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SUMMARY: Hydrodynamic interaction between two ships advancing in either calm water or regular waves is 
numerically studied during typical overtaking and UNderway/VERtical REPlenishment (UNREP; VERTREP) ship-to-
ship operation. Knowledge about the maneuvering characteristics of the two ships in waves is essential for a safe joint 
operation with collision avoidance. 
 The seakeeping and maneuvering analysis of two interacting ships is a generalization of the two-time scale method 
by Skejic&Faltinsen (9, 10). The maneuvering module is based on Söding’s (21) generalized slender-body theory. 
Calm water interaction forces and moments between the two ships are estimated using the Newman-Tuck’s (3) theory. 
The seakeeping analysis uses the Salvesen&Tuck&Faltinsen (STF) (22) strip theory by assuming no hydrodynamic 
interaction between the two ships. The mean second order wave loads (surge, sway force and yaw moment) are 
estimated by Faltinsen et al.’s (20) direct pressure integration method. Automatic rudder control is incorporated in the 
model. The numerical results concerning overtaking and replenishment maneuver between two ships are compared 
with known experimental and calculated results. 

1. INTRODUCTION 
 
 Maneuvering a ship in the close proximity of another 
stationary/movable object, such as an offshore structure 
or another ship requires qualified bridge personnel in 
order to avoid collision. The collision hazard is further 
increased if a ship performs close proximity maneuver in 
bad weather conditions. Then the environmental loads 
due to the waves/wind/current are not negligible and they 
must be accounted for in a combined seakeeping and 
maneuvering analysis. 
 Two advancing ships operating in close proximity 
experience changes in their maneuvering characteristics 
due to the hydrodynamic interaction loads between them. 
The interaction forces in surge and sway may cause 
either ship to be repelled from or attracted to the other. 
Further, the yaw moment may cause either ship to turn 
towards or away from the other. The hydrodynamic 
interaction forces and yaw moments depend on the size 
of the ships, lateral and longitudinal separation distance 
between the ships, speeds of the two ships, wetted hull 
shapes, water depth and transverse distance from a 
channel bank. The hydrodynamic interaction loads may 
in fact lead to a collision. 
 The present study investigates theoretically overtaking 
and replenishment maneuvers which are typical 
maneuvers for two advancing ships in the close 
proximity of each other. The overtaking maneuver 
scenario is shown in Figure 1. Figure 1 shows ship A 
which is inside a sector of 22.5° and behind ship B. The 
speed of ship A is greater than the speed of ship B. 
According to the International Regulations for Avoiding 
Collision at Sea (COLREG) (1) ship A will be 
considered as overtaking, while ship B will be considered 
as overtaken ship. The responsibility for the collision, if 
it happens, will be on the overtaking ship A. The 
collision due to the overtaking maneuver very often takes 
place in harbours when a small vessel A overtakes a 
larger vessel B at moderate ship speeds. If the overtaking 

is attempted at a too small transverse distance between 
the ships, a collision is unavoidable even with optimum 
rudder action carried out by an experienced ship master.  
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Typical overtaking maneuver; A – overtaking 
ship, B – overtaken ship, source - International 
Regulations for Avoiding Collisions at Sea 
(COLREG) (1) 

 A second type of the maneuver is UNderway/VERtical 
REPlenishment (VERTREP/UNREP) maneuver. 
VERTREP/UNREP maneuver is commonly performed 
between two advancing ships on a parallel course and is 
extensively used by the Navy. Because the safety of the 
VERTREP/UNREP operation is of primary concern, the 
complete maneuver takes place in six ‘controlled’ phases 
as shown on Figure 2. Each ship involved in the 
VERTREP/UNREP operation has its own role (Figure 
2). Guide ship (usually large) passes through the 
replenishment phase by mainly keeping the steady speed 
and heading. The maneuvering requirements for the 
approach ship (usually small) are changing as she passes 
through the same VERTREP/UNREP operational phases 
as a guide ship. In order to accomplish the replenishment 
operation the approach ship must match the speed and 
heading with the guide ship, as well as, the transversal 
and longitudinal distance relative to the guide ship. The 
replenishment operation can also be executed in cases of 
moderate or heavy wind and/or sea, see Figure 3. When 
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the wind and/or wave directions are within the sector of 
30.0° and oppositely directed to the ships’ heading, the 
US Navy replenishment rules (2) give the procedure for  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. VERTREP/UNREP operation stages; source - 

UNderway REPlenishment rules, Naval 
Warfare Publication NWP 4-01.4, (US 
Navy)(2) 

the VERtical Replenishment (VERTREP) The moderate 
or heavy weather ships’ heading must align with the 
direction of the wind and/or sea according to the same 
rules. The wind and/or sea are from the stern of the two 
ships involved in the replenishment maneuver (Figure 3). 
 Our modelling of the overtaking and replenishment 
maneuvers described above is carried out in a way that 
mimics, as much as possible, realistic situations which 
may happen during the mentioned maneuvers. The 
estimates of the hydrodynamic interaction loads are 
obtained by Newman-Tuck (3) theory. The theory is 
valid for Froude numbers Fn <≈ 0.2 where two ships in 
joint maneuver operate in each other far-field, i.e. the 
transverse distance is of the order of the ship length. The 
Newman-Tuck (3) theory is one among other far-field 
slender body theories, (see Yeung (4), Abkowitz et al. 

