-scale
models [19], satisfying the rules requests [5, 6, 7], the new version adds supplementary facilities for data
processing and optimized numerical code.
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3.HYDRODYNAMIC MODEL DATA OF THE RESEARCH-PASSENGER VESSEL DESIGN CONCEPT

The research-passenger vessel RPV numerical model for the strip hydrodynamic analysis includes two main data
items: the offset lines 3D geometrical model of the hull external shape [16], and the vessel mass distribution for
each selected loading case [3]. The RPV numerical data (Table 1) and geometry are imported from the vessel’s
3D design concept structural model, which was previously assessed using strength criteria [3, 16].

Based on the Parasolid geometrical model implemented in the Femap [20] program, intersections of the hull
surface with transversal planes at 200 mm intervals are applied to extract the preliminary geometry of the offset
lines, comprising 229 stations. Each station is processed with an eigen geometrical module, resulting in a uniform
distribution of 30 points on each station, and a numerical parameterization by Lewis conformal transformation
[15] for the RPV vessel offset lines geometry (Figure 2).

Applying user macro-command files [3] for the structural RPV vessel model in the Femap [20] program results
in mass step distribution diagrams per unit length for each loading case. Two specific displacement conditions are
considered, corresponding to the limit vessel draughts, related to the onboard added provisions and research
equipment. The two structural vessel versions [3] (standard 7/, enhanced 72) have the vessel light displacement
Alighiryy = 361.675 t and Ajignirz) = 391.750 t, resulting by the vessel hydrostatic diagrams the total displacement in
the range 4 =434.725 + 501.750 t (T'= 1.5 + 1.7 m), with associated mass diagrams (Figure 3), and different
effective carrying mass capacities of 42.795+140.075 t, that satisfies in any condition the necessity of onboard
masses of the vessel research missions.

By design layout, the vertical position of the RPV vessel gravity center can be changed from zgui» = 2.80 m to
Zemax = 3.40 m, affecting the roll inertial mass moment (/) and the metacentric height (GMy)>0.1 m. The stability
diagrams [17] for the two loading cases (Figure 4) are linear curves up to 15 deg roll angle, with a maximum for
angles between 22.50+25.50 deg > 15 deg, in accordance with the rules [2, 17] (Table 2). The transversal stability
of the RPV vessel increases the restoring roll moment for the first loading case compared to the second loading
case, and, related to reduced onboard masses (Table 1, Figure 3), leads to higher roll frequencies for the minimum
draught case (Table 3).

Figure 5 presents the irregular waves’ ISSC power density spectrum [1, 7] formulation, for the Danube River,
Hnx=2.0 m, and the Black Sea Coast, Hynax=2.5 m, waterways. The significant wave energy is recorded in the
frequency range of w = 0.6 + 1.8 rad/s, peak values are in the range of ® = 0.7 + 1.2 rad/s, with the spectral
domain being extended up to 2.8 rad/s, for both navigation areas.

Fig. 2. The RPV research-passenger design concept vessel 3D offset lines stations [16, 3].

my (t/m) (a) RPV vessel masses T pjn=1.5m my (t/m) (b) RPV vessel masses T pax=1.7m
35.00 35.00
30.00 a) 30.00
25.00 25.00 -~

20.00 20.00 -

15.00 15.00 4
10.00 10.00 4

5.00 5.00

x(m)

0.00 0.00 -

S R VRS RS RURC IR RO UPC N S D AP P AV of gD B P g (B S oh o b a0 (O oh D o) 0

Fig. 3. The RPV research-passenger design concept vessel mass diagrams m.(t/m), (a) Tpmin=1.5 m and (b) Te=1.7 m [3].
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Table 1. The numerical data of the RPV vessel [3]. Table 2. Transversal stability data of the RPV vessel.
Lya(m) Bua(m)  OL(m) Stations  zg(m)  v(km/h) Case zg(m) Ju(tm?) @uul(deg) GZuw(m)  GMo(m)

44.500  9.000 0.200 229 2.80+3.40 0220 2.80 5827 25.50 0.945 2.464
Hpia () Hs (m) Hjore (m) Twin 295 6006 25.00 0.881 2314
initial +parapet initial +parapet initial +parapet = 3.10 6205 24.50 0.819 2.164

3.000 3200 3100 3500  3.450  3.700 1.5m 3'421(5) 2‘6‘2‘2‘ ;;“5)8 gggg ?géj
Case T(m) trim(rad)  A(t)  xeg-xa(m) xm(m) - . : :

2.80 6294 24.75 0.774 2.090

Tonin 1.500 0.000 434.725 23359 21916 T 2.95 6471 24.00 0.712 1.940

Ty 1700 0.000 501750 23.177  21.485 ™ 310 6670 2350 0.651 1790

Hy(m) oH(m) p(deg) OJu(deg) spectrum p(tm’)  17m 325 6892  23.00 0.592 1.640

0+2.50 0.010 0+180 5 1SSC 1.025 340 7137 22.50 0.535 1.490
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Fig. 4. The RPV research-passenger design concept vessel stability diagrams GZ(m), (a) Tuin=1.5 m and (b) Tua=1.7 m.

Table 3. The oscillations natural circular frequencies, with ~ Table 4. RMS.4» admissible seakeeping criteria, RPV vessel.

hydrodynamic and bilge keels damping, of the RPV vessel. Aft  Mid Fore Pitch Roll Heave Pitch Roll
Heave motion Pitch motion Case m m m rad rad m/s® rad/s® rad/s?
Dheave Tonin L.611 Wpitch Tonin 1.754 vertical combined  rotations accelerations
rad/s Tonax 1.559  rad/s Tonax 1.714 Twin 2.000 1.700 2.200
Roll motion T, 1.800 1.500 2.000 0.039 0.052 0.981 0.065 0.218
Case ZG(m) 0% kBK 5% kBK 10% kBK
2.80 0.895 0.880 0.862 0.70 ¢w(mzs/rad) ISSC power density spectrum Hsmax=2.5 m
Tn 295 0859 0844  0.827 The0em —ihesiam
0.56 + —Hs=1.5m Hs=1.8 m
= 3.10 0.822  0.808 0.791 —Hs=20m —Hs=2.1m
1.5m 3.25 0.784 0.770 0.753 042 T — Hs=2.4m — Hs=2.5m
Wroll
rad/s 3.40 0.745 0.731 0.715 028 |
2.80 0.811 0.796 0.777
Tonas 2.95 0.774  0.758 0.740 0.14
= 310 0735 0720  0.702 0.00 /B ——— - ()
1.7m 3.25 0.695 0.680 0.662 030 060 090 120 150 1.80 210 240 270 3.00

3.40 0.653  0.638 0.620 Fig. 5. ISSC power density spectrum, river-coastal waves [7].

A preliminary evaluation of the dynamic behavior of the RPV vessel in irregular waves is based on the correlation
between the vessel’s natural circular frequencies (Table 3) and the wave spectrum energy distribution in the
spectral domain (Figure 5). The heave and pitch motions have similar natural circular frequencies for both loading
cases, in the range ® = 1.559 + 1.754 rad /s, which corresponds to a wave medium energy spectral domain (1.5+1.8
rad/s). The roll motion is highly sensitive to the vertical position of the RPV vessel gravity centre (z¢), and to the
influence of the bilge keels’ roll damping passive system (kzx). The roll frequencies are higher for the first loading
case, due to the mass and stability characteristics, compared to the second loading case. The increase of the vertical
position z¢ of the gravity center, combined with the bilge keels damping effect (kzk), is reducing the roll natural
circular frequencies, so that for the minimum draught case the roll natural circular frequencies are in the range of
® = 0.715 + 0.895 rad /s, and for the maximum draught case in the range of @ = 0.620 + 0.811 rad /s, that
corresponds to a wave high energy spectral domain (0.7+1.0 rad/s).

Table 4 presents the setup for the seakeeping criteria [15], vertical combined and individual motions, with the
acceleration limits, considering the design concept with parapets at the main deck (Table 1).

