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Foreword 
Subject of experiments is to determine aerodynamic drag coefficients with the help of 
ship models, the loads on which are measured exposing them to flow in the wind tunnel. 
These models have different draughts and loading conditions. 

The present report summarises the results of systematic model experiments and 
performed calculations referring to the resistance of ships in longitudinal and transverse 
directions caused by wind loads from different directions. 

The growth of knowledge is the basis for determining loads on fixed berths for vessels 
such as Dolphin mooring post, posts, bollards or quays. 
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List of symbols (Notations, co-ordinate systems, points of reference) 

β = Angle of incident flow 

ρL = Density of air 

νs = Flow velocity 

Fx, FxW  = Force in the direction of the x-axis in the balance-fixed co-ordinate system 

Fy, FyW = Force in the direction of the y-axis in the balance-fixed co-ordinate system 

Fz, FzW = Force in the direction of the z-axis in the balance-fixed co-ordinate system 

Mx, MxW  = Moment around the x-axis in the balance-fixed co-ordinate system 

My, MyW = Moment around the y-axis in the balance-fixed co-ordinate system 

Mz, MzW = Moment around the z-axis in the balance-fixed co-ordinate system 

Loa = Length over all 

d = Characteristic length for determining the Reynolds number 

°C = Degree Celsius 

K = Kelvin 

Re = Reynolds number 

Bft = Beaufort wind force 

ηL = Dynamic viscosity of air 

pdyn = Dynamic air pressure 

FxS = Force in the direction of the x-axis of the co-ordinate system of the ship model 

FyS = Force in the direction of the y-axis of the co-ordinate system of the ship model 

CFxS = Force coefficient of FxS related to the draught specific lateral plane 

 

CFyS = Force coefficient of FyS related to the draught specific lateral plane 

CFxSnorm = Force coefficient of FxS related to the normalised lateral plane 

CFySnorm = Force coefficient of FyS related to the normalised lateral plane 

CFxS_AF, = Force coefficient of FxS related to the draught specific frontal plane 

CFxS_AF,norm = Force coefficient of FxS related to the normalised frontal plane 

MxS = (Roll) Moment around the x-axis in the co-ordinate system of the ship model 

MyS = (Pitching) Moment around the y-axis in the co-ordinate system of the model 

MzS = (Yawing) Moment around the z-axis in the co-ordinate system of the ship 

model 

CMxS = Moment coefficient of MxS related to the draught specific lateral plane 

CMxSnorm = Moment coefficient of MxS related to the normalised lateral plane 

CMyS = Moment coefficient of MyS, related to the draught specific lateral plane 

CMzS = Moment coefficient of MzS, related to the draught specific lateral plane 

CMzSnorm = Moment coefficient of MzS, related to the normalised lateral plane 

AL = Projected lateral plane 

AF = Projected frontal plane 

An = Arbitrary reference plane 

L = Lever arm 

Ln = Arbitrary distance as lever arm 
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Co-ordinate system ‘balance’ 

 
                                                                                       a=352 mm 

 
Fig. 1: Installed state and co-ordinate system of the 6-component.balance in the wind tunnel 

 

 

1.  Introduction (Remarks on the task, motivation) 

Investigations have been focused on the quantitative evaluation of different 

arrangements of constructions onboard ships and various loading configurations of 

ships at two different draughts with regard to their flow resistance. Measurements with 

models have been performed in a Göttingen-type wind tunnel in order to keep the cost 

of investigations down. The comparability of the results while exposing models or large-

scale objects to flow is given by the Reynolds' law of similitude. 

The present report summarises results of systematic measurements applying various 

model configurations. 

The studies are a prerequisite for the evaluation and dimensioning of permanent berths 

for ships, such as Dolphins, piles, bollards or quays. 

 

 

 

 

 

 

 

a=352 mm
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2.  Preparation of experiments 

2.1 Modelling 

2.1.1   Physical model 

The physical model for the experiments consisted of two milled ship’s hulls according to 
a specified design for the two different draughts.  
 

The model scale was determined to be 1:500 from comparative calculations according 
to Reynolds for the desired Reynolds numbers between 1.5 x 106 and 3.5 x 106 as 
given in the task (Table 1). This resulted in a model length of about 800 mm, which very 
well fits in the central plane of the wind tunnel flow of about 1m x 1m.  
 