(5), Dand (6), Kijima&Yasukawa (7), Wang (8)) which 
are capable to predict the hydrodynamic interaction loads  
 

VERtical REPlenishment 
- VERTREP

SHIPS’ 
COURSE

SHIPS’ 
COURSE 

B 

Replenishment in moderate or 
heavy weather

WIND & SEA

B 

A 

A 

WIND & SEA

30.0° 30.0°
 

GUIDE SHIP STEADY ON 
HEADING AND SPEED   

MAKING PREPARATIONS 
TO RECEIVE THE              
APPROACH SHIP

GUIDE SHIP STEADY ON 
HEADING AND SPEED 

APPROACH SHIP READY 
TO MAKE ASTERN         
APPROACH TO THE 

GUIDE SHIP FROM 274.3 
– 457.2 m  

GUIDE SHIP STEADY ON 
HEADING AND SPEED 

GUIDE SHIP STEADY ON 
HEADING AND SPEED 

GUIDE SHIP STEADY ON 
HEADING AND SPEED 

GUIDE SHIP STEADY ON 
HEADING AND SPEED 

APPROACH SHIP        
EXECUTES APPROACH 

SEQUENCE – MATCHING 
SPEED AND HEADING 
WITH THE GUIDE SHIP 

UNREP OPERATION IN 
PROGRESS – BOTH 

SHIPS ARE IN ABEAM 
POSITION; APPROX. 
EQUAL SPEEDS AND 

HEADINGS 

DEPARTURE SEQUENCE 
– THE APPROACH SHIP 
CLEARS AHEAD AND 
AWAY (INCREASING 

SPEED AND PORT    
RUDDER COMMANDS) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3. Replenishment course; A – approach ship, B – 
guide ship, source - UNderway 
REPlenishment rules, Naval Warfare 
Publication NWP 4-01.4, (US Navy)(2) 

between two bodies in infinite fluid at moderate speeds. 
All mentioned theories are based on potential flow; i.e. 
the viscous effects are not accounted for. Further, calm 
water conditions are assumed. 
 The combined seakeeping and maneuvering modular 
model by Skejic&Faltinsen (9, 10) has been generalized 
to two ships with forward speed. The hydrodynamic 
interaction between the two ships is based on Newman-
Tuck (3) theory. This means that the additional 
hydrodynamic interaction in waves is neglected in our 
analysis. The higher that the ships’ speeds are, the more 
appropriate it is to neglect the additional hydrodynamic 
interaction due to the presence of incident waves. 
 Successful simulation of the UNREP maneuver 
requires a motion control module. The motion control 
module must be capable of eliminating subjective results 
due to the skills of the human ‘operators’ when using 
manual control. At the same time it must satisfy 
requirements imposed by the approach and guide ship 
(see Figure 2), taking care of the environmental 
(wave/current/wind) conditions, see Figure 3. Therefore, 
the combined seakeeping and maneuvering model 
Skejic&Faltinsen (9, 10) in this study is combined with 
the motion control procedures by Abkowitz et al. (5) and 
Berge (11). The numerical results related to the 
overtaking maneuver in calm water and 
UNREP/VERTREP maneuver performed in incident 
regular wave field follow later in the text. They are 
presented in a way which accounts for the main 
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seakeeping, maneuvering and motion control parameters 
for each ship. This is done in order to pinpoint critical 
stages in both maneuvers which are potentially 
dangerous for both ships from a navigational safety point 
of view. 
 
 
2. TWO-SHIPS UNIFIED SEAKEEPING AND 

MANEUVERING MODEL 
 
 The main features of the mathematical model which 
describes maneuvering and seakeeping behaviour of the 
two ships accompanied with motion control will be 
given. The model is ‘separated’ into a seakeeping and 
maneuvering module and a module which accounts for 
the motion control needed for the consecutive execution 
of the maneuvering stages in the overtaking and 
UNREP/VERTREP maneuvers, see Figures 1 and 2. 
 