The next sections (4-6) present the relevant results of the seakeeping assessment of the RPV vessel in regular and
irregular waves, for the vessel data from this section and the integrated approach from section 2.
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4. RESULTS AND DISCUSSIONS

4.1. THE RESEARCH-PASSENGER VESSEL DESIGN CONCEPT NAVIGATION SAFETY LIMITS
FOR LOADING CASE 1 (T,ix=1.5 m)

The dynamic regular waves’ analyses (module 3, section 2) for the minimum draught loading case, with reduced
onboard provisions, deliver the main heave-pitch and roll RAO oscillation responses. The other motion
components, sway-yaw, and surge, are not significant due to the slenderness of the vessel hull (Figure 2) [9, 10].
Figures 6, 7 present the selected R40s; heave response functions for the RPV (T'ni») minimum draught vessel. The
natural heave frequency is 1.611 rad/s (3.900 s) (Table 3), linked to the ISSC wave spectrum energy distribution
(Figure 5, Hynax=2.5m), resulting in the heave motion relevant for the frequency range 0.6+2.4 rad/s. The heave
motion is maximum at beam sea wave (90 deg) for any vessel speed. For zero speed, the minimum heave motion
is at follow and head (0, 180 deg) waves. As the vessel speed increases, mainly the heave motion at oblique-fore
and head (135+180 deg) waves is influenced, being lower than at the beam sea. The vessel speed influence is
reduced on heave motion at follow and oblique-stern waves (0+45 deg), being the minimum.

(a) RAO ;;(m/m) heave motion, v= 0 km/h, RPV vessel, T i,=1.5 m (1) (b) RAO 33(m/m) heave motion, v=20 km/h, RPV vessel, T j,=1.5m (1)

1.12

= heading angle = 0 deg — heading angle = 0 deg
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Fig. 6. The RPV research-passenger design concept heave RAO33(m/m), T,i=1.5 m (1), (a) v=0 km/h and (b) v=20 km/h.
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Fig. 7. The RPV research-passenger design concept heave R4O33(m/m), Ti=1.5 m (1), (a) u=45 deg and (b) u=135 deg.

Figures 8, 9 present the selected R4Oss pitch response functions for the RPV (T)nix) minimum draught vessel. The
natural pitch frequency is 1.754 rad/s (3.582 s) (Table 3), linked to the ISSC wave spectrum energy distribution
(Figure 5, Hynax=2.5m), resulting in the pitch motion relevant for the frequency range 0.3+2.6 rad/s.

(a) RAO 55(rad/m) pitch motion, v=0 km/h, RPV vessel, T ,;,=1.5 m (1) (b) RAO s5(rad/m) pitch motion, v= 20 km/h, RPV vessel, T min=1.5 m (1)
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Fig. 8. The RPV research-passenger design concept pitch RAOss(rad/m), Tniv=1.5 m (1), (a) v=0 km/h and (b) v=20 km/h.

00 02 04 06 08 10 12 14 16 18 20 22 24 26 28 3.0
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(a) RAO s5(rad/m) pitch motion, =45 deg, RPV vessel, T nin=1.5m (1) (b) RAO 55(rad/m) pitch motion, #=135 deg, RPV vessel, T yin=1.5m (1)
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Fig. 9. The RPV research-passenger design concept pitch R4Oss(rad/m), T,,i,=1.5 m (1), (a) u=45 deg and (b) p=135 deg.

For zero vessel speed, the maximum pitch motion is at follow and oblique-stern (0+45 deg) waves. As the vessel
speed increases, the pitch motion becomes maximum at oblique-fore and head (135+180 deg) waves. The pitch
motion is minimum at beam sea wave (90 deg). For the whole range of the vessel speed, the influence is significant
on pitch motion for any wave heading angle (0+180 deg).

(a) RAO 44 (rad/m) roll, v=20km/h,ze=3.1m,without BK(0%),RPV, T min=1.5m (1) (b) RAO 44 (rad/mjroll, v=0kmvh,z=90deg, without BK(0%),RPV, T ,,,=1.5m (1)
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Fig. 10. The RPV vessel roll RAO(rad/m), T,,i=1.5 m (1), (a) zg=3.10m, v=20km/h (0%) and (b) =90 deg, v=0km/h (0%).

(a) RAO 44 (rad/m)roll, v=0km/h,z=90deg,standard BK (5%),RPV, T nin=1.5m (1) (b) RAO 44 (rad/m)roll,v=0km/h, 2=90deg,extended BK(10%),RPV, T min=1.5m(1)
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Fig. 11. The RPV vessel roll RAO4(rad/m), T,,»=1.5 m (1), (a) p=90 deg, v=0km/h (5%) and (b) p=90 deg, v=0km/h (10%).

Figures 10 and 11 present the selected RAO4 roll response functions for the RPV (T}nin) minimum draught vessel.
The natural roll frequencies are 0.715+0.895 rad/s (7.020+8.788 s) (Table 3), having a significant influence from
the vessel gravity centre vertical position for the preliminary design concept with several onboard mass vertical
distribution, z¢=2.80+3.40 m, and the selected design for the bilge keels, without kzx=0%, standard kzx=5%, and
extended kzx=10%.

Similar to the heave and pitch, the RAO4 roll response functions have a wide frequency band, being relevant for
the range of 0.2+2.6 rad/s. The vessel speed influence is mainly at oblique and beam sea waves (60+120 deg),
where the maximum roll response is also recorded. At follow (0 deg) and head (180 deg), the roll response
becomes zero. The zg gravity centre increases, changes the vessel roll characteristics, hydrodynamic and
hydrostatic terms, and has a significant influence on reducing the roll response. The bilge keels increase the
hydrodynamic roll damping with a supplementary damping component. Results in a noticeable reduction of the
roll response for standard bilge keels, and especially for extended bilge keels.
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The dynamic irregular waves’ analyses (modules 4 and 5, section 2) for the minimum draught loading case deliver
the short-term RMS statistical vessel response, for the ISSC wave spectrum power density distribution (Figure 5),
averaged for Danube River (Hmx=2m) and Black Sea Coast (Hsm=2.5m) navigation conditions. The RPV (T yin)
minimum draught vessel safety navigation limits are obtained by seakeeping criteria (Table 4).

Table 5. The RPV research-passenger design concept, 7,»i»—=1.5 m (1), maximum most probable amplitudes, seakeeping response.
Criteria  Adm. z6(m)  kex(%) v=0 km/h v=3 km/h v=10 km/h v=15 km/h v=20 km/h

0% 1.967 -1.65% 1966 -1.70% 1963 -1.87% 1960 -2.02% 1957 -2.16%

2.80 5% 1.921 -395% 1926 -3.70% 1930 -3.48% 1934 -332% 1937 -3.15%

Comb. 10% 1.891 -544% 1900 -5.01% 1910 -4.50% 1918 -4.11% 1925 -3.75%
Vertical 0% 1942 -289% 1939 -3.04% 1936 -3.20% 1935 -327% 1934 -3.29%
Aft 2.000 3.10 5% 1.901 -495% 1.905 -4.77% 1911 -447% 1916 -422% 1921 -3.95%
RMS s 10% 1.874 -6.28% 1.884 -581% 1894 -529% 1904 -4.78% 1913 -4.36%
(m) 0% 1.908 -4.60% 1.905 -4.76% 1906 -4.68% 1909 -4.55% 1913 -433%

3.40 5% 1.875 -627% 1.881 -597% 1.889 -5.57% 1.898 -5.10% 1.907 -4.66%
10% 1.853 -7.34% 1.865 -6.73% 1878 -6.09% 1.891 -5.46% 1903 -4.87%
0% 1.511 -11.09% 1.510 -11.20% 1.508 -11.31% 1.505 -11.45% 1.507 -11.35%
2.80 5% 1.455 -14.44% 1453 -1453% 1.451 -14.63% 1.449 -1477% 1.448 -14.84%

Comb. 10% 1417 -16.64% 1416 -16.71% 1.414 -16.82% 1.412 -16.95% 1.409 -17.10%
Vertical 0% 1.477 -13.14% 1475 -13.22% 1473 -1333% 1474 -1331% 1476 -13.16%
Mid 1.700 3.10 5% 1426 -16.11% 1.425 -16.19% 1.423 -1629% 1.421 -16.42% 1.422 -16.38%
RMSmia 10% 1.394 -18.02% 1.392 -18.10% 1.391 -18.20% 1.388 -18.33% 1.386 -18.46%
(m) 0% 1432 -15.76% 1.431 -15.84% 1.429 -1595% 1.431 -1584% 1.435 -15.60%

3.40 5% 1.392 -18.10% 1.391 -18.18% 1.389 -18.28% 1.387 -18.41% 1.388 -18.33%
10% 1.367 -19.58% 1.366 -19.66% 1.364 -19.76% 1362 -19.89% 1.360 -20.02%
0% 1.986 -9.74% 1986 -9.73% 1983 -9.88% 1981 -9.97% 1978 -10.10%
2.80 5% 1.940 -11.80% 1.946 -11.54% 1952 -11.29% 1.955 -11.15% 1.959 -10.97%

