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Abstract. While operating the ship, one of the most important tasks is forecasting the ocean route. The 
vessel's speed characteristics are used to predict the route. Commonly used are very simplified 
algorithms for calculating those characteristics in which only a few basic ship parameters are used. The 
article presents a more detailed mathematical model for forecasting the speed of the ship in real weather 
conditions. This model requires more detailed geometric data of the ship and its propulsion (propeller and 
propulsion engine), but this data is available for operating ships. 
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INTRODUCTION 
When operating a ship, one of the most important tasks is to forecast the ocean route. When 
forecasting the ocean route, the most common criteria are (Wiśniewski, 1991): 

 minimization of the time voyage, 
 minimizing of the fuel consumption, 

 minimization of the fuel consumption with the prescribed time voyage. 
Regardless of which of these criteria is used, when navigating in particularly difficult weather 
conditions (storm waves and/or high wind speed, tropical cyclones), the safety of the ship, 
cargo and crew are also taken into account when forecasting the shipping route. 
Forecasting of ocean routes is performed by specialized institutions using appropriate 
computer systems for this purpose, such as: SPOS (Program SPOS, 2009) (Ship Performance 
Optimization System), BON VOYAGE (Bon Voyage System, 2016, Szymanski and 
Wisniewski, 2016). These systems use appropriate weather models, eg ECMWF (The 
European Centre for Medium – Range Weather Forecasts), UKMO (UK Meteorological Office), 
NCEP (American National Weather Service) (Wiśniewski et al., 2012) and algorithms for 
forecasting the shipping route. These algorithms use the speed and fuel characteristics of the 
ship, depending on the actual weather conditions occurring in the waters through which the 
shipping route runs. 
Vessel speed characteristics for given weather parameters can be calculated: 

 from algorithms included in programs for forecasting ocean routes, 
 algorithms developed on the basis of statistical analysis of a large number of 

measurements made on ships sailing on various oceanic routes in various weather 
conditions (Białostocki and Konovessis, 2016), 

 with accurate calculation algorithms verified on the basis of model tests or measurements 
on the ships. 

The algorithms, according to which velocity and fuel characteristics are not published in the 
mentioned systems (SPOS, BonVoyage), are probably very simple and not very precise, 
because a very small number of parameters characterizing the ship and the propulsion engine 
are used for calculations. Calculation of speed and fuel characteristics are performed for the 
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ships built, for which there is design documentation, results of experimental model tests, as 
well as results of trial tests. There is nothing to prevent these algorithms from being more 
accurate and using a larger number of the ship and propulsion parameters. 
The article presents its own mathematical model of calculating the speed of the ship on a 
given shipping route under given real weather conditions. 

 
IMPACT OF THE MARINE ENVIRONMENT ON A SHIP ON THE NAVIGATION LINE 
NAVIGATED 
During a cruise in real weather conditions on a given sailing route on the ship, apart from the 
resistance on calm water, there act additional forces from wind, waves and possibly from 
surface sea currents, Fig. 1. 
 

 
Fig. 1. An example of a shipping route and directions of the impact of the marine environment  

on the ship (𝑽𝑨 – wind speed, 𝑯𝑺 – significant height wave, 𝑽𝑪 – current speed) 

 
The total resistance of the ship in real weather conditions is equal: 

𝑅 = 𝑅 + ∆𝑅, (1) 

where: 

𝑅   ship resistance in calm water, 

∆𝑅  additional resistance of the ship from wind and wave and steering devices: 

∆𝑅 = 𝑅 + 𝑅 + 𝑅 + 𝑅 , (2) 

𝑅   additional resistance from surface currents, 

𝑅   additional resistance from the wind, 

𝑅   additional resistance from the waves, 

𝑅   additional resistance of e.g. steering devices (e.g. rudder fin), that keep vessel on a 
given course (disturbance of the course are also caused by the impact of wind and wave). 