2.1 SEAKEEPING AND MANEUVERING MODULE 
 
A unified model based on a two-time scale formulation is 
set up according to different coordinate systems. The two 
time scales refer to the slowly varying time scale of 
maneuvers and a more rapid oscillation associated with 
the ship behaviour in incident waves. The relationship 
between the coordinate systems is described as follows. 
The Cartesian right-handed maneuvering body-fixed  
 

coordinate systems OCixCiyCi shown in Figure 4 with 
positive zCi-axis pointing upwards are used both for the 
seakeeping and maneuvering problem. Index i = A, B 
stands for ship A and ship B, respectively. 
Transformations between the coordinate frames which 
define the seakeeping and maneuvering problem are 
based on Bailey et al. (12). The centre of gravity on each 
ship is in the origin OCi of the coordinate system 
OCixCiyCi in the lateral symmetry plane of each body. 
Incident deep water waves propagating in the positive XI 
- direction are defined in the Cartesian right-handed 
OXIYI coordinate system with positive ZI-axis pointing 
upwards. OXEYE is an Earth-fixed coordinate system 
with positive ZE-axis pointing upwards. Xi and Yi are 
hydrodynamic forces in the xCi and yCi directions, 
respectively. Ni are the yaw moments about the zCi-axis. 
ui and vi are xCi and yCi-components of the mean ships’ 
speed Ui, while the angular velocities are ri. ψi, δi and βi = 
atan(-vi/ui) are respectively the yaw (ships’ heading), 
rudder and drift angles from the maneuvering analysis. 
The incident wave length is λ and η is the incident wave 
angle relative to the Earth-fixed coordinate system 
OXEYE. χi = η + ψi are the encounter heading angles on 
each ship. The longitudinal and transverse distance 
between the centres of gravity of the ships are ξ* and η*, 
respectively. ξ* is positively defined for the initial time 
step. The ship lengths between perpendiculars are          
Li, i = A, B. 
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Figure 4. Coordinate systems on overtaking/approach ship (ship A) and overtaken/guide (ship B). Arrows indicate 

positive directions; the ship lengths are arbitrary. Note: η = 90° (port beam sea), η = 180° (head sea) for zero 
heading angles ψA, ψB on each ship 
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 The slowly varying equation system used by the 
maneuvering module (overtaking/approach and 
overtaken/guide ship) and consistent with the ITTC (13) 
nomenclature are given as: 
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where i = A, B refers to the overtaking/approach ship and 
overtaken/guide ship, respectively. The equation system 
(1) accounts for nonlinear coupling between surge, sway, 
roll and yaw. Matrix [INT] represents interaction sway 
forces and yaw moments between the two ships and is 
given as follows: 

• for i =A; [INT]|i=A=[0 YAB 0 NAB]T, 

• for i =B; [INT]|i=B=[0 YBA 0 NBA]T. 
Here YAB stands for the interaction sway force on ship A 
(overtaking/approach ship) due to the presence of the 
ship B (overtaken/guide ship), while NAB stands for the 
interaction yaw moment on ship A due to the presence of 
the ship B and vice versa. Equation system (1) has been 
explained in more details by Skejic&Faltinsen (9, 10) for 
one hull. We will focus on what is specific for this study. 
The CTN - coefficient is associated with the resistance 
term  and is an empirical coefficient that 
modifies what potential flow theory at moderate speeds 
predicts. In our numerical examples of the overtaking 
and UNREP/VERTREP maneuvers CTN in equation 
system (1) has been selected as 1.0 since both ships are 
moving mainly on a straight course in a parallel 
configuration.  

TN vC Y r−

 An investigation of how good the predicted 
hydrodynamic interaction loads according to the 
Newman-Tuck (3) far-field theory between the two ships 
are, is carried out for a slender spheroid with beam-to-
length ratio 2R0/L=1/6 near a wall in calm water 
conditions (see Figure 5). The Froude number is          
Fn = 0.16. Figure 5 shows nondimensional sway force as 
a function of non-dimensional transverse distance 
η*/(2R0). Here η* is the distance between the origins of 
the slender spheroid and its mirror image about the wall. 
The far-field theory is compared with the near-field 
theory by Newman (14) and a composite solution. The 

far-field and near-field solutions assume that the 
transverse distance η* is of the order of the body length 
and beam, respectively. The composite solution is 
formed from the inner expansion of the far-field solution 
when the transverse distance η*→0 and the outer 
expansion of the near-field solution when η*→∞. Further 
details about the composite solution can be found in 
Newman-Tuck (3). When η*/(2R0) = 1.5 , Figure 5 
shows only ≈ 5% difference between the composite 
solution and the far-field solution. This suggests that 
Newman-Tuck (3) far-field theory gives quite good 
results even though the transverse distance η* between 
two equal (axisymmetric) bodies is of the order of the 
body beam B where B = 2R0 and R0 is the maximum 
radius of the body’s cross-sections. 