Comb. 10% 1911 -13.15% 1.921 -12.69% 1.931 -12.22% 1940 -11.82% 1.947 -11.51%
Vertical 0% 1.962 -10.83% 1.959 -10.95% 1957 -11.03% 1.956 -11.11% 1.956 -11.09%
Fore 2.200 3.10 5% 1.921 -12.70% 1.925 -12.49% 1932 -12.19% 1938 -11.93% 1943 -11.69%
RMSjore 10% 1.894 -1391% 1.905 -13.41% 1915 -12.93% 1.926 -12.44% 1.935 -12.04%
(m) 0% 1.927 -12.39% 1.925 -12.48% 1928 -1239% 1931 -12.23% 1935 -12.03%

3.40 5% 1.894 -13.90% 1.902 -13.56% 1910 -13.17% 1.920 -12.72% 1.929 -1231%
10% 1.873 -14.87% 1.886 -14.25% 1.900 -13.62% 1913 -13.04% 1.925 -12.50%

RMSpitch 0.039 - - 0.034 -13.34% 0.035 -10.26% 0.036 -7.50% 0.036 -7.35% 0.036 -8.97%
(rad)

0% 0.066 26.16% 0.065 24.55% 0.066 25.78% 0.068 29.04% 0.070 33.00%

2.80 5% 0.053 2.02% 0.052 0.55% 0.053 1.39% 0.054 4.06% 0.056 7.46%

10% 0.045 -13.87% 0.044 -15.23% 0.045 -14.70% 0.046 -12.51% 0.047 -9.55%

RMS 0% 0.058 11.31% 0.057 9.95% 0.059 12.75% 0.062 18.07% 0.065 24.66%

d"’” 0.052 3.10 5% 0.047 -10.14% 0.046 -11.43% 0.047 -9.88% 0.049 -5.86% 0.052 -0.43%

(rad) 10% 0.040 -23.98% 0.039 -25.20% 0.040 -24.32% 0.041 -21.38% 0.044 -16.88%

0% 0.048 -7.82% 0.047 -8.57% 0.050 -4.50% 0.054 3.66% 0.059 13.45%

3.40 5% 0.039 -24.72% 0.039 -25.81% 0.040 -23.46% 0.043 -18.18% 0.047 -10.72%

10% 0.034 -35.43% 0.033 -36.49% 0.034 -3539% 0.036 -31.72% 0.039 -26.22%

fc{::l(fr:‘;% 0.981 - - 0.699 -28.71% 0.713 -27.30% 0.751 -23.44% 0.828 -15.62% 0.951 -3.04%

RMS""”"; 0.065 - - 0.042 -35.65% 0.051 -22.33% 0.062 -4.50% 0.074 14.02% 0.085 30.95%
acc(rad/s*)

0% 0.071 -67.27% 0.071 -67.64% 0.070 -68.01% 0.069 -68.37% 0.068 -68.73%

2.80 5% 0.062 -71.71% 0.061 -71.96% 0.061 -72.22% 0.060 -72.47% 0.059 -72.73%

10% 0.055 -74.71% 0.055 -74.89% 0.054 -75.07% 0.054 -75.25% 0.054 -75.43%

RMS o 0% 0.061 -71.90% 0.060 -72.23% 0.060 -72.55% 0.059 -72.86% 0.058 -73.17%

acc 0.218 3.10 5% 0.054 -75.08% 0.054 -75.29% 0.053 -75.51% 0.053 -75.72% 0.052 -75.93%

(rad/s?) 10% 0.050 -77.24% 0.049 -77.38% 0.049 -77.53% 0.049 -77.67% 0.048 -77.82%

0% 0.052 -76.04% 0.052 -76.26% 0.051 -76.49% 0.051 -76.70% 0.050 -76.91%

3.40 5% 0.048 -77.97% 0.048 -78.11% 0.047 -78.25% 0.047 -78.39% 0.047 -78.52%

10% 0.045 -79.35% 0.045 -79.43% 0.045 -79.52% 0.044 -79.60% 0.044 -79.69%

200 (@) RMS ap(m) max.vertical.motion, z6=3.10m (0%) RPV, T mn=1.5m (1) 100 (b) RMSECC noavo (M/s?) max.heave.acc., RPV, T min=1.5m (1)
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Fig. 12. The RPV vessel, Tnir=1.5 m (1), maximum RMS, (a) aft vertical combined motion and (b) heave acceleration.
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Fig. 13. The RPV vessel, Tui—=1.5 m (1), maximum RMS, (a) pitch motion and (b) pitch acceleration.
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Fig. 14. The RPV vessel, T,=1.5 m (1), z6=3.10 m, BK(0%), maximum RMS, (a) roll motion and (b) roll acceleration.

Figures 12-14, and Table 5, present the maximum most probable amplitudes RMS for the dynamic response of the
RPV (Tpin) minimum draught vessel in irregular ISSC averaged waves (Figure 5), including the evaluation of the
seakeeping criteria (Table 4).

The combined vertical motion (heave-pitch-roll) criteria at aft-mid-fore, on both sides of the vessel (Figure 12.a,
Table 5) lead to no restrictions for any of the navigation parameters, due to the freeboard vessel reserve in the
case of Ti»=1.5m, due to the parapet heights (Table 1), keeping the main deck dry. The safety limits on combined
vertical motions, for H=2.5m reference, are at aft 1.65%-+7.34%, and fore 9.73%-+14.87%, increasing as the vessel
speed decreases, and at mid 11.09%-+20.02%, increasing as the vessel speed increases, noticing an overall
improvement as the z¢ gravity centre is increased and the bilge keels ksx are extended.

The vertical heave acceleration (Figure 12.b, Table 5) complies with the seakeeping admissible value, with safety
limits 3.04%-+28.71%, for H=2.5m reference, improving as the vessel speed decreases.

The pitch motion criterion (Figure 13.a, Table 5) leads to no navigation restrictions, with safety limits
8.97%+13.34%, for H=2.5m reference, improving as the vessel speed decreases.

The pitch acceleration criterion (Figure 13.b, Table 5) is satisfied only for vessel speed up to 10 km/h, with safety
limits 4.50%-+35.65%, for H=2.5m reference, as the vessel speed decreases. Above speed 15 km/h, oblique-fore
and head waves (110+180 deg), the pitch acceleration criterion leads to navigation restrictions as the speed
increases, the admissible value is exceeded up to 30.95%.

The roll criterion (Figure 14.a, Table 5) in the case without bilge keels (kzx=0%), leads to navigation restrictions
at oblique-beam sea wave (60+120 deg), exceeding up to 33.00% the admissible roll angle, except for zg=3.40m
and vessel speed below 10 km/h, being necessary to consider by design the bilge keels as antiroll system for safety
onboard operations. In the case of standard bilge keels (kzx=5%), the roll angle criterion is not satisfied for
zg=2.80m; no restrictions occur for z>2.95m, with safety limits 0.43%-+24.72%, improving as the vessel speed
decreases. In the case of extended bilge keels (kzx=10%) the roll criterion complies with the seakeeping admissible
value, with safety limits 9.55%-+36.49%, for H~=2.5m, improving as the vessel speed decreases.

The roll acceleration criterion (Figure 14.b, Table 5) has no navigation restriction, with very reduced acceleration
amplitudes, due to the natural roll periods in the range of 7+9 s representing a slow rotation motion around the
vessel’s longitudinal axis, with safety limits 67.27%-+79.69%.

Figures 15, 16, and Table 6 present the safety limits in terms of waves’ significant height Hyimi: for the dynamic
response of the RPV (Tyi») minimum draught vessel in irregular ISSC averaged waves (Figure 5), applying the
combined seakeeping criteria on vessel motions and accelerations relevant components (Table 4).

In the case of inland Danube navigation (Table 6, Figures 15, 16) no restrictions occur by seakeeping criteria,
IN(2.0), for the RPV (Twin) vessel with speed bellow 15 km/h, exception for zg=2.80m, without bilge keels
(ksxk=0%), due to the roll criterion at beam sea, with safety limit IN(1.98) = IN(2.0). For RPV (Tin) vessel top
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speed 20 km/h, without and with bilge keels, the roll criterion at beam sea (7085 deg, kzx=0%, zg=2.80, 2.95m)
and mainly the pitch acceleration criterion at oblique-head waves (115+180 deg) reduces the inland safety limit
to IN(1.8). In the case of coastal Black Sea navigation (Table 6, Figures 15, 16), no restrictions occur by
seakeeping criteria, C(2.5), for the RPV (Tin) vessel with speed bellow 10 km/h, with bilge keels (kzx=5%, 10%),
exception for z6=2.80m, with standard bilge keels (kzx=5%), due to roll criterion at beam sea, with safety limit
reduced to C(2.4).