Table 1: Determination of model data applying Reynolds similitude 

Positions Symbol Dimensional 
unit 

Original Model  

    data 1 : 500 

Characteristical length (here Loa) d [m] 400 0,8 

Air density at 15°C (1,204 at 20°C)  ρL [kg/m³] 1,225 1,225 

Dynamic viscosity of air at 288 K ηL [kg/ms] 1,78E-05 1,78E-05 

Wind speed_1       (3 Bft) vS_1 [m/s] 5 27 

Wind speed_2       (5 Bft) vS_2 [m/s] 9 38 

Wind speed_3       (8 Bft) vS_3 [m/s] 19 49 

Wind speed_4      (10 Bft) vS_4 [m/s] 27 60 

  Re = vS*ρL*d / ηL 

for wind speed_1 Re_1 [ - ] 1,38E+08 1,49E+06 

for wind speed_2 Re_2 [ - ] 2,48E+08 2,10E+06 

for wind speed_3 Re_3 [ - ] 5,24E+08 2,70E+06 

for wind speed _4 Re_4 [ - ] 7,45E+08 3,31E+06 

 

With the determined model scale the reference measurements taken from the given 
design file have been converted to the model scale (Appendix 1). This applies to the 
plane details of the projected lateral and frontal surfaces with their centres of gravity and 
distance measurements between the reference points or surfaces.   

Thus the transformation of the co-ordinate system and the calculations of forces and 
moments and their coefficients in Section 2.1.2 Mathematical modelling has been made 
possible. 

 

2.1.2   Mathematical modelling 

A paper by Blendermann [1] served as the basis for mathematical modelling. According 

to the calculation method described, the following derivations were made without 

considering the ship’s speed because the model had been exposed to flow in the wind 
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tunnel in still condition. Thus the apparent wind was equal to the true wind and the 

angles of initial flow were the same. 

After measurements performed with the 6-component balance and the turntable and 

owing to the wind tunnel control data, the following data are available for each 

measurement: 

- the angle of initial flow β 

- the density of air ρL 

- the flow velocity νs 

- the forces in the balance-fixed co-ordinate system FxW and FyW and  

- the moments MxW, MyW   and MzW 

These forces and moments are defined for the so-called balance-fixed or flow-fixed 

reference system and FxW coincides with flow direction and FyW and FzW are 

perpendicular horizontal or vertical to flow direction according to the Cartesian co-

ordinate system (Fig.2). For further considerations the force FzW in z-direction is not 

relevant according to the statements in [1]. The moments MxW, MyW and MzW around 

the axes x, y, z are as shown in Fig. 3. 

            

 

                

 
Fig. 2 Transformation of forces from the 

balance-fixed co-ordinate system to 

the ship-fixed co-ordinate system  

Fig. 3 Transformation of moments from the 

balance-fixed co-ordinate system to the 

ship-fixed co-ordinate system 
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The reference point for the determined force components in the balance-fixed co-

ordinate system is the intersection of centre-line plane (MS) ,half the overall ship’s 

length (Loa/2) and the respective water line (WL). This point is also the origin of the 

ship-fixed co-ordinate system, for which the forces are transformed according to the 

equations  

FxS = - [FxW · cos β + FyW · sin β]  (1) 

FyS = -FyW · cos β + FxW · sin β  (2) 

The corresponding coefficients CFxS und CFyS are obtained after dividing by the 

dynamic pressure pdyn = ρL/2 · νs² and multiplication by a reference surface AL . 

CFxS = FxS / ρL/2 · νs² · AL  (3) 

CFyS = FyS / ρL/2 · νs² · AL  (4) 

The reference surface AL is meant to be the lateral plane of the ship’s hull without 

loading and superstructures exclusively for the draught of 13 m.  

For otherwise specified arbitrary reference planes An   

CFxSn = CFxS · AL / An      und      CFySn = CFyS · AL / An                (5) 

These coefficients can be converted applying a factor resulting from the ratio of the 

above-mentioned plane AL to the specific plane  An .  

A selection of relevant plane information is given in Appendix 1. 

Modelling of the moment coefficients is done in the same way. 

According to the assignment of the moments and the direction, in Fig.3 the rolling 

moment MxS can be described by the equation  

MxS = - MxW · cos β + MyW · sin β (6) 

and the yawing moment MzS by 

MzS = - MzW . (7) 

The moment MyS around the y-axis characterising the pitching of the vessel is 

neglected for the present task. 