 

 A validation of the Newman-Tuck (3) theory is shown 
in Figure 6. Comparisons are made with the calm water 
experimental results by Newton (15) for the interaction 
sway forces and yaw moments on ships ‘KING 
GEORGE V’ and ‘R.F.A. OLNA’. The geometrical 
characteristics of each hull are given as follows: 1. 
‘KING GEORGE V’ – length 225.56 m (740 feet), beam 
31.39 m (103 feet), draft 8.93 m (29.3 feet), displacement 
36890 tons and midship cross-section area 283.35 m2 
(3050 feet2); 2. ‘R.F.A. OLNA’ – length 172.82m (567 
feet), beam 21.34 m (70 feet), draft 9.14 m (30 feet), 
displacement 23570 tons and midship cross-section area 
192.77 m2 (2075 feet2). Distribution of the sectional area 
of each vessel mainly follows parabolic curve. The 
experimental results by Newton (15) and calculated 
results using Newman-Tuck (3) theory for the 
hydrodynamic interaction sway force and yaw moment 
(see Figure 6) are for the steady case where both ships 
have same speeds of 10 knots. When both ships are 
abeam the transversal clearance η* - 0.5BA - 0.5BB is 
15.24 m (50 feet). Here η* is the transverse distance 
between two ships defined according to the Figure 4, 
while BA and B
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 As can be seen from Figure 6, qualitatively the 
predictions are quite good, while from the quantitative 
perspective the predictions are less satisfactory. A 
possible explanation for the quantitative disagreement 
may be the neglected viscous cross-flow in the Newman-
Tuck (3) theory. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Sway forces and yaw moments on ship A – 

‘KING GEORGE V’ and ship B – ‘R.F.A. 
OLNA’. Comparison between Newman-
Tuck theory (3) with experimental results of 
Newton (15). Note: Signs for the sway 
forces and yaw moments are according to the 
definition in Figure 4, while the position of 
the ships is according to Newton (15). 

 The characteristic of the sway interaction forces on 
both ships (see Figure 6), is mainly in three categories, 
i.e. each ship passes through the repulsion, attraction and 
again repulsion phase as the lateral distance between 
them is decreasing with increasing time. When they are 
abeam, the peak of the sway interaction force is 
pronounced on each ship and they are attracted 
transversally to each other. Correspondingly, the yaw 
moments for the same lateral position (abeam) tend to 
swing the bow of the each ship from each other. 
 For a final verification of the Newman-Tuck (3) theory 
we consider a calculation of the interaction sway force 
and yaw moment on a moored ship B due to passing ship 

A (see Figure 7). The two ships are of equal length L and 
are approximated as bodies of revolution without tail 
fins. The non-dimensional transverse distance η*/L 
between them is equal to 0.25. Here η* is the transverse 
distance between ship A and ship B defined according to 
Figure 4. The same case has been studied by Wang (8) 
and Krishnankutty (16). A comparison between our 
calculated results with the theoretical results obtained by 
Wang (8) and Krishnankutty (16) in Figure 7 shows 
excellent agreement.  
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 The application of the Newman-Tuck (3) theory 
depends on the body speeds, geometries and separation 
distances. A closer look upon the expressions for the 
calculation of the interaction sway force and yaw 
moment shows that in the case where a moving ship 
passes a moored ship, the passing ship will experience 
zero sway force and moment due to its interaction with 
the moored vessel. This is due to the limitation of the 
estimation of sway force and yaw moment to lower order 
terms in the slenderness parameter. A more correct 
answer can be obtained by including the higher order 
terms. Anyhow, the numerical examples considered in 
this study are different from the case above since both 
ships are moving with speeds different from zero and 
incorporation of higher order terms is less important. 
Furthermore, for a special case of bodies of revolutions, 
without tail fins, the hydrodynamic interaction loads on a 
body of revolution will vanish if it passes a second 
(slender) body at exactly twice the second body’s speed. 
This case will occur independently of the transverse and 
lateral distance between the two bodies. 
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2.2 MOTION CONTROL MODULE 
 
2.2.1 OVERTAKING MANEUVER 
 
 The proportional-derivative controller by Berge (11) is 
applied for overtaking maneuver in calm water. The 
control law for each ship is given in general form as 

( )p ref dkδ ψ ψ= − + k r                     (2) 

where δ is rudder angle, ψref and ψ are reference and 
actual heading angle, respectively. r is yaw angular 
velocity, while kp and kd are the ‘autopilot’ tuning 
constants. The applied values are; ship A (kp = 4.0, kd = 
20.0), ship B (kp = 10.0, kd = 75.0). The reference 
heading angle ψref on both ships is set to zero which in 
fact gives a Course-Keeping Controller (CKC), Berge 
(11). 
 
2.2.2 UNREP/VERTREP MANEUVER 
 
UNREP/VERTREP maneuver in waves requires more 
advanced ‘autopilots’ than those presented above. 
Simulation now requires from the motion control system 
to establish the: 

• desired transverse clearance,  
• zero relative longitudinal distance, 
• zero relative speed, 

between two maneuvering hulls with forward speed in 
the imposed regular wave conditions. This is achieved 
with the combination of the Line Of Sight (LOS) course 
keeping controller by Berge (11) and the joint operation 
controller by Abkowitz et al. (5). 
 The LOS course keeping controller uses expression (2) 
with a different definition of the reference heading angle 
ψref on both ships. The expression is: 

( ) ( ) ( )[ ]atan2 ,ref w wt y y t x xψ = − − t         (3). 