Table 6. The RPV research-passenger design concept, T,.;,;=1.5 m (1), safety seakeeping limits, river-coastal area.

z6(m) kex(%) v=0 km/h v=5 km/h v=10 km/h v=I15 km/h v=20 km/h
Safety limit Hs(m)  Criteria  Hs(m) Criteria __Hi(m)  Criteria _ H(m)  Criteria __Hy(m)  Criteria
IN no restr. no restr. no restr. roll pitch.acc
0% C 2.059 roll 2.085 roll 2.053 voll 1.975 pitch.acc 1.817 roll
IN no restr. no restr. no restr. no restr. pitch.ace
o . .
2.80 5% Ie 2.455 roll 2.488 voll 2.468 roll 2.091 pztig.ltlzcc 1.817 roll
IN no no no no restr. .
10% C 2.500 restrictions 2:500 restrictions 2.500 restrictions 2.091 pitch.acc 1817 pitch.acc
IN no restr. no restr. no restr. no restr. itch.ace
0% 2.174 2.198 2.155 2.060 roll 1.817  PHeR
C roll roll roll . roll
pitch.acc
2.95 o, IN no no no no restr. .
5% C 2.500 . 2.500 - 2.500 . 2.091 . 1.817  pitch.acc
restrictions restrictions restrictions pitch.acc
10% N 2500 no_ 5500 no_ 5500 no. 5091  MOTESIygyg ichace
C restrictions restrictions restrictions pitch.acc
IN no restr. no restr. no restr. no restr. itch.ace
0% 2.307 2.329 2.274 2.091  pitch.acc 1.817  pHen
C roll roll roll roll roll
3105, IN 5500 no 2.500 no 2.500 no 2001 MOy 817 pitch.ace
° C ’ restrictions ’ restrictions . restrictions ’ pitch.acc ’ pren.
IN no no no no restr. .
10% C 2.500 restrictions 2.500 restrictions 2.500 restrictions 2.091 pitch.acc 1817 pitch.acc
IN no restr. no restr. no restr. no restr. tch
0% 2.460 2.479 2.416 2.091  pitchacc 1817 PHovace
C roll roll roll roll roll
325 5y, N5 500 o 5500 o500 no. 5091  MOTES 817 Lichace
C restrictions restrictions restrictions pitch.acc
10% N 2500 no. 5500 o500 no. 5091 MOTESI g eyg ichace
C restrictions restrictions restrictions pitch.acc
IN no no no 1o restr. itch.acc
0% C 2.500 . 2.500 - 2.500 . 2.091  pitch.acc 1.817  pHer
restrictions restrictions restrictions roll roll
3.40 IN no no no no restr. .
% C 2.500 restrictions 2.500 restrictions 2.500 restrictions 2.091 pitch.acc 1817 pitch.acc
IN no no no no restr. .
10% C 2.500 restrictions 2.500 restrictions 2.500 restrictions 2.091 pitch.acc 1817 pitch.acc
max. wave river IN 2.000 2.000 2.000 ~2.000 1.817
height _ coastal C 2.059 +2.500 2.085 +2.500 2.053 +2.500 ~2.000 + 2.091 restricted
(a) H gjimit(m),z =3.10m(0%),RPV , T ;;n=1.5m (1) (b) H gjimit(M),z =3.10m(5%),RPV,T ,;;=1.5m (1)

/ \

.00
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\ = speed=10 km/h

AN —spee =10 km/h
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= speed=20 km/h

speed=15
speed=20 km/a

b)

Fig.15. The RPV research-passenger design concept, Tix=1.5 m (1), safety limits (a) z6=3.10 m (0%) and (b) z6=3.10 m (5%).
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(@) H gjimit(m),v=20km/h(0%),RPV, T in=1.5m (1) (b) H gjimit(m),v=20 km/h(5%),RPV , T pin=1.5m (1)

00 - j
—6=2.80m

N 2G=2.95m
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2G=3.25

a)

Fig.16. The RPV research-passenger design concept, T,ni»=1.5 m (1), safety limits (a) v=20km/h (0%) and (b) v=20km/h (5%).

In the case of RPV (Tin) vessel with speed bellow 10 km/h, without bilge keels (kzx=0%), restrictions occur due
to roll criterion at beam sea (60+105 deg) for zg=2.80+3.25 m, with the coastal safety limits C(2.1)+C(2.4), and
no restrictions for z¢=3.40 m, C(2.5). For RPV (Tn) vessel with speed around 15 km/h, with or without bilge
keels, due to roll criterion at beam sea, but mainly to the pitch acceleration criterion at oblique-head (125+180
deg), the coastal safety limit is reduced to C(2.1), except zg=2.80m with coastal navigation restricted. For RPV
(Tmin) vessel top speed 20 km/h the coastal navigation is totally restricted due mainly to pitch acceleration criterion
at oblique-head waves (115+180deg), for any design condition. The extended bilge keels design (kzx=10%)
reduces the maximum influence of roll motion criterion for the RPV (T,in) vessel, but for speed above 15km/h the
pitch acceleration criterion becomes dominant and restrictive for coastal navigation.

Table 7. The RPV research-passenger design concept, T,.i,=1.5 m (1), safety limits, combined seakeeping and strength criteria.

Strength Navigation v=0 km/h v=5 km/h v=10 km/h v=I15 km/h v=20 km/h
C;;’f:’t"(}s] ’;;‘l":f”(fn’js DYN Combined DYN Combined DYN Combined DYN Combined DYN Combined
RPV RPV Hitimi Hitimi Hitimir Hitimi Hitimi
7 R0 wom) kex Zone Tpwi 1 q2 T g gy Flmeoppoqy Hewoppoqy Hsi qpopa
N ING.0) ING.0) ING.0) ~IN(.0) IN(.S)
0% C 2.059 c.1) 2.085 Cc.1 2.053 Cc2.1) 1.975 restricted 1.817 restricted
IN IN2.0) IN2.0) IN2.0) IN(2.0) IN(1.8)
280 5% o 2455 cooicna 288 cn2) ey 2 co) ey P ey YT esricied
IN IN2.0) IN2.0) IN2.0) IN2.0) IN(1.8)
10% ¢ 2300 0 ) 2.5 2390 c2.2) 2.5 239 c22) c2.5) 2P con YT eswicied
N ING.0) ING.0) ING.0) ING.0) IN(1.9)
Lo Mo Q2T Ghy) 2008 Gy 2ass 0fY) 200 o) 1817 i,
95 50 N IN2.0) IN2.0) IN2.0) IN2.0) IN(1.8)
5185 2,500 10% ¢ 239 05725239 c02) 2.5 2% c02) c2.5 P con YT esicted
185 2. e N 2307 INCO a0 INZO 5,00 IN2OL oo INCOL g7 IN(LY)
30 0 ¢ ey cey P ey cey Mt ey cey® cen - restricted
10 50,0 N IN2.0) IN2.0) IN2.0) IN2.0) IN(1.8)
10% ¢ 239 05 2.5 239 c02) 2.5 2% c02) c.5 P con YT esicted
N ING.0) ING.0) ING.0) ING.0) IN(1.9)
325 0% ¢ 2460 0o e 240 c2) ey 2 coo) ey F0Y con 8T eswicted
25 500 N IN2.0) IN2.0) IN2.0) IN2.0) IN(1.8)
10% ¢ 239 05 2.5 239 c02) 2.5 2% c02)c2.5 P con YT esicted
0%- 1IN ING.0) INC.0) ING.0) ING.0) IN(L.8)
340 400, ¢ 2990 c2)c2.5) 299 c2)c2.5) 220 c2) 2.5 2PV e YT esricied

For the completed navigation operational assessment of the RPV (T,nin) vessel, Table 7 combines the seakeeping
criteria with the strength criteria [3] for the two structural vessel design concept versions, 7 (standard) and 7>
(enhanced). For the inland Danube navigation case, no restrictions occur by strength criteria on both structural
versions; for speed bellow 15 km/h, the seakeeping criteria are satisfied, with safety limit IN(2.0), and for speed
20 km/h, the safety limit is reduced to IN(1.8). For the coastal Black Sea navigation case, the standard structural
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version (7) has restrictions by strength criteria, so that for speed below 10 km/h the combined safety limit is
mainly C(2.2), being reduced to C(2.1) for 15 km/h, and coastal restricted for 20 km/h. For coastal navigation, the
enhanced structural version (7>) has restrictions only by seakeeping criteria, so that for speed below 15 km/h the
safety limit is C(2.1)+C(2.5), with coastal restricted to the top speed of 20 km/h.

