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Uncertainties and Margins in the Ship 

Propulsion System Design Process 
 

Arthur Vrijdag, MSc, PhD, Damen Shipyards, the Netherlands 

Peter de Vos, MSc, Delft University of Technology, the Netherlands 
 

SYNOPSIS 
 

An important aspect for a new-built vessel is the contract speed. Not reaching the contract speed 

can lead to penalties for the shipbuilder and dissatisfaction for the customer, while an under-

predicted contract speed can lead to non-competitive design and a lower income for the 

shipbuilder. The performance of a new-built vessel is uncertain due to the uncertainties that are 

involved in the design of the ship and its propulsion installation. Another type of uncertainty is 

introduced during the full scale trial measurements at which the contract speed is to be 

demonstrated. This paper aims at quantification of the uncertainties that are involved in the 

predicted performance of a ship in terms of predicted trial ship speed. This is done by systematic 

analysis of the propagation of uncertainty from input (design) variables up to the predicted trial 

speed. An 80m, 22 kts Offshore Patrol Vessel is used as a case study. The effect of uncertainty 

reduction by means of model testing is analysed and discussed.  
 

INTRODUCTION 
 

In the various design iterations of a ship, the maximum ship speed needs to be predicted. The initial design 

iterations are relatively crude, and the further the design is matured, the more certain the predicted ship speed is. 

A very important aspect for both the shipbuilder and the (potential) customer is the contract speed, which is 

based on a prediction by the shipbuilder, combined with their appetite for risk balanced by potential reward. 

In general terms it can be said that the more effort is put into the prediction, the lower the uncertainty in the 

predicted ship speed will be. However, the amount of time and money that can be spent on making an accurate 

prediction is limited, and should be traded off against risk and reward.  

 

In this paper an uncertainty analysis is carried out with regards to the predicted ship powering performance in 

general and the predicted ship speed in particular. This analysis reveals how uncertainties in input variables such 

as resistance curve and wake fraction end up as uncertainties in output variables such as predicted maximum ship 

speed. A part of the analysis focuses on the sensitivities of output to input variations. This gives valuable 

information about which input parameters should be considered with extra care, while other parameter might 

have little effect on the output and therefore do not need special attention. 

 

The input uncertainty can be reduced by for instance carrying out model tests. The effect of such additional work 

is analysed. Whether model scale tests are required depends on the balance between risk and reward for both the 

shipbuilder and the customer. 
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OVERVIEW OF THE SHIP SPEED PREDICTION PROCESS 
 

This section gives a description of a typical ship speed prediction process. It is based on Klein Woud and 

Stapersma [1] and [2], who give a detailed description of the design process of a ship propulsion system. Some 

subtle differences however exist between the design of an installation and the analysis of a given installation. 

The latter case is considered here, implying that the gearbox ratio and propeller diameter are fixed and the engine 

has already been selected. This assumption is not a rule, but in general such choices have been made before the 

exact contract speed is to be defined.  

 

In terms of Figure 1, the analysis task is to find the predicted ship speed for a given installation. First of all the 

ship resistance curve is transformed to a propeller load by making use of the open water propeller diagram for 

the given nominal P/D ratio. Then, by making use of the given gearbox ratio, the propeller load is transformed to 

required brake engine power. Given the fact that at this stage the engine choice has often already been made, the 

available brake power and maximum engine speed are also known. The intersection of the propeller line with the 

engine envelope now gives the predicted ship speed. This predicted ship speed is however not guaranteed by the 

shipyard. Based on experience a “contract speed reduction factor” is applied by the shipyard to prevent a penalty 

in case the measured ship speed is slightly lower than the calculated value. The exact size of this ship speed 

reduction factor is determined based on experience and trust in the available input data. Due to a conservative 

approach, in most cases the ship will sail faster than the contract speed and no penalty is to be paid. 