Here atan2 is the four quadrant arctangent function. xw, 
yw are the way (starting) points on ship A (xw = 0.0, yw = 
0.0) and ship B (xw = 800.0 m, yw = - 63.14 m). x(t) and 
y(t) are the instantaneous positions of ship A and ship B 
in respect to the Earth-fixed coordinate system OXEYE, 
(see Figure 2). 
 The joint motion controller applied here for numerical 
example of the UNREP/VERTREP maneuver , Figure 
10, is adopted from Abkowitz et al.’s (5) study. The 
expressions related to the speed and rudder controllers on 
both ships are exactly the same as in Abkowitz et al. (5) 
and therefore it will not be repeated here. Instead of this 
we will give some specific information which are related 
to the speed control on the approach ship A (see Figure 2 
and 10). During the UNREP/VERTERP operation in 
progress the approach ship A must match the speed of the 
guide ship B. In order to do that the approach ship A will 
pass through the deceleration phase before 
UNREP/VERTREP operation and acceleration phase, 
after UNREP/VERTREP operation. Modelling of the 
deceleration phase follows Abkowitz et al. (5). We 
suppose (Figure 10) that: 1. the relative speed versus 

longitudinal separation varies as the square of the relative 
velocity; 2. it is desired to begin deceleration at a 
longitudinal separation of 200.0 m and that the relative 
speed of the approaching vessel A at this point will be 
2.0 knots. This allows determination of the ‘bridge 
personality’ constant PERS as PERS = (longitudinal 
separation)/(relative velocity)2. The desired relative 
velocity DES can then be determined as DES = 
longitudinal separation/PERS. This will in turn give the 
speed of the approach ship A during the deceleration 
phase. 
 In the acceleration phase the authors suppose the 
approach ship A will experience change in speed 
according to the following expression: 

( ) ( )[ ]3

0
4 /i des end desiA Au u t t t t= + − −        (4). 

where uAi is instantaneous speed of the approach ship A, 
uA0 is the speed of the approach ship A during the 
UNREP/VERTREP operation in progress, ti is time, tdes 
is a desired disengagement time for the approach ship A 
from the UNREP/VERTREP operation and tend is the 
time for the end of the UNREP/VERTERP simulation. 
When uAi > 1.4 times relative velocity, then uAi = 1.4 
times relative velocity. Expression (4) allows for the 
smooth speed change of the approach ship A as can be 
seen in Figure 10. This completes the description of the 
speed controller on the approach ship A. It should be 
noted that the joint ‘autopilot’ model by Abkowitz et al. 
(5) does not consider the absolute positions of the vessels 
in respect to the Earth-fixed coordinate system OXEYE, 
(see Figure 2). However, this is of no major concern due 
to the fact that most UNREP/VERTREP operations occur 
in the open sea where is not necessary to pinpoint the 
global locations of the approach ship A and guide ship B. 
 
 
3. NUMERICAL TESTS 
 
 Numerical tests performed in the present study concern 
overtaking maneuver in calm water and 
UNREP/VERTREP maneuver in the presence of the 
incident regular wave field. The chosen ships are the 
‘MARINER’ hull, (ITTC, 13) and a geometrically scaled 
‘MARINER’ hull with scale ratio 1.4. Both hulls are in 
full load condition on even keel. The vertical positions of 
the centre of gravity are chosen as zg = -2.45 m and zg = -
3.90 m for the original and the scaled hull, respectively. 
The flow rectification factors in Ankudinov et al.’s (17) 
rudder model are set equal to 1.0. The rudder area is 
25.25 m2 for the original ship, while the scaled hull has 
an estimated rudder area 35.74 m2 according to the DNV 
rules (18). The propeller diameter on the original hull is 
6.7 m, while on the scaled hull the propeller diameter 
obeys the geometric scale ratio. 
 Further, the Km – factor needed in the propeller slip 
stream method by Brix (19) is set equal to 0.5 for both 
hulls. The resistance coefficients and the aspect ratios for 
the rudders are 1.0 and 1.2, respectively. The other used 
parameters in our numerical studies can be found in the 
referred 
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Figure 9. Overtaking maneuver and collision scenario between ‘MARINER’ (small - A) and geometrically scaled 
‘MARINER’ (large - B) ship advancing in calm water. Starting positions: ship A (0 m, 0 m), ship B (1200 m, -
57.77 m). The length ratio between ship B and ship A is equal to1.4. 