4.2. THE RESEARCH-PASSENGER VESSEL DESIGN CONCEPT NAVIGATION SAFETY LIMITS
FOR LOADING CASE 2 (T=1.7 m)

For the maximum draught loading case of the vessel design concept, with full onboard masses, the dynamic
regular waves’ analyses compute the main oscillation amplitude response RAO operators.

Figures 17, 18 present the selected R403; heave response functions for the RPV (Ta) maximum draught vessel.
The natural heave frequency is 1.559 rad/s (4.030 s) (Table 3), with heave motion relevant for the frequency
domain 0.5+2.5 rad/s. The heave motion characteristics are similar to the first loading case. The heave response
is much influenced by the increased vessel speed at oblique-head (120+180 deg) waves, and less at oblique-follow
(0+60 deg) waves, keeping the resulting amplitudes below the maximum at beam sea (90 deg) condition.

142 (a) RAO 33(m/m) heave motion, v= 5 km/h, RPV vessel, T ,2x=1.7m (2) 112 (b) RAO 33(m/m) heave motion, v= 15 km/h, RPV vessel, T a,=1.7m (2)
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Fig. 17. The RPV research-passenger design concept heave RAO033(m/m), Tre=1.7 m (2), (a) v=5 km/h and (b) v=15 km/h.

112 (a) RAO 33(m/m) heave motion, =90 deg, RPV vessel, T 52x=1.7m (2) 112 (b) RAO 33(m/m) heave motion, =180 deg, RPV vessel, T nax=1.7m (2)
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Fig. 18. The RPV research-passenger design concept heave RAO33(m/m), Tu=1.7 m (2), (a) p=90 deg and (b) =180 deg.

Figures 19 and 20 present the selected RAO;s;s pitch response functions for the RPV (Tya) maximum draught
vessel. The natural pitch frequency is 1.714 rad/s (3.666 s) (Table 3), with pitch motion relevant for the frequency
domain 0.2+2.5 rad/s, and similar characteristics to the first loading case.

The pitch motion is minimum around beam sea (80100 deg) waves’ conditions. The vessel speed has a noticeable
influence at any wave angle, but is most relevant for oblique-head (120+180 deg) waves, where the pitch motion
has the maximum amplitudes, and is also linked to the small pitch period (fast motion), the pitch acceleration
increase becomes most probable.

Figures 21, 22 present the selected RAO4 roll response functions for the RPV (T ) maximum draught vessel.
The natural roll frequencies are 0.620+0.811 rad/s (7.747+10.134 s) (Table 3), related to the design selection of
the vessel gravity centre vertical position zg, and the bilge keels system, and is also linked to the high roll period
(slow motion), the roll acceleration is expected to be low. Although at the natural frequency the roll response is
of a narrow band type (+0.3 rad/s), for the extended spectral roll response becomes of a wide frequency band, so
that roll is relevant in the frequency domain 0.2+2.8 rad/s. Around the beam sea (70+110 deg) waves, the
maximum roll response is recorded, where the vessel speed has a noticeable effect. Zero roll response is on head
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and follow sea conditions. The bilge keel system has a positive effect by reducing the roll amplitude, and as the
zg gravity center position increases, the roll response also decreases.

(a) RAO 55(rad/m) pitch motion, v = 5 km/h, RPV vessel, T nax=1.7m (2) (b) RAO 55 (rad/m) pitch motion, v = 15 km/h, RPV vessel, T miax=1.7m (2)
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Fig. 19. The RPV research-passenger design concept pitch RAOss(rad/m), T,=1.7 m (2), (a) v=>5 km/h and (b) v=15 km/h.

(a) RAO 55 (rad/m) pitch motion, z2=180deg, RPV vessel, T mar=1.7m (2) (b) RAO g5 (rad/m) pitch motion, #=0deg, RPV vessel, Tpa=1.7m (2)
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Fig. 20. The RPV research-passenger design concept pitch R4Oss(rad/m), Tex=1.7 m (2), (a) p=180 deg and (b) u=0 deg.

(a) RAO 44 (rad/m) roll,v=15km/h,zG=3.25m,without BK(0%),RPV, T ey =1.7m (2) (b) RAO 44 (rad/m) roll, v=0kmvh,.=90deg, without BK(0%), RPV,, T e =1.7m (2)
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Fig. 21. The RPV vessel roll RAO4(rad/m), Trne=1.7 m (2), (a) z6=3.25m, v=15km/h (0%) and (b) u=90 deg, v=0km/h (0%).

(a) RAO 4 (rad/m) roll, v=0km/h,zz=90deg, standard BK(5%), RPV, T pex=1.7m (2) (b) RAO 4 (rad/m) roll, v=0kmvh,z=90deg, extended BK(10%), RPV, T yax =1.7m (2)
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Fig. 22. The RPV vessel roll RAO«(rad/m), T,ne=1.7 m (2), (a) p=90 deg, v=0km/h (5%) and (b) p=90 deg, v=0km/h (10%).

For the maximum draught loading case of the vessel design concept, the dynamic irregular waves’ analyses are
computed the short-term RMS statistical vessel response, for the ISSC wave spectrum averaged power density
distribution (Figure 5, Hsmax=2.5m), on Danube River and Black Sea Coast navigation conditions. The RPV (Tiax)
maximum draught vessel safety navigation limits are obtained by seakeeping criteria (Table 4).
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Figures 23-25, and Table 8, present the maximum most probable amplitudes RMS for the dynamic response of the
RPV (Tnax) vessel in irregular ISSC averaged waves (Figure 5), including the seakeeping criteria (Table 4).

The combined aft vertical motion criterion (Figure 23.a, Table 8) leads to significant restrictions for any of the
navigation parameters, due to reduction of the aft freeboard vessel reserve in the case of T=1.7m, so that the
admissible values are exceeded 0.17%+6.24%, improving as the zg gravity centre increases, vessel speed
decreases, and the keel bilge system is added. The combined mid-fore vertical motion criteria (Table 8) lead to
no restrictions for any of the navigation parameters, with safety limits, for H=2.5m reference, at mid
2.99%+11.32%, increasing as the vessel speed increases, and at fore 1.93%+7.65%, increasing as the vessel speed
decreases; the zg gravity centre increase and the bilge keels system added improve those criteria.

The heave acceleration criterion (Figure 23.b, Table 8) is satisfied, with safety limits 2.87%-+29.33%, for H~=2.5m
reference, improving the criterion as the vessel speed decreases.

The pitch motion criterion (Figure 24a, Table 8) is satisfied, with safety limits 10.45%+15.42%, for H=2.5m
reference, improving the criterion as the vessel speed decreases.

The pitch acceleration criterion (Figure 24.b, Table 8) is satisfied for vessel speeds below 10 km/h, with safety
limits 7.21%+37.20%, being affected as the vessel speed increases. For speeds above 15 km/h, in oblique-head
(115+180 deg) waves, as the speed increases, the pitch acceleration criterion has restrictions, so that the admissible
value is exceeded 10.85%+27.35%.

Table 8. The RPV research-passenger design concept, Th=1.7 m (2), maximum most probable amplitudes, seakeeping response.
Criteria  Adm. z6(m)  kek(%) v=0 km/h v=35 km/h v=10 km/h v=15 km/h v=20 km/h
0% 1901 5.63% 1.902 5.65% 1903 5.71% 1.907 5.92% 1912 6.24%
2.80 5% 1.866 3.64% 1.872 4.00% 1.881 4.51% 1.891 5.03% 1.901 5.63%

Comb. 10% 1.842 2.32% 1.853 2.92% 1.867 3.71% 1.881 4.49% 1.894 5.22%
Vertical 0% 1.870 3.89% 1.871 3.95% 1.877 4.26% 1.884 4.69% 1.894 5.25%
Aft 1.800 3.10 5% 1.842 2.32% 1.850 2.75% 1.862 3.43% 1.875 4.19% 1.889 4.94%
RMS s 10% 1.823 1.28% 1.836 2.02% 1.852 2.88% 1.869 3.83% 1.885 4.73%
(m) 0% 1.833 1.82% 1.840 2.20% 1.852 2.86% 1.867 3.71% 1.882 4.58%

3.40 5% 1.815 0.84% 1.828 1.57% 1.845 2.48% 1.862 3.47% 1.880 4.46%
10% 1.803 0.17% 1.820 1.13% 1.840 2.21% 1.860 3.31% 1.878 4.36%
0% 1455 -299% 1451 -327% 1.448 -344% 1.445 -3.65% 1444 -3.76%
2.80 5% 1413 -581% 1409 -6.07% 1.407 -6.23% 1.403 -6.44% 1400 -6.68%