 

 

Figure 1: Schematic ship propulsion train, reproduced from [1] 

 

 

From ship resistance to propeller load 

 

The ship resistance curve is the first input to the ship speed prediction process. Although in a general case the 

ship resistance curve does not need to be quadratic, by introducing a (not necessarily constant) coefficient 
1c  the 

resistance curve can always be described as: 
2

1 svcR   

Note that for reference the various variables used throughout this paper are described in the nomenclature section 

at the end. Introducing the wakefactor w  via )1( wvv sa  , thrust deduction factor t , and number of shafts 

pk  via TtkR p  )1(  , this can be written as : 
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The thrust coefficient required by the ship at the required ship speed can now be written as
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The "constant" c7 incorporates all influences that may disturb the propeller operation in real service. By plotting 

the relation 
2

7, JcK shipT   in the open water propeller diagram of the given P/D ratio, the intersection 

between 
shipTK ,

and the propeller 
TK -curves can be found. Besides the propeller thrust coefficient, the 

intersection point determines the propeller operating point in terms of advance ratio 
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In a design case, the specific propeller P/D ratio that gives the best propeller efficiency in the nominal operating 

condition can be selected. In the analysis case that is considered in this paper, the P/D ratio has been decided 

before and is a given. The intersection between the 
TK -curves of ship and propeller therefore directly defines 

the advance ratio J , from which the propeller rotation rate can be found by: 

sp vcn  3
 

where the constant 3c  is defined as: 
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As the title of this section indicates, the propeller load needs to be determined. Based on the propeller torque 

coefficient 
QK  as found from the intersection in the open water diagram, the open water torque Q  is determined 

by  
52DnKQ pQ   

The real propeller torque in behind conditions 
pM  is found by correcting for relative rotative efficiency 

R : 
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This gives the propeller torque in behind condition as: 
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The propeller power can now be written as: 
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The curve described by the latter two equations can be plotted in a 
pp nP  diagram, which in case of a CPP 

will show various propeller curves. Such a 
pp nP  diagram is often provided by propeller manufacturers, and 

may include transmission losses. Such shaft and gearbox related losses are however treated in the following 

section.  

 

From propeller load to brake engine power 

 

The propeller power 
pP  (note that total propeller power is given by

ppD PkP  ) as defined in the previous 

section needs to be delivered by the driving machine, allowing for transmission efficiency trm  (due to gear and 

shaft efficiencies) and possible Power Take Off (PTO). Taking into account the possibility of driving one single 

shaft with multiple identical diesel engines, the required brake power is: 
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where ek is the number of engines per shaft. In many cases this simplifies to 
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The obtained brake power should match the operating envelope of the driving engine. Typically the MCR point 

of an engine lies at higher rotation speed than required by the propeller, and therefore a reduction gearbox is 

introduced. In the analysis case the reduction ratio has already been decided. For reference it is defined as: 
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In the case that no PTO is present, the brake power can now be expressed in terms of propeller load and 

transmission efficiency (

trm

p

B

P
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 ). By combining this with the earlier defined relation between propeller load 

and shaft speed 
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speed as
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This relation can be used to plot the propeller operating line in the envelope of the driving machine. By plotting 

this propeller line in the envelope of the driving machine their intersection can be determined. The ship speed at 

this intersection is the predicted ship speed in trial conditions. The subject of this paper is the uncertainty in this 

predicted ship speed due to uncertainty in design parameters. This uncertainty is traditionally taken into account 

in the contract speed by application of a factor based on experience. In the next sections a more scientific 

approach is applied to estimate the uncertainty in the predicted ship speed. 

 

EFFECT OF UNCERTAINTY ON THE SHIP SPEED PREDICTION PROCESS 
 

The calculation process from resistance curve to required brake power was described in the previous sections. As 

was shown, this process depends on various known inputs that are certain (such as number of propellers 
pk and 
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 Note that the coefficients

2c , 5c  and 6c  are not used in this paper. This is a deliberate choice in order to match 

the notation used in [1]. 



 

number of engines per shaft ek ). At the same time various inputs have a degree of uncertainty, which in turn 

leads to uncertainty in the main output variable of interest: the predicted trial ship speed. Many input parameters 

carry some degree of uncertainty such as for instance the resistance data, the open water propeller curves and the 

propeller-hull interaction coefficients. Parameters like these can be based on shipyard experience, model basin 

resistance and self-propulsion measurements or potentially on CFD. Other examples of variables with some 

degree of uncertainty are the transmission efficiency and even the density of seawater. Note that for the case 

study considered in this paper, the gearbox reduction factor is considered as a given since this is chosen from a 

standard range. 