 
publications. The effect of heel on the maneuvering of 
both hulls was negligible in both presented maneuvering 
cases. 
 Let us now examine Figure 9 which presents 
overtaking maneuver in calm water between small 
(original ‘MARINER’) ship A and larger ship B (scaled  
‘MARINER’). The starting positions for each ship differ. 
The motion control module (‘autopilot’) is deployed on 
both ships from the beginning of the simulation. Ship B 
is assumed to advance on a straight course with a 
constant forward speed of 8 knots. Ship A approaches 
ship B from behind within the sector of 22.5° and 
according to the COLREG rules (1) she is considered to 
be the overtaking ship, see Figure 1. The approach speed 
of the overtaking ship A to the overtaking maneuver is 
10.5 knots. In the same time the ‘autopilot’ engages 
rudder control on the overtaking ship A, so that the 
overtaking ship A tries to keep a transverse clearance of 
30.0 m between the facing sides of both hulls. As times 
goes on overtaking ship A catches up with the overtaken 
ship B at a position of approximately 5000.0 m in respect 
to the global coordinate system, see Figure 9. The 
relative longitudinal position between both ships ceases 
to zero, i.e. both ships are abeam. In this position both 
ships experience an attraction phase where the interaction 
sway forces have peak values and the yaw moments tend 
to swing the bow of the each ship from each other. The 
rudder position on both ships is in the opposite direction 
in respect to the experienced yaw moments on each ship. 
A collision between the ships is possible, but it can be 
avoided with the experienced helmsmen (‘autopilot’) on 

both ships if the transverse clearance between ships is not 
very small. Much greater danger of collision exists in the 
sequences which are before and after the interval where 
the attraction between the ships takes place; i.e. where 
both ships experience repulsion interaction sway forces, 
see Figure 9. In these two phases yaw moments on both 
ships are pointing in the same direction. This has the 
consequence that the bow of the overtaking ship A can 
collide with the stern of the overtaken ship B when 
overtaking ship A is behind the overtaken ship B and 
vice versa. The described collision situation is shown in 
Figure 9 where it is assumed that the overtaking ship A 
experiences malfunction of the rudder machinery after a 
time of 500.0 seconds. Overall, Figure 9 shows the main 
physical effects which are present in the case of the 
overtaking maneuver in calm water between two ships of 
different size. Furthermore, we notice qualitative 
agreement between Figure 9 and Newton’s (15) 
experimental results shown in Figure 6. 
 Next we turn our interest to the simulation of the 
UNREP/VERTREP maneuver between two ‘MARINER’ 
(equal) hulls operating in an incident regular wave field 
(see Figure 10). The characteristics of the hull in respect 
to the hydrostatic loads, rudder and propulsion 
machinery are the same as in the above example. Incident 
regular waves with wave amplitude ζa = 1.5 m from the 
heading η = 160° (port head sea on both ships when they 
are in the initial position) and with wave length-to-ship 
ratio λ/LA = 0.9 is studied. Here LA is the length between 
perpendiculars for ship A. The chosen wavelength  
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Figure 10. Replenishment maneuver between two ‘MARINER’ ships advancing in regular incident waves; η = 160°, λ/L 

= 0.9 and wave amplitude ζa = 1.5 m. The starting positions: ship A (0 m, 0 m), ship B (800 m, - 63.14 m). 
Note: B - beam of the hull on main frame. 
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corresponds to the situation where the ships experience 
moderate relative vertical motions and added resistance 
in waves. The seakeeping computations are executed at 
longitudinal intervals Δxc = 250 m between the centres of 
gravity of the ships. Like in the previous example the 
motion control module (‘autopilot’) is deployed on both 
ships from the beginning of the simulation. The task of 
the ‘autopilot’ is now quite different from the previous 
case. The requirements from the motion control system 
in relation to the UNREP/VERTREP maneuver are 
explained above (see section 2.2.2). The ‘autopilot’ 
control systems must insure that the operational 
requirement concerning lateral distance between the 
ships is satisfied. A worst case scenario is collision 
between the two ships. In other words, the ‘autopilot(s)’ 
are now the replacement for the experienced helmsman 
and deck crew on both ships which are involved in 
UNREP/VERTREP operation.  
 The calculation of the mean second order wave loads 
(surge (added resistance), sway force and yaw moment) 
is based on the direct pressure integration method by 
Faltinsen et al. (20). 
 The UNREP/VERTREP maneuver simulation starts 
from the situation where the horizontal positions of the 
approach ship A and guide ship B in the Earth-fixed 
coordinate system are different, Figure 10. The approach 
speed to the UNREP/VERTREP maneuver is set up to 10 
and 8 knots for the approach ship A and guide ship B, 
respectively. Desired transversal clearance between hulls 
(η* - B) is chosen as 40.0 m. During complete 
UNREP/VERTREP maneuver we must notice that both 
advancing ships are drifting in the direction of the 
incident regular waves. Incident regular waves are acting 
on both ships from the port head side in respect to the 
initial position of the ships. The ‘autopilot’ control 
system tries to establish parallel courses (zero 
longitudinal distance and zero relative speed) for both 
ships on the desired transversal clearance of 40.0 meters.  
The control systems accomplished this task. This can be 
seen in the region where 0.0 m < x <≈ 4500.0 m on the 
part of Figure 10 showing the predicted trajectory for 
both ships. 
When the relative longitudinal distance ceases to zero, 
the transverse clearance approaches the desired one and 
the relative speed tends to zero. In the same time both 
ships now start to experience hydrodynamic interaction 
loads which are now superimposed on the mean second 
order wave loads. The approach ship A experiences 
slowly time varying transversal distance oscillations 
around desired one since she tries to stabilize her position 
in respect to the guide ship B. At position near 5400.0 m 
we see that both hulls are in ‘stable’ abeam position 
(transversal distance oscillation around desired one 
almost diminished) and the UNREP/VERTREP 
operation can start. In order to reduce the simulation time 
the authors suppose that the duration time of the 
UNREP/VERTREP maneuver is about 30 minutes like it 
can be seen from Figure 10. A snapshot of the ship 
trajectories in the interval where 4800.0 m < x < 10500.0 