Comb. 10% 1.385 -7.68% 1.381 -7.92% 1379 -8.08% 1376 -8.28% 1372 -8.52%
Vertical 0% 1416 -559% 1413 -581% 1410 -597% 1.407 -6.18% 1.407 -6.17%
Mid 1.500 3.10 5% 1.384 -7.76% 1.381 -7.96% 1378 -8.12% 1375 -833% 1372 -8.56%
RMS mia 10% 1.362 -9.18% 1.359 -937% 1357 -9.53% 1354 -9.73% 1350 -9.97%
(m) 0% 1374  -841% 1372 -856% 1369 -8.72% 1366 -8.92% 1365 -9.00%

3.40 5% 1.354  -9.72% 1.352 -9.86% 1350 -10.02% 1.347 -10.22% 1.343 -10.45%
10% 1.341 -10.60% 1.339 -10.73% 1.337 -10.89% 1.334 -11.09% 1.330 -11.32%
0% 1.945 -2.74% 1947 -2.67% 1951 -247% 1955 -2.26% 1961 -1.93%
2.80 5% 1.909 -453% 1918 -4.11% 1929 -3.56% 1940 -2.99% 1951 -2.47%

Comb. 10% 1.886  -572% 1.900 -5.01% 1915 -426% 1930 -3.49% 1944 -2.78%
Vertical 0% 1914 -431% 1917 -4.16% 1924 -3.78% 1934 -330% 1945 -2.77%
Fore 2.000 3.10 5% 1.886 -572% 1.897 -5.16% 1910 -449% 1925 -3.76% 1939 -3.03%
RMSfore 10% 1.867 -6.65% 1.884 -5.82% 1901 -493% 1919 -4.04% 1936 -3.22%
(m) 0% 1.877 -6.17% 1.887 -5.66% 1901 -4.96% 1917 -4.16% 1933 -3.35%

3.40 5% 1.859 -7.05% 1.875 -6.23% 1.894 -529% 1913 -433% 1931 -3.46%
10% 1.847 -7.65% 1.868 -6.62% 1.889 -553% 1911 -447% 1929 -3.55%
RMSpisch

(rad) 0.039 - - 0.033 -1542% 0.034 -12.47% 0.036 -9.45% 0.036 -9.09% 0.035 -10.45%

0% 0.053 1.57% 0.052 -095% 0.052 -0.19% 0.054 3.15% 0.056 7.43%

2.80 5% 0.044 -1639% 0.043 -18.73% 0.043 -18.51% 0.044 -16.20% 0.046 -12.80%

10% 0.038 -28.32% 0.036 -30.50% 0.036 -30.65% 0.037 -29.08% 0.039 -26.43%

RMSon 0% 0.044 -15.12% 0.043 -17.07% 0.044 -1536% 0.047 -10.19% 0.050 -3.81%
(radr)” 0.052 3.10 5% 0.037 -28.93% 0.036 -30.77% 0.037 -30.20% 0.038 -27.17% 0.041 -22.25%
10% 0.032 -38.03% 0.032 -39.75% 0.032 -39.68% 0.033 -37.82% 0.034 -34.39%

0% 0.035 -33.16% 0.034 -34.60% 0.035 -32.71% 0.038 -26.72% 0.043 -17.30%

3.40 5% 0.031 -41.49% 0.030 -42.87% 0.030 -42.32% 0.032 -39.30% 0.035 -33.69%

10% 0.028 -47.10% 0.027 -48.41% 0.027 -48.31% 0.028 -46.73% 0.030 -43.52%

fc{z/l(fr';;;ﬁj 0.981 - - 0.693 -29.33% 0.708 -27.80% 0.748 -23.73% 0.825 -15.89% 0.953 -2.87%
afc{‘({i%lz) 0.065 - - 0.041 -37.20% 0.049 -24.71% 0.060 -7.24% 0.072 10.85% 0.083 27.35%
0% 0.060 -72.55% 0.059 -72.90% 0.058 -73.25% 0.058 -73.58% 0.057 -73.91%

2.80 5% 0.054 -7524% 0.053 -75.49% 0.053 -75.74% 0.052 -75.99% 0.052 -76.23%

10% 0.050 -77.18% 0.049 -77.37% 0.049 -77.56% 0.049 -77.74% 0.048 -77.93%

RMS;on 0% 0.053 -75.82% 0.052 -76.06% 0.052 -76.31% 0.051 -76.54% 0.051 -76.77%
acc 0.218 3.10 5% 0.049 -7747% 0.049 -77.65% 0.048 -77.82% 0.048 -77.99% 0.048 -78.16%
(rad/s?) 10% 0.046 -78.75% 0.046 -78.88% 0.046 -79.00% 0.046 -79.12% 0.045 -79.25%

0% 0.048 -78.19% 0.047 -78.31% 0.047 -78.44% 0.047 -78.55% 0.047 -78.67%
3.40 5% 0.046 -79.06% 0.045 -79.15% 0.045 -79.23% 0.045 -79.31% 0.045 -79.39%
10% 0.044 -79.82% 0.044 -79.88% 0.044 -79.93% 0.044 -79.98% 0.044 -80.04%
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(a) RMS 4r(m) max.vertical motion, zg=3.25m (5%) RPV, T ax=1.7m (2) (b) RMSAC jea,6 (Vs?) maxheave acc., RPV, T i, =1.7m (2)
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Fig. 23. The RPV vessel, Tw=1.7 m (2), maximum RMS, (a) aft vertical combined motion and (b) heave acceleration.

(a) RMS e (rad) max.pitch motion, RPV/, T 2, =1.7m (2) (b) RMSac ., (rad/s?) max.pitch acc., RPV, Ty =1.7m (2)
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Fig. 24. The RPV vessel, Tns=1.7m (2), maximum RMS, (a) pitch motion and (b) pitch acceleration.
0.060 (@) RMS ;5 (rad) max.roll motion, z¢=3.25m (5%), RPV,, T pa=1.7m (2) (b) RMSac , (rad/s®) max.roll acc., z 5 =3.25m (5%), RPV, T mex =1.7m (2)
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Fig. 25. The RPV vessel, Tyx=1.7 m (2), zG=3.25 m, kpx(5%), maximum RMS, (a) roll motion and (b) roll acceleration.

The roll criterion (Table 8) in the case of z¢=2.80m, without bilge keels (kzx=0%), and speeds 0 km/h (u=90+105
deg), 15, 20 km/h (u=70+90 deg), has navigation restrictions around the beam sea state, exceeding with
1.57%+7.43% the admissible value. For the other navigation cases and design concept versions, the roll motion
criterion (Figure 25.a, Table 8) is satisfied, with safety limits 0.19%+48.41%, for H=2.5m reference, improving
as the bilge keels are added and the vessel speed decreases. Compared to the first load case, the roll motion
criterion is better satisfied due to the increase of inertial and damping vessel characteristics, related to the increase
of the vessel draught from 1.5 m to 1.7 m. The roll acceleration criterion (Figure 25.b, Table 8) is satisfied for
any navigation case, with much reduced values in comparison to the admissible limit. This is related to the slow
roll motion with safety limits of 72.55%+80.04%; the natural roll periods are 8+10 s. Figures 26, 27, and Table 9
present the safety navigation limits for the dynamic response of the RPV (Tix) maximum draught vessel, for
irregular ISSC averaged river Danube and coastal Black Sea waves (Figure 5), combining the vessel motions and
accelerations seakeeping criteria (Table 4).

In the case of inland Danube navigation (Table 9, Figures 26, 27), no restrictions occur by seakeeping criteria,
IN(2.0), for the RPV (Tax) vessel with speeds up to 15 km/h. For RPV (Twa) vessel speed 20 km/h, the pitch
acceleration criterion at oblique-head waves (130+180 deg) reduces the inland safety limit to IN(1.8).