 

Both the certain and the uncertain variables are shown in Figure 2, which gives a high level overview of the ship 

speed prediction process. It could be argued that a perfect prediction can only be obtained if the input 

uncertainties are reduced to a minimum. If not,  a good prediction is a matter of chance. On the other hand one 

could argue that the effect of uncertainty is not that important because the effect of slight input variations on the 

final ship speed is not necessarily that large. 

 

 

Figure 2: High level ship speed prediction process 

 

 

Note that the P/D manipulation that is shown accounts for the fact that during the acceptance trial, the propeller 

pitch is manually adjusted to ensure that the propeller line intersects the engine envelope in the upper right hand 

corner. In case of fixed pitch propellers (FPPs) this possibility is not present. 

 

Further note that for this study the boundary of the speed prediction process is drawn such that the resistance 

curve is a given uncertain input. Another method would be to determine the uncertainty in R, based on all 

parameters that are input into the resistance prediction method (such as for instance the Holtrop and Mennen 

method [3], [4]), combined with the uncertainty of that method itself. Such an approach can be seen as an 

extension to the process as described here. 

 

The following sections aim at quantifying the uncertainty in predicted ship speed based on estimated input 

uncertainties in combination with derived output sensitivities. 

 

QUANTIFICATION OF UNCERTAINTIES 
 

The uncertainty in output variables can be quantified based on the following: 

 

Output sensitivity: In terms of the block diagram shown in Figure 3, the output sensitivities are expressed as 
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nominal values of input and output. This normalised presentation allows for a more intuitive interpretation, since 

it expresses the percentage of change in output based on a percentage change in input. 

 

Input uncertainty: The uncertainty in input variables can be quantified in various ways. Mostly a Gaussian 

(normal) distribution is assumed, which can be defined via its mean value x  and its standard deviation x . 

Other often-used ways of expressing the size of uncertainty are the variance 2

x  and the 95% interval, which 
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Figure 3: General blockdiagram with input x and output z 
 

By combining output sensitivities and input uncertainties via  
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the output uncertainties are obtained
3
. If the previously introduced normalised sensitivities and uncertainties are 

used, this equation changes to: 
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Another possible method to obtain the output uncertainties is via Monte Carlo Simulation (MCS). The principle 

of MCS is to calculate the output variables over and over again, while randomly picking the input values from 

their (not necessarily Gaussian) distributions. If this calculation is carried out enough times, the output 

distribution will be found. This method is however not used here since, although perhaps giving a more accurate 

numerical answer, it does not provide direct insight into the variables that play the biggest role during 

uncertainty propagation. In particular MCS does capture non-linear effects in the underlying mathematical 

model, while usage of 
x

z




 implicitly assumes a linear system so that theoretically the method is only exact for 

infinitesimal small input uncertainties. By systematic investigation it has been concluded that the ship propulsion 

system under consideration behaves closely to linear for reasonably sized variations of input parameters. 

The assumption of a Gaussian distribution of the various uncertain input parameters might not always hold if 

very detailed information on the actual distribution would be available. However, such detailed data is 

practically not available and estimation of non-Gaussian distributions seems difficult, even for subject matter 

experts. 

 

CASE STUDY 
 

To get a feeling for the uncertainty in predicted ship speed based on the uncertainty in the inputs, an offshore 

patrol vessel is analysed in a case study. The main particulars of this ship are listed in Table I.  

 

Table I: ship particulars 

Lwl 76 [m] 

B moulded 13 [m] 

Design draught moulded 3.6 [m] 

Displacement 1700 [t] 

Block coefficient 0.476 [-] 

Approximate ship speed 22 kts 

Propeller diameter 3 [m] 

Propulsion configuration Mechanical system, twin 

shaft.  

4080 bkW per shaft 

Gearbox reduction ratio 3.960:1 
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 This holds under the assumption that the input parameters ix  are mutually independent. 



 

Based on these and other particulars (such as the predicted resistance curve, t , w , and the transmission 

efficiency trm ) the propulsion system is analysed and by selection of the propeller pitch P/D, a situation is 

defined where the propeller operating line intersects the engine envelope exactly in the upper right corner. This 

intersection point corresponds to the speed that is predicted based on the nominal values of all uncertain inputs. 