m shows UNREP/VERTREP operation in progress. 
During the phase where UNREP/VERTREP operation is 
in progress, the hydrodynamic interaction loads have 
slowly varying time behaviour due to stabilizing path of 
the approach ship A in respect to the guide ship B. Both 
ships experience during this phase loading from the 
regular wave system, as well as, a loading from the 
hydrodynamic interaction sway forces and yaw moments. 
The position of the rudder on both ships is in the port 
direction. This differs from the overtaking maneuver in 
calm water, (see Figure 9), where the rudders are 
oppositely directed in respect to the experienced yaw 
moments on each ship. The occurred situation is due to 
the fact that both ships are trying to oppose the regular 
wave and hydrodynamic interaction loads and at the 
same time try to reduce the collision hazard between 
them. 
 Let us now enter into the last stage of the 
UNREP/VERTREP maneuver. In a position of about 
14000 m approach ship A slowly starts to increase speed 
in respect to the guide ship B which remains to keep 
steady speed and course. The possibility of collision 
increases as it was explained in the example of the 
overtaking maneuver. Because we applied the 
‘experienced’ helmsman model, we reduce this risk to a 
minimum level. When the relative speed between the 
approach ship A and guide ship B reaches approximately 
1.6 knots, a rudder on approach ship A is deflected (here 
more on port side) so that the approach ship A actually 
disengages itself from the parallel straight line 
configuration with the guide ship B. The 
UNREP/VERTREP maneuver shown on Figure 10 
resembles quite well a real life UNREP/VERTREP 
maneuver if it is going to be performed according to the 
US Navy replenishment rules (2), see Figures 2 and 3.  
 Both ships involved in the replenishment maneuver 
may experience following sea where the encounter 
frequency is low and multiple problems such as 
directional instability on both ships may arise. As a 
consequence of that, successful execution of planed 
UNREP/VERTREP operation may be questioned. 
Further, our theoretical model assumes non-small 
encounter frequencies.  
 
 
CONCLUSIONS 
 
 A theoretical study of overtaking maneuver in calm 
water and UNREP/VERTREP maneuver in regular 
incident waves between two ships of different size is 
presented.  
 A combined seakeeping and maneuvering problem is 
solved for the two ships by the two-time scale 
formulation by Skejic&Faltinsen (9, 10). The 
maneuvering system associated with the slowly varying 
time scale accounts for mean wave loads obtained from 
the seakeeping analysis. The estimates of the mean wave 
loads are carried out with the direct pressure integration 
method by Faltinsen et al. (20). The theory is not 
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applicable in case of short wave lengths relative to the 
ship(s’) length due to the relative motion formulation. 
When the wave length-to-ship(s’) length ratio λ/Li <≈ 0.5 
(i stands for the two different ships), the asymptotic 
theory by Faltinsen et al. (20) will give reliable 
prediction of the mean wave loads for the considered 
moderate Froude numbers and hull forms, 
Skejic&Faltinsen (9, 10). 
 The calm water hydrodynamic interaction loads 
between two ships are estimated with Newman-Tuck (3) 
far-field theory. This is also included when the two ships 
are in incident waves. It is numerically documented that 
the hydrodynamic interaction loads predicted by the 
above theory between two ships can lead to a collision 
situation.  
 Application of the ‘autopilot’ motion control module 
by Abkowitz et al. (5) and Berge (11) is demonstrated in 
the case of the overtaking maneuver in calm water and 
UNREP/VERTREP maneuver in regular incident waves 
where the hydrodynamic calm water interaction loads are 
superimposed on the mean second order wave loads. 
Without the ‘autopilot’ control module (‘experienced’ 
helmsmen and deck crews) UNREP/VERTREP 
operation in waves can not be accomplished.  
 Impact of the moderate or heavy weather where ships 
involved in an UNREP/VERTREP operation experience 
following wind (gust) and/or sea needs to be further 
investigated in order to achieve reliable and safer 
replenishment operation from a navigational point of 
view. 
 There is a need to experimentally validate the 
theoretical two-time scale model with the ‘autopilot’ 
motion control module for the influence of waves on 
maneuvering of two ships involved in the close 
overtaking/replenishment maneuver. 
 