In the case of coastal Black Sea navigation (Table 9, Figures 26, 27), for the RPV (Tna) vessel with speeds up to
10 km/h, due to combined aft vertical criterion at oblique-fore waves (115+160 deg), the coastal safety limit is
reduced to C(2.4), with exceptions for zg=2.80m, kzx=0%, with safety limit C(2.3), and z=3.40m, kzx=0% (v=0),
with safety limit C(2.5).
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Table 9. The RPV research-passenger design concept, T.=1.7 m (2), safety seakeeping limits, river-coastal area.

z6(m) kex(%) v=0 km/h v=5 km/h v=10 km/h v=15 km/h v=20 km/h

Safety limit Hs(m) Criteria  Hs(m) Criteria  Hy(m) Criteria  Hy(m) Criteria  Hy(m)  Criteria
IN no restr. no restr. no restr. no restr. pitch.acc

0% C 2.372 aft.vert. 2.373 aft.vert. 2.374 aft.vert. 2.130 aft._vert/roll 1.852  aftvert.

roll pitch.acc roll

IN no restr. no restr. no restr. no restr. pitch.ace

2.80 5% C 2415 aft.vert. 2.408 aft.vert. 2.399 aft.vert. 2.130 p(;}t{fﬁg’ic 1.852 aft.vert.
IN no restr. no restr. no restr. n'.o }’esti;. pitch.ace

10% C 2445 aft.vert. 2432 aft.vert. 2415 aft.vert. 2130 p ;};ﬁ;ﬁc 1.852 aft.vert.

IN no restr. no restr. no restr. no .reslr.. pitch.acc

0% C 2.391 aft.vert. 2.391 aft.vert. 2.390 aft.vert. 2.130 p(;}t{fﬁ;’ic 1.852 afi;}lelrt.

IN no restr. no restr. no restr. no restr. pitch.ace

2.95 5% C 2.430 aft.vert. 2.422 aft.vert. 2410 aft.vert. 2.130 pgj}%ﬁfic 1.852 afi.vert.
IN " no restr. “no restr. no restr. no .restr.. pitch.ace

10% C 2.457 aft.vert. 2.443 aft.vert. 2.424 aft.vert. 2.130 p;/t{;’it}gic 1.852 afi.vert.

IN no restr. no restr. no restr. n'.o ;’estf. pitch.ace

0% c 2.412 afi-vert. 2.410 afi.vert. 2.405 aft.vert. 2.130 p;}t(fit).ecxc 1.852 afi.vert.

IN o restr. o restr. o restr no restr. Ditch.ace

3.10 5% C 2.446 aft.vert. 2.436 aft.vert. 2.422 aft.vert. 2.130 p;/t{;’it}gic 1.852 afi.vert.
N o restr. o restr. o restr. no resir. itchace

10% Ie 2.469 aft.vert. 2.453 aft.vert. 2.433 aft.vert. 2.130 p;/t{;’it}gic 1.852 aft.vert.
IN no restr. no restr. no restr. n'.o ;’estf. pitch.ace

0% C 2.434 aft.vert. 2431 aft.vert. 2.420 aft.vert. 2.130 p;}t‘fil;gf(tjc 1.852 afi.vert.
N o restr. o restr. o restr. no resir. itchace

3.25 5% C 2.463 aft.vert. 2.450 aft.vert. 2.433 aft.vert. 2.130 p(;jtffit}gic 1.852 aft.vert.
N Tnorestr. o restr. o restr. no restr. Ditchace

10% c 2.483 afi-vert. 2.463 afi.vert. 2.442 afi.vert. 2.130 p;;t’fil;gffc 1.852 afivert.
IN no restr. no restr. no restr. no ;’est};. pitch.ace

0% C 2.458 afi.vert. 2.450 aft.vert. 2.434 aft.vert. 2.130 p;jtf;’}‘l)é%c 1.852 afi-vert.
IN " no restr. " no restr. no restr. no 'restr.. pitch.ace

3.40 5% c 2.480 afi-vert. 2.463 afivert. 2.443 afivert. 2.130 p;;t’fil;gffc 1.852 afivert.
IN " no restr. “no restr. no restr. no .restr.. pitch.ace

10% C 2.496 afi.vert. 2.473 aft.vert. 2.449 aft.vert. 2.130 p;;t’fil;gffc 1.852 afi-vert.

max. wave river IN 2.000 2.000 2.000 7000 1852
height  coastal C 2.372 +2.496 2.373 +2.473 2.374 +2.449 2.130 restricted

For RPV (Tyuax) vessel with speed around 15 km/h, due to the combined aft vertical criterion at oblique-head waves
(115+180 deg), and mainly to pitch acceleration criterion at oblique-head waves (125+180 deg), the coastal safety
limit is reduced to C(2.1). For RPV (T ) vessel speed 20 km/h, the coastal navigation is totally restricted in any
design version, due to the combined aft vertical criterion at oblique-head waves (110+180 deg), and mainly to the
pitch acceleration criterion at oblique-head waves (125+180 deg). For the RPV (T'uax) vessel, the influence of the
roll motion criterion is reduced, the combined aft vertical criterion induces coastal restrictions for any cases, and
the pitch acceleration criterion becomes dominant for speeds above 15 km/h, being very restrictive for coastal
navigation.
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(@)H gjimit(M),z =2.80 M(0%),RPV,T pax=1.7m(2)

= speed=5k

—— speed=0 km/h
\,

\ == speed=10 km/h
speed=15

== speed=20 km/p

(b)H sjimit(M),z =3.25 M(0%),RPV,T pax=1.7m(2)

Fig.26. The RPV research-passenger design concept, Tna—=1.7 m (2), safety limits (a) z6=2.80 m (0%) and (b) z=3.25 m (0%).

a)

(@)Hsiimit(m),v=20 km/h(0%),RPV, T us=1.7m(2)

(OYH siimie (M),v =20 KM/h(10%),RPV, T 1y =1.7m(2)

b)

= 2G=2.80m

»=2zG=3

Fig.27. The RPV research-passenger design concept, Tu=1.7m (2), safety limits (a) v=20km/h (0%) and (b) v=20km/h (10%).

Table 10. The RPV research-passenger design concept, T.=1.7 m (2), safety limits, combined seakeeping and strength criteria.

Strength Navigation v=0 km/h v=5 km/h v=10 km/h v=15 km/h v=20 km/h
‘Z\tliza(lgl r;;vg;ztt(%s DYN Combined DYN Combined DYN Combined DYN Combined DYN Combined
RPV RPV Hiiimit Hiiimit Hiiimit Hiiimit Hisiimie
Tl ™ z6(m) ksx Zone (m) T1 12 (m) T1 12 (m) T1 12 (m) T1 12 (m) 1 12
IN IN(2.0) IN(2.0) IN(2.0) IN(2.0) IN(1.8)
0% C 2372 restr. C(2.3) 2.373 restr. C(2.3) 2374 restr. C(2.3) 2.130 restr. C(2.1) 1.852 restricted
IN IN(2.0) IN(2.0) IN(2.0) IN(2.0) IN(1.8)
280 5% C 2415 restr. C(2.4) 2.408 restr. C(2.4) 2399 restr. C(2.4) 2.130 restr. C(2.1) 1.852 restricted
IN IN(2.0) IN(2.0) IN(2.0) IN(2.0) IN(1.8)
10% C 2445 restr. C(2.4) 2432 restr. C(2.4) 2415 restr. C(2.4) 2.130 restr. C(2.1) 1.852 restricted
IN IN(2.0) IN(2.0) IN(2.0) IN(2.0) IN(1.8)
1.980 5 500 0% ¢ 239 L c2.4) 23 vesir. C2.4) 230 resir. C2.4) 2130 vesir. c2.1) 1892 restricted
~20 IN IN(2.0) IN(2.0) IN(2.0) IN(2.0) IN(1.8)
295 5% C 2.430 restr. C(2.4) 2422 restr. C(2.4) 2410 restr. C(2.4) 2.130 restr. C(2.1) 1.852 restricted
IN IN(2.0) IN(2.0) IN(2.0) IN(2.0) IN(1.8)
10% C 2457 restr. C(2.4) 2.443 restr. C(2.4) 2424 restr. C(2.4) 2.130 restr. C(2.1) 1.852 restricted
IN IN(2.0) IN(2.0) IN(2.0) IN(2.0) IN(1.8)
310 0% C 2412 restr. C(2.4) 2.410 restr. C(2.4) 2.405 restr. C(2.4) 2.130 restr. C(2.1) 1.852 restricted
’ IN IN(2.0) IN(2.0) IN(2.0) IN(2.0) IN(1.8)
5% C 2.446 restr. C(2.4) 2.436 restr. C(2.4) 2422 restr. C(2.4) 2.130 restr. C(2.1) 1.852 restricted
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IN

10% C

2.469

IN(2.0)

restr. C(2.4) 2453

IN(2.0)

restr. C(2.4) 2433

IN(2.0)
restr. C(2.4)

2.130

IN(2.0)

restr. C(2.1) 1852

IN(1.8)
restricted

IN
C
IN
C
IN
C

0%
325 5%

10%

2.434
2.463
2.483

IN(2.0)
restr. C(2.4)
IN(2.0)
restr. C(2.4)
IN(2.0)
restr. C(2.4)