The moment coefficients CMxS and CMzS are obtained after dividing the rolling moment 

MxS or the yawing moment MzS , respectively, by the dynamic pressure pdyn = ρL/2 · νs² 

and multiplication by a reference surface AL  and the lever arm  L. 

CMxS = MxS / ρL/2 · νs² · AL · L (8) 

CMzS = MzS / ρL/2 · νs² · AL · L (9) 
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Analogous to the calculation of the forces according to the equations (3) and (4) the 

lateral plane of the ship's hull without loading and superstructures has been taken as 

reference plane AL for the draught of 13 m. For the lever arm L the length over all Loa 

has been taken.   

For otherwise specified, arbitrary reference planes An or lever arms Ln the coefficients 

can be adjusted by means of a factor for the plane specification by analogy with (5). 

CMxSn = CMxS · AL/An · Loa/Ln  and  CMySn = CMyS · AL/An · Loa/Ln    (10) 

A selection of relevant lengths is also listed in Appendix 1. 

 

2.2  Experimental set-up 

For the tests the following facilities and measuring and recording equipment have been 

used: 

- Large subsonic Göttingen-type wind tunnel with a nozzle diameter of 1.4 m x 1.4 

m and a working section length of 2.8 m (Fig. 3) for speeds of up to 62 m/s 

- 6-component balance with 6 force transducers as measuring devices and a 

multiphase-motor-driven turntable for measuring the forces acting on the models 

mounted on it in the three directions of the Cartesian co-ordinate system (Fig. 4)   

- MGCplus amplifier system with the program catman® for recording and 

processing of measured values gained from the different measuring devices of 

the experimental setup (Fig. 5 and 6) 

The experimental setup is shown in Figure 7, where the models are mounted on the 

vertical axis of the turntable. 

   

Fig. 3: Construction drawing of the Great subsonic wind tunnel with designation of 

subassemblies 
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Fig. 4: 

6-component balance with traction-

compression force transducers on DMS 

basis and turntable with stepping engine 

 

 

 

 
Fig. 5: Measuring amplifier system MGCplus and display work station with measuring program 

 

MGCplus Measuring program 

Turntable with axis for 

model mounting 

6-component balance 
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Fig. 6: Display presentation of the measuring program showing the behaviour of force and 

velocity measurements 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7: Arrangement of measuring facilities in the experimental setup (dimensions in mm) 

 

In this experimental setup the model has been positioned on the centre line of the wind 
tunnel, as seen in Fig. 8. 
 

FiFiFiFiFiFiFiFiFig. 6: Display y y y prprprpresentation o of the measuring prprprprprprprprprogogogogram showing g g g the behaviour ofof force and
velocicicicicicicicicicicicicicicicicicicicicitytytytytytytytyty m meaeaeaeaeaeaeaeaeaeaeaeaeaeaeaeaeaeaeasusususususususususususususususususususususususususususususususurererememementntntntntntntntntntntntntntntnts
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Fig.8: Model in the wind tunnel working section mounted on the axis of the turntable, on the 
left positioned at 0° related to flow, on the right positioned at 180° related to flow 

 

 

 

3.  Experimental program and execution 

The test program was based on the task in accordance with specifications, positions II-1 

and II-2. The required number of measurements in these positions was slightly 

supplemented with some more relevant measurements. In Appendix 2, the test program 

is shown in a table. The individual configurations regarding loading, draught and 

superstructures under investigation are documented in Appendix 5 by photographs. As 

examples two types of vessels are shown (Fig. 9 and 10). 

 

Fig. 9: Model of “Globe”, 10 m draught, fully loaded, in the position of 90° 
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Fig. 10: Model of “Emma”, 10 m draught, fully loaded, in the position of 90° 
 

The velocities of flow against the models have been selected according to the model 

data determination applying the Reynolds similarity shown in Table 1 and have been 

graded in accordance with the technical possibilities of the wind tunnel (Table 2). 
 
Table 2: Predefinition of the inflow velocities for the tests 

Position of specifi- Title for Flow velocity Reynolds no.  

cation of order measurements Symbol vs [m/s] Re [ - ] 

II-1 
Measuring 

series vs_M 40 2,21E+06 

II-2 Version_1 vs_V1 10 5,52E+05 

II-2 Version_2 vs_V2 25 1,38E+06 

II-2 Version_3 vs_V3 55 3,03E+06 

 

The procedure of measurements followed a fixed scheme, aiming at a high degree of 

objectification and repeatability of the measurements. 