 
REFERENCE 
 
1. Convention on the International Regulations for 

Preventing Collisions at Sea (COLREG), IMO, 1972,  
Available on Internet: 
http://www.imo.org/Conventions/mainframe.asp?topic
_id=260

2. Naval Warfare Publication, Underway Replenishment, 
NWP 4-01.4 (Formerly NWP 14 (Rev. E)), 
Department of the US Navy, 2004, 
Available on Internet: 
http://www.navystorekeeper.com/sk_master_reference
s.html, (NWP 4-01.4) 

3. Newman, J. N. & Tuck, E. O., ‘Hydrodynamic 
interaction between ships’, In Proc. of the 10th Symp. 
on Naval Hyd., Cambridge, Mass., USA, pp. 35-70, 
1974 

4. Yeung, R. W., ‘On the interaction of slender ships in 
shallow water’, J. Fluid Mech., 85, pp. 143-159, 1978 

5. Abkowitz, M. A., Ashe. G. M. & Fortson, R. M., 
‘Interaction effects of ships operating in proximity in 
deep and shallow water’, In Proc. of the 8th Symp. on 
Naval Hyd., Rome, Italy, pp. 671-691, 1970 

6. Dand, I. W., ‘Some aspects of maneuvering in 
collision situations in shallow water’, In Proc. of the 
10th Symp. on Naval Hyd., Cambridge, Mass., USA, pp. 
261-275, 1974 

7. Kijima, K. & Yasukava, H., ‘Manouvrability of ships 
in narrow waterway’, J. Soc. Naval Arch. of Japan, 
(23), pp. 25-37, 1985 

8. Wang, S., ‘Forces and moment on a moored vessel due 
to a passing ship’, J. Waterways and Harbours, 
Coastal Engng Div. Proc. A.S.C.E. (101) (WW3), pp. 
247-258, 1975 

9. Skejic, R. & Faltinsen, O.M., ’A Unified Seakeeping 
and Maneuvering analysis of a Monohull in Regular 
Incident Waves’, In Proc. of the 7th International 
Conference on Hyd., Ischia, Italy, (Vol. I), pp. 97-104, 
2006 

10.Skejic, R. & Faltinsen, O.M., ‘A unified seakeeping 
and maneuvering analysis of ships in regular waves’, 
J. of Marine Science and Technology – to be 
submitted, 2007 

11.Berge, S. P., ‘Nonlinear way-point tracking control 
and docking of ships’, PhD thesis. Department of 
Engineering Cybernetics, Norwegian University of 
Science and Technology, Trondheim, Norway, Report 
99-5-W, 1999 

12.Bailey, P. A., Price, W. G. & Temarel, P., ‘A unified 
mathematical model describing the maneuvering of a 
ship travelling in a seaway’, Trans. RINA (140), pp. 
131–149, 1997 

13.ITTC, 15th ITTC Proc., Part 2, 1978 
14.Newman, J. N., ‘The force and moment on a slender 

body of revolution moving near a wall’, David Taylor 
Model Basin, Hydromechanics Laboratory, 
Washington D.C., USA, Rep. 2127, 1965 

15.Newton, R. N., ‘Some notes on interaction effects 
between ships close aboard in deep water’, David 
Taylor Model Basin, Hydromechanics Laboratory, 
Washington D.C., USA, Rep. 1461, 1960 

16.Krishnankutty, P., ‘Estimation of Hydrodynamic 
Interaction Between Moored and Passing Ships’, 
Schipstechnic (CUSAT), 1991 

17.Ankudinov, V., Kaplan, P. & Jacobsen, B. K., 
‘Assessment and principal structure of the modular 
mathematical model for ship maneuverabilty 
prediction and real-time maneuvering simulations’, 
MARSIM’93, St. Johns, Newfoundland, 1993 

18.Det Norske Veritas, Hull Equipment and Safety, Part 
3, Chapter 3, Section 2, Høvik, Norway, 2005 

19.Brix, J., Maneuvering Technical Manual. Seehafen-
Verlag, 1993 

20.Faltinsen, O.M., Minsaas, K., Liapis, N. & Skjørdal, 
S.O., ‘Prediction of resistance and propulsion of a ship 
in a seaway’, In Proc. of the 13th Symp. on Naval 
Hyd., Tokyo, Japan, pp. 505-529, 1980 

21.Söding, H., ‘Prediction of ship steering capabilities’, 
Schiffstechnik, (29), pp. 3-29, 1982 

22.Salvesen, N., Tuck, E.O. & Faltinsen, O.M., ‘Ship 
motions and sea loads’, SNAME, (78), pp. 250-287, 
1970 

 

 
 

Session A 218

http://www.imo.org/Conventions/mainframe.asp?topic_id=260
http://www.imo.org/Conventions/mainframe.asp?topic_id=260
http://www.navystorekeeper.com/sk_master_references.html
http://www.navystorekeeper.com/sk_master_references.html