 
Ship's resistance and additional impacts from surface sea currents 
The impact of surface sea current is the same phenomenon as the ship's resistance on calm 
𝑅  water. Hence the resultant impact of 𝑅  water and sea current considering the drift angle 𝛽 
of the ship can be calculated from the formulas: 

𝑅 =
1

2
𝜌 𝑆𝑉 𝐶 (𝛽 ), 

𝑅 = 𝜌 𝑆𝑉 𝐶 (𝛽 ), 

𝑀 = 𝜌 𝑆𝐿𝑉 𝐶 (𝛽 ), 

(3) 

where: 

𝜌   water density,  

𝑆  lateral projection of underwater ship hull surface onto ship’s plane of symmetry PS, 
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𝐿  ship length, 

𝐶 , 𝐶 , 𝐶   coefficients of resistance forces and moment, 

𝑉   relative speed of water (Fig. 2),  

𝛽   relative drift angle (Fig. 2):  

𝑉 = (𝑉 ) + (𝑉 ) , (4) 

𝛽 = 𝑎𝑟𝑐𝑡𝑔 , (5) 

𝑉 = 𝑉 − 𝑉 𝑐𝑜𝑠𝛽 , 
𝑉 = 𝑉 − 𝑉 𝑠𝑖𝑛𝛽 , 

(6) 

𝑉 = 𝑉𝑐𝑜𝑠𝛽, 𝑉 = 𝑉𝑠𝑖𝑛𝛽  absolute speed ship components, 

𝛽  drift angle at absolute speed,  

𝑉   surface sea current velocity,  

𝛽   sea current direction relative to the ship (Fig. 2), 

𝛽 = 𝛾 − 𝜓, (7) 

𝛾   geographical direction of surface current, (𝛾 = 0° northbound current, 𝛾 = 90° eastbound 
current),  

𝜓  geographical course of ship, (𝜓 = 0° northward course, 𝜓 = 90° eastward course). 
If the sea current velocity 𝑉 = 0 this equation (3) describes the ship's resistance on calm 
water 𝑅 . If the drift angle 𝛽 = 0 then the equation (3) only describes the longitudinal 
component 𝑅  of the resistance in rectilinear movement. 

 

 
Fig. 2. Parts of the total ship resistance Rx Ry Mz (water, wind, waves),  

course the of ship and direction of current, wind, waves 
 
Wind influence on the ship 
The mean wind forces acting on the sailing ship can be calculated by using the following 
formulas: 

𝑅 = −
1

2
𝜌 𝑆 𝑉 𝐶 (𝛽 ), 

𝑅 = 𝜌 𝑆 𝑉 𝐶 (𝛽 ), 

𝑀 = 𝜌 𝑆 𝐿𝑉 𝐶 (𝛽 ), 

(8) 

where: 
𝜌  – air density, 
𝑆 , 𝑆  – areas of front and side projections of above water part on the ship onto midship and 

symmetry plane of the ship, respectively, 
𝐿 – ship length,  
𝑉  – relative wind speed (Fig. 2), 
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𝐶 , 𝐶 , 𝐶 (𝛽 ) – aero-dynamical drag coefficients of the above-water part of the ship 

surface, dependent on the relative wind direction (𝛽 ), 
𝛽  – relative wind direction (Fig. 2). 

𝑉 = (𝑉 ) + (𝑉 ) , (9) 

𝑉 = 𝑉 𝑐𝑜𝑠𝛽 − 𝑉, 
𝑉 = 𝑉 𝑠𝑖𝑛𝛽 , 

(10) 

𝛽 = 𝛾 − 𝜓 + 180°, (11) 

𝛽  – wind direction relative to the ship (𝛽 = 0° wind from the stern of the ship, 𝛽 = 90° wind 
on LB ship), 

𝛽 = 𝑎𝑟𝑐𝑡𝑔
−𝑉

𝑉
, (12) 

𝑉  – wind speed, 

𝛾  – geographic wind direction, (𝛾 = 0° – north wind, 𝛾 = 90° – east wind), 
𝑉 – speed of the ship, 
𝜓 – geographical course of the ship. 
In the equations (8) and in Fig. 2, it was assumed that if the ship is going upwind, the wind is 
an additional resistance, if the wind is from the stern of the ship, then the effect of wind 
reduces the total resistance. 
 