For the initial state of each series of measurements, a fine adjustment of the model 

fixed in flow direction has been performed with respect to the flow velocity selected from 

Table 2 after zero adjustment and zero measurement. The purpose of this adjustment 

was to find an angle of initial flow with minimal transverse force FyW in order to be able 

to relate all following measurements with altering angles of initial flow to this equilibrium 

position. 

After these settings the test program has been carried out in accordance with Appendix 

2. According to the corresponding measuring program each measuring period 

amounted to 25 seconds with 50 single measurements per second. The data of these 

1250 measurements had been averaged to one mean value using the program 

catman®, this mean value had then been saved in a table as shown in Appendix 3. 

After each series of measurements, a baseline measurement was carried out in order to 

have a basis for compensation calculations, for example, at large temperature gradients 

influencing both the indicated and measured wind tunnel speed via environmental data. 
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4.  Results of the experimental investigations 

The results of all measurements are listed in Appendix 4 and are available as digital 

files. 

Summaries of all diagrams of results from each measuring series are used for this test 

report. Comparative schedules are produced, which allow an evaluation of the results.  

First the quality of the measuring series had been assessed by proving the measured 

forces, which act on the model mounted to the 6-component balance. These results are 

listed in Appendix 4 and corresponding diagrams are shown. 

 

4.1  Force coefficients 

The coefficients used in the graphical presentation according to the calculation method 

as in section 2.1.2 “Mathematical Modelling” resulted from coefficient calculations of 

measuring values. 

In Appendix 1 reference planes are given, which are possible or required for the 

creation of coefficients. Here also distances are indicated to be used as lever arms in 

the moment calculation. 

In Figs. 11 and 12 the graphs of coefficient calculations for the wind force coefficients 

CFxs (see Appendix 6 a and 6 b) and CFys (see Appendix 7a and 7b) are summarised.  

The following compilations are differentiated in scoring tables and corresponding 

diagrams in Appendix 5: 

 

- Both ships with the same loading condition at various draughts   

- Both ships with different loading conditions with the same draught 

- Each ship with different loading condition and different draught 

 

Furthermore diagrams from measurements with a model draught of 10 m are created, 

the data of which are normalised for a direct comparability with the lateral plane of the 

13 m draught as relation to the coefficient calculation. This has made comparisons 

clearer. The corresponding diagrams in the tables of Appendix 5 are marked by the 

indices "norm". 

Fig. 11 shows, that the qualitative behaviour of loading in ship’s longitudinal direction is 

similar for all configurations. 

 



                                         15 

   

 

 

Fig. 11: Normalised wind force coefficients for the force in x-direction of the ship models 

However there are differences with respect to the quantity of this load.  

Dependencies of the dimensions of the load and the freeboard clearly recognizable, 

with the loading condition corresponding to different types of vessel. Thus the wind 

force coefficients CFxs and CFys express a higher load for the press "Globe fully loaded" 

at both draughts than they do for "Emma fully loaded"; in light condition of ship this 

dependence significantly arises from the draught difference - the type of vessel plays a 

subordinate role. Also for the loading conditon"7Tiers" this dependence on draught is 

apparent. 

 

Fig. 12: Normalised wind force coefficients for the force in y-direction of the ship models 
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The effects, which are caused by the shape of the ship’s hull and the stowage 

arrangement, are documented by Fig. 13 with respect to a draught of 13 m. For a 

draught of 10 m the graphs look very similar. 

 

Fig. 13: Normalised wind force coefficients for various loading conditions according to ship type 

at the same draught 

 

The arrangement of the superstructures obviously has an influence on the transverse 

force (wind force coefficient CFyS), as seen in Fig. 14. Here a "saddle" is clearly seen in 

the apex of the Globe-graphs which can be explained by the separate arrangement of 

bridge construction and exhaust stack. 

 

Fig. 14: Normalised wind force coefficients for ship types without loading and with 

superstructures 
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For the longitudinal force coefficients CFxS_AF (see Appendix 8 a and 8 b) as shown in 

Fig. 15 the statements are also valid as they are for the wind force coefficient CFxS , as 

only the reference plane is different. 