2431
2.450
2.463

IN(2.0)
restr. C(2.4)
IN(2.0)
restr. C(2.4)
IN(2.0)
restr. C(2.4)

2.420
2.433

2.442

IN(2.0)
restr. C(2.4)
IN(2.0)
restr. C(2.4)
IN(2.0)
restr. C(2.4)

2.130
2.130
2.130

IN(2.0)
restr. C(2.1)
IN(2.0)
restr. C(2.1)
IN(2.0)
restr. C(2.1)

1.852
1.852
1.852

IN(1.8)
restricted
IN(1.8)
restricted
IN(1.8)
restricted

IN
C
IN
C
IN
C

0%
340 5%

10%

2.458
2.480
2.496

IN(2.0)
restr. C(2.4)
IN(2.0)
restr. C(2.4)
IN(2.0)
restr. C(2.5)

2.450
2.463
2.473

IN(2.0)
restr. C(2.4)
IN(2.0)
restr. C(2.4)
IN(2.0)
restr. C(2.4)

2.434
2.443
2.449

IN(2.0)
restr. C(2.4)
IN(2.0)
restr. C(2.4)
IN(2.0)
restr. C(2.4)

2.130
2.130
2.130

IN(2.0)
restr. C(2.1)
IN(2.0)
restr. C(2.1)
IN(2.0)
restr. C(2.1)

1.852
1.852
1.852

IN(1.8)
restricted
IN(1.8)
restricted
IN(1.8)
restricted

For the RPV (Twa) vessel, the complete navigation operational assessment is done in Table 10, combining the
strength and the seakeeping criteria, for the two structural design vessel concept versions 7; & 7> [3].

For the Danube inland navigation case, no restrictions occur by seakeeping and strength criteria for speeds up to
15 km/h, for both structural 7/ & T2 versions, with safety limit IN(2.0), and for top speed 20 km/h, the safety
limit is reduced to IN(1.8). For the Black Sea coastal navigation case, the standard structural version (7/) has
coastal navigation restricted due to the strength criteria limits for any condition. For coastal navigation, the
enhanced version (72) has restrictions only due to seakeeping criteria, so that for speeds below 10 km/h the coastal
safety limit is C(2.3)+C(2.5), for speeds around 15 km/h C(2.1), and is coastal restricted for 20 km/h.

5. CONCLUSIONS

The dynamic capabilities of a research-passenger design-concept vessel (section 3) are evaluated by interlinked
deterministic regular waves, and short-term statically irregular waves, with seakeeping criteria assessment,
integrated methodology (section 2), for the river Danube (Hsm=2 m) and coastal Black Sea (Hynu=2.5 m)
navigation conditions, with improved for mono-slender hull vessels eigen DYN_OSC version 2025 program [15].
The design-concept vessel has two structural versions [3], standard (77) and enhanced (72), and by selection of
the onboard masses (Figure 3), provisions, and research equipment, the parametric hydrodynamic analyses are
developed for two extreme vessel loading cases, with relevant draughts of 1.5 m (i) and 1.7 m (Tiax).

A preliminary dynamic characteristic evaluation is done by the natural oscillation periods for both loading cases,
heave (3.900+4.030 s), pitch (3.582+3.666 s), and roll (7.020+8.788 s; 7.767+10.134 s) (Table 3). So, it can be
stated that roll is the slowest vessel oscillation, resulting in reduced roll acceleration, and pitch is the fastest vessel
oscillation, leading to increased vessel pitch acceleration. The regular waves R40 amplitude response functions
(Figures 6-11, 17-22) (sections 4 and 5) are spectral wide range type for the main mono-slender vessel oscillation
components, ®=0.2+2.8 rad/s, so that the spectral transition of the wave energy on the vessel body is ensured for
the whole irregular wave’s spectra ISSC model (Figure 5). The heave RAO response (Figures 6, 7, 17, 18), for
both draught cases, is maximum at beam waves (90 deg), and increases with speed at oblique-head (135+180 deg)
waves. The pitch RAO response (Figures 8, 9, 19, 20), for both draught cases, is maximum and increases with
speed at oblique-head waves (135+180 deg). The roll RAO response (Figures 10, 11, 21, 22) for both draught
cases is maximum around beam waves (70+120 deg), with speed influence also noticeable. The roll RAO response
is significantly influenced by two design-concept variables: zg gravity centre vertical position and bilge keels
system, the roll amplitude getting reduced as z¢ (2.80+3.40 m) is increased, and the bilge keels are added (5%,
10%), involving changes in the inertial-damping and stability terms (Figure 4).

For the first loading case (Tin) (Figures 12-16, Tables 5, 6) (section 4.1), the irregular waves response has no
seakeeping restrictions on the river Danube navigation condition, Hyimi=2 m, for vessel speeds below 15 km/h,
and with restriction Hyimi=1.817 m for vessel top speed 20 km/h. On the coastal Black Sea navigation condition,
for vessel speed below 10 km/h, without bilge keels, due to the roll motion criterion around beam sea (60+105
deg), restrictions occur Hyimi=2.053+2.479 m (z<3.25m), and no restrictions Hyimi=2.5 m (z622.95 m) with bilge
keels added. For vessel speed 15 km/h, the pitch acceleration criterion at oblique-head waves (125+180 deg) leads
to coastal navigation restrictions Hgimi=2.091 m, and coastal restricted navigation for speed 20 km/h.

For the second loading case (7Tyax) (Figures 23-27, Tables 8, 9) (section 4.2), the irregular waves response has no
seakeeping restrictions on the river Danube navigation condition, Hyimi=2 m, for vessel speeds below 15 km/h,
and with restriction Hyimi=1.852 m for vessel top speed 20 km/h. For the coastal Black Sea navigation condition,
for vessel speeds below 10 km/h, due to the combined vertical aft motion criterion at oblique-fore waves (115+160
deg), restrictions occur Hyimi=2.372+2.496 m, improving as the z¢ gravity center increases and bilge keels are
added. For vessel speed 15 km/h, the pitch acceleration criterion at oblique-head waves leads to coastal navigation

130




restrictions Hyimi=2.130 m, and coastal restricted navigation for top speed 20 km/h.

Combined seakeeping and strength criteria [3] (Tables 7, 10) (sections 4.1 and 4.2) deliver the full assessment of
the navigation safety limits for the research-passenger vessel design concept, on the two loading cases (Tmin, Tnax),
for the two structural versions (71, 72).

The standard vessel structure (77) [3], with combined criteria, on the inland Danube route, for both draught cases,
has no navigation restrictions IN(2.0) if speed is up to 15 km/h, and restricted to IN(1.8) for a top speed of 20
km/h. On the coastal Black Sea route, for first draught (7,.:x), the coastal navigation is restricted to C(2.1)+C(2.2)
for speeds below 15 km/h, and coastal navigation is restricted to a maximum speed of 20 km/h; for second draught
(Tmax), the strength criteria lead to fully restricted coastal navigation.

The enhanced vessel structure (72) [3], has no restrictions by strength criteria, only from seakeeping criteria for
both draughts, on inland Danube route, has no restriction IN(2.0) and speeds below 15 km/h, and IN(1.8)
restriction for 20 km/h vessel speed; on coastal Black Sea route, the limits are C(2.1)+C(2.5) for speeds up to 15
km/h, and coastal navigation restricted for 20 km/h vessel speed.

In conclusion, the parametric research-passenger design concept seakeeping study, combined with strength
assessment [3], points out that both structural versions (7, 72) are safe for inland Danube navigation, class
IN(2.0), for speeds up to 15 km/h, and class IN(1.8) for 20 km/h speed. For coastal Black Sea navigation, the
standard structure vessel (7/) is not safe, due to structural restrictions, being safe only the enhanced structure
vessel (72), with coastal class C(2.1)+C(2.5), for speeds below 15 km/h, improved by v, zg, ksx parameters
changes, but coastal navigation restricted for 20 km/h speed, due to pitch acceleration criterion. If only the Danube
River route is foreseen in operations for the research-passenger vessel, it is recommended to select the standard
structure (7'7) design, ensuring also the maximum onboard mass capacity [3]. The vessel speed shall be reduced
from 20 km/h to 15 km/h to also cover the Sulina area, at the Danube River and Black Sea transition, with
navigation class IN(2.0). For the other lower and higher Danube sectors, with class IN(1.2) and IN(0.6), the RPV
vessel speed restrictions are only related to the international regulations [21].

Further studies of the combined seakeeping and structural analyses will address the catamaran and trimaran vessel
types, requiring further enhancements of the own codes [3, 15], for river and coastal navigation cases.
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