Wave influence on the ship 
The average impact forces of an irregular wave (mean wave drift force) on a sailing vessel can 
be calculated from the formulas:  

𝑅 = 2𝜌 𝑔
𝐵

𝐿
𝐶

𝜔

𝛽
, 𝑉 𝑆 (𝜔)d𝜔, 

𝑅 = 2𝜌 𝑔 ∫ 𝐶 (𝜔/𝛽 , 𝑉) 𝑆 (𝜔)d𝜔, 

𝑀 = 2𝜌 𝑔𝐵 ∫ 𝐶 (𝜔/𝛽 , 𝑉) 𝑆 (𝜔)d𝜔, 

(13) 

where: 
𝜌  – water density, 
𝑔 – acceleration to gravity, 
𝐵 – ship breadth, 
𝐶 ,  𝐶 , 𝐶 (𝜔/𝛽 , 𝑉) – coefficients of regular-wave-generated drift force depending on the 

wave direction relative to the ship 𝛽 , and the ship speed 𝑉, 
𝜔 – regular wave frequency, 

𝛽  – wave direction relative to the ship (Fig. 2), 𝛽 = 0° wave reaching the stern of the ship 
(incoming wave), 𝛽 = 90° side wave (on LB), 

𝛽 = 𝜇 − 𝜓 + 180°, (14) 

𝜇 – geographical wave direction (𝜇 = 0° north wave, 𝜇 = 90°  east wave), 
𝑆 (𝜔) – wave energy spectral density function (dependent on the significant wave height 𝐻  

and mean period wave 𝑇 ). 
 
Additional the ship resistance due to passive rudder 
When the ship is sailing on the waves, especially when the ship is wind and wave obliquely, 
lateral forces and moments are created that force the course of the ship to change and a drift 
is created. To maintain a constant course, the rudder blade should be tilted (Fig. 3), which 
creates additional resistance 𝑅 . 
The forces on the rudder blade are the equations: 

𝑅 = |𝐹 sin𝛿 |, 
𝑅 = 𝑎 𝐹 cos𝛿 , 

𝑀 = 𝑎 𝐹 cos𝛿 , 
(15) 

where: 
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𝛿  – rudder angle (Fig. 3 – rudder angle at portside 𝛿 > 0, rudder angle at starboard  
𝛿 < 0), 
𝑎  – coefficient of hull influence on the rudder force 𝑅 , 

𝑎  – coefficient of hull influence on the rudder moment 𝑀  on the rudder, 

𝑎 = 𝑎 𝑥 , (16) 

𝑥  – distance of rudder axis measured from the ship mass centre 𝐺 (𝑥 < 0), 
FN – rudder normal force (Fig. 3), 

𝐹 = 𝜌
,

,
𝐴 𝑉 sin𝛼 , (17) 

𝜆 – rudder aspect ratio, 
𝐴  – rudder surface area, 
𝑉  – water inflow velocity to rudder (Fig. 3), 
𝛼  – effective rudder angle of attack (Fig. 3). 
 

 
Fig. 3. Forces and moment on the rudder blade, rudder angle and angle of attack 

 
As a result of the reactive rudder deflection, the moment 𝑀  is created from the force 𝑅  and 

to maintain the course of the ship, the moment on the rudder should have such a value as to 
balance the resultant torque from wind, wave and resistance (including the current) at the drift 
angle: 

𝑀 = −𝑀 , (18) 

where 𝑀  is the total moment from the marine environment (wind, wave and from the current 
or water when the ship is flying with drift angle): 

𝑀 = 𝑀 + 𝑀 + 𝑀 . (19) 

Therefore, the size of the rudder angle 𝛿  will be calculated from equation (18) for the current 
external moments acting on the ship from the marine environment (19). Knowing the current 
value of 𝛿  from the first equation (15), additional resistance will be calculated from the 
reactive rudder in given weather conditions. 
 
SHIP PROPULSION 
In order for a ship to reach a certain speed 𝑉, the thrust propeller 𝑇 must balance the total 
resistance of the ship 𝑅  to the weather conditions: 

𝑇 =
𝑅

1 − 𝑡
, (20) 

where 𝑡 is the suction coefficient (the value of the suction coefficient may depend on the 
vessel speed 𝑡(𝑉)). 
On the working screw, the torque 𝑄 is created: 
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𝑄 = 𝐾 𝜌 𝐷 𝑛 , (21) 

𝑛  – rotation speed of the propeller.  