 

 

Fig. 15: Normalised longitudinal force coefficients on the basis of the wind frontal plane 

 

The longitudinal force coefficient normalised for reasons of comparability refers to the 

wind frontal plane AF and to a draught of 13 m as all normalised coefficients do 

(independent of the actually measured draught). 

It is clearly visible, that the graphs summarised in Fig. 15 differ from the graphs of the 

wind force coefficient CFxS in the quantitative amount only. 

The tables and diagrams in Appendix 4 show another evaluation done on the basis of 

the lateral reference planes for the two different draughts and the indices "norm" are not 

used. 

 

4.2  Moment coefficients 

In Figs. 16 and 17, the graphs from the calculation of the yawing moment coefficients 

CMzs (see Annexes 9 and 9b) and the rolling moment coefficients CMxs (see 

Appendices 10 a and 10 b) are summarised. For these two coefficients a dependence 

on the loading condition is clearly evident. The influence affected by the draught is 

higher than the influence by the type of vessel, which is characterised here by the 

arrangement of superstructures. 
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Fig. 16: Normalised yawing moment coefficients for the ship models 

 

 

Fig. 17: Normalised rolling moment coefficients for the ship models 

 
 
4.3  Comparison of force coefficients at different Reynolds numbers 

In Appendix 11 the results of the influence comparison of different Reynolds numbers 

with the coefficients CFxS and CFyS are compared. These graphs were taken from 

Appendix 5 and had been summarised.  
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For a review of these diagrams one has to consider, that the closer the intersections of 

coefficients per angle of initial flow and Reynolds number are, the lower would be the 

influence of Reynolds numbers. These points are quite close for almost all 

measurements with the different model configurations, only the smallest Reynolds 

number is almost always accompanied by a relatively larger deviation. This is shown in 

Fig. 18. Here the basic position of the intersections is shown in relation to the angle of 

initial flow resulting from comparative measurements. 

Only for the configuration "Globe_10_full" a partially extraordinary distribution of 

intersections for the highest Reynolds number at 55 m/s can be seen in Appendix 11.  

However, this is not due to the measuring error caused by the angle of initial flow of 

about 164 ° instead of the usual 180 °, so that further examination would be required. 

And for the configuration "Globe_10_unladen" almost all points are matching so well, 

that a more intensive review of the results will be required as well. This is underlined by 

the abnormal position of the points for the Reynolds numbers referring to the test 

speeds of 55 m / s, 25 m / s and 10 m / s.  

 

 

 

Fig. 18: Example of the dependence of the wind force coefficients per angle of initial flow on the 

Reynolds number 

 

 

 

Angle of attack 150° 

Angle of attack 180° 

Angle of attack 90° 

Angle of attack 0° 

Angle of attack 30° 
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5.  Discussion of results and comparison with those from references 

The results of the tests give a plausible reasoning of the wind loads acting on a non-

powered ship at different wind directions. From the comparative measurements with 

different Reynolds numbers can also be concluded, that the measuring method and 

these special models used have been particularly suitable for the investigations.  

The deviations from the previously accepted considerations according to Blendermann 

[1] most likely result from the significant variations in the design features, in particular 

regarding ship size, loading conditions and arrangement of superstructures. This 

hypothesis is supported by the recent findings by Andersen [2], albeit for much smaller 

vessels than those considered in the experiments presented here. 

 

6.  Summary and outlook 

The task for the investigations to be performed had been fulfilled and the results 

increase the knowledge about wind load dependent motions and related forces of large 

container ships of 15,000 TEU and 19,000 TEU, in case they are in still condition. 

The influence of different geometries of ship’s hulls should be examined more in detail, 

as the flow is particularly influenced by the bow and stern shapes and thus 

corresponding loads will most probably have different effects. This should also be 

considered in further differentiated states of charge. 

Partial checks could be indicated referring to comparative measurements at various flow 

rates for assessing the measuring method with different Reynolds numbers. 
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Appendix 8 b:  Summary of normalised longitudinal force coefficients (ship’s 

resistance) for configuration variants 

Appendix 9 a:   Summary of the yaw moment coefficients depending on the draught 

for all configuration variants 

Appendix 9 b:  Summary of normalised yaw moment coefficients for configuration 

variants 

Appendix 10 a:  Summary of the roll moment coefficients depending on the draught 

Appendix 10 b:  Summary of normalised roll moment coefficients for configuration 

variants 

Appendix 11:  Comparisons of wind force coefficients versus Reynolds numbers 
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