Between the torque on the screw (21) and the power supplied to the screw cone (𝑃 ) is the 
following relationship: 

𝑃 = 𝑄 ∙ 2𝜋𝑛 , (22) 

between power 𝑃  and the power of the propulsion engine motor 𝑁: 

𝑁 =
∙ ∙

, (23) 

where: 
𝜂  – gearbox efficiency, if used, 
𝜂  – the efficiency of the shaft line, 
𝜂  – rotational "efficiency" (rotational "efficiency" may vary depending on the speed of the 
ship 𝜂 (𝑉)). 
 
THE SPEED OF THE SHIP ON THE OCEAN ROUTE IN REAL WEATHER CONDITIONS 
The movement of the ship along the ocean route has been described by the arrangement of 
three non-linear equations: 

𝑅 = 𝑅 + 𝑅 + 𝑅 + 𝑅 , 
𝑅 (𝑉) + 𝑅 (𝑉) + 𝑅 (𝑉, 𝛽) + 𝑅 (𝑉, 𝛽, 𝛿 ) = 0, 

𝑀 (𝑉) + 𝑀 (𝑉) + 𝑀 (𝑉, 𝛽) + 𝑀 (𝑉, 𝛽, 𝛿 ) = 0, 

(24) 

in which the individual components of forces 𝑅  and 𝑅  and moments 𝑀  are dependent on: 

 search speed 𝑉, 

 weather parameters (wind, current and wave), 
 ship's course 𝜓, drift angle 𝛽 and rudder angle 𝛿 , 

 geometric parameters characterizing of the ship. 
Then, the speed of the ship is sought, at which the total resistance of the ship will be balanced 
by the thrust propeller, and the moment on the propeller will in the field defined by the 
characteristics of the engine. The search speed of the ship in given weather conditions is 
calculated from the system of two successive nonlinear equations: 

[(𝐴 + 𝐴 ∙ 𝐽 + 𝐴 ∙ 𝐽 + 𝐴 ∙ 𝐽 ) + ∆𝐾 ]𝜌 𝐷 𝑛 𝛽 − = 0, 

(𝐵 + 𝐵 ∙ 𝐽 + 𝐵 ∙ 𝐽 + 𝐵 ∙ 𝐽 ) − ∆𝐾 −
∙ ∙ ∙

= 0, 
(25) 

where: 
𝐽 – advance coefficient, 

𝐽 =
[ ( )]

= 0, (26) 

𝐴 , 𝐴 , 𝐴 , 𝐴 , 𝐵 , 𝐵 , 𝐵 , 𝐵 , ∆𝐾 , ∆𝐾  – parameters specifying the characteristics of the propeller, 

e.g. (Oosterveld and van Oossanen, 1975), 
𝐷 , 𝑛  – diameter and revolutions of the propeller, 

𝑁 – power of the propulsion engine, 
𝛽  – correction factor taking into account the thrust drop at the ascent of the screw on the 
wave (Minsaas et al., 1986), 
𝜂 , 𝜂 , 𝜂  – respectively: transmission efficiency (if applicable), shaft line efficiency, rotational 
efficiency of the propeller. 
Systems of equations (24) and (25) are solved in an iterative manner so that for the calculated 
speed 𝑉, (Szelangiewicz and Żelazny, 2007), the working point of the engine lies in the field of 
work. When searching for speed 𝑉, you can use various additional criteria, eg minimum fuel 
consumption, maximum speed in given weather conditions (Białostocki and Konovessis, 
2016). 
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MODEL VERIFICATION AND CONCLUSIONS 

1. The presented mathematical model of ship speed forecasting in real weather conditions 
has been verified on the basis of experimental model tests. An example of the verification 
of resistance coefficients on calm water, taking into account the angle of drift (for the drift 
angle range that occurs during the voyage of a ship along the ocean route) is shown in 
Figure 4.  

 

 
Fig. 4. Ship resistance coefficients of a container ship (L = 140.14 m, B = 22.3 m, T = 8.25 m,  

 = 17290 m3) for speed V = 8.4 m/s during movement with drift angle,  
calculations according to (Voitkounski, 1985) 

 
2. The presented model of ship the speed forecasting requires knowledge of ship's geometric 

parameters and propulsion parameters (engine and propeller). For operated ships these 
data are available, and the effect of using this model is a more accurate forecast of the 
speed of the ship than in the case of using very simplified mathematical models. 

3. The next article will include the ship speed calculations in real weather conditions obtained 
from the presented model and compared with the results from the simplified models. 
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