This is visualised in Fig 4A. Note that this speed is traditionally corrected by a factor based on experience before 

it is guaranteed by the shipyard. 

 

 

A) 
 

B) 

 
C) 

 

Figure 4: Nominal system as intended by the designer. B)  A possible realisation of the uncertain system, 

still with design P/D value. C) Propeller line after adjustment of the nominal P/D during the sea trials 

 

 

Subsequently the ship is built, and the acceptance trial is held. During this trial the CPP specialist and the diesel 

engine specialist are on board to fine-tune their respective components of the propulsion train. Let us for now 

assume that the trial is taking place in ideal trial conditions, which in reality is almost never the case. Despite 

these ideal trial conditions, due to uncertainty in various input parameters, it is highly unlikely that the propeller 

line intersects the engine envelope exactly in the upper right corner.  One out of many possible propeller lines is 

visualised in Fig 4B. 

 

The CPP specialist (in cooperation with the diesel engine specialist) now starts to manipulate the nominal P/D 

setting to ensure that the propeller line does intersect the engine envelope exactly in the upper right corner. This 

is shown in Fig 4C.  The ship speed at which this intersection takes place is not equal to the intersection speed 

that was predicted based on nominal values of the uncertain inputs to the calculation process (as was shown in 

Fig 4A). The difference in the predicted and realised speed is the result of the difference between the system 

behaviour with nominal input values and the system behaviour with the actual realisation of the input values. 

The larger the uncertainties in input parameters are, the larger the uncertainty in ship speed during the trial is. 

The relation between input uncertainty and output uncertainty is considered in the following sections. 

 



 

Determination of sensitivities 

To determine the uncertainty in the output variables of interest, the normalised sensitivities 
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determined first. This is done by subsequent perturbation of the uncertain input parameters ix  in the 

mathematical model and then logging the resulting values of the uncertain outputs z, after which the sensitivities 

can be calculated. To reflect the actual method of fine-tuning during the trials, the sensitivities are determined 

under the condition that the propeller pitch is set such that the propeller operating line intersects the engine 

envelope in the upper right corner: 
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 This thus means that after perturbation of 

each input parameter, the P/D value is changed to achieve this. 

 

The normalised sensitivities of ship speed to perturbations in uncertain input parameters is visualised in Figure 5. 

The figure should be interpreted as follows: 

 

“A variation of +1% in (1-t) leads to a variation of +0.17% in ship speed (in the operating conditions under 

consideration, with the P/D value set such that the propeller operating line intersects the engine envelope in the 

upper right corner).” 

 

The figure further shows that ship speed is almost equally sensitive to variations in resistance, (1-t), (1-w), 
R , 

trm  , open water 
TK  data and open water QK  data. Other sensitivities are very low, and thus are of less 

importance in this case (unless the uncertainty is very high, which is not the case for 
sw and the propeller 

diameter 
pD  ). 

 

 

Figure 5: Sensitivities of ship speed  to input parameters 

 

 

Sensitivities such as shown in Figure 5 are determined for all outputs of interest. It might for instance be of 

interest to consider the operating point of the propeller in terms of the values of J , TK  and 
QK . The resulting 

uncertainties can for instance be used to express uncertainty in a cavitation prediction as is for instance shown in 

[6]. 

 



 

Input uncertainty estimation 

 

Estimation of input uncertainty is difficult. Detailed studies regarding the uncertainty of experimentally and 

computationally determined variables such as wake and ship resistance are available [7]. Such studies look into 

the uncertainty introduced by measurement equipment and measurement method. Another indication of 

uncertainty is given by CFD benchmark studies, where specific CFD codes are set to solve the same problem. 

The difference between the results of such CFD benchmark tests gives some idea of the uncertainty in the 

results. In this study it is chosen to base the input uncertainty on expert opinion. 

 

It is acknowledged that this approach could be improved if better data on input uncertainty would be available 

more easily. The input uncertainty is estimated in two cases:  

 Case 1 is the pre-model scale test situation, where input data is chosen based on experience with similar 

ships. This means that the input uncertainty is relatively high. 

 Case 2 is the post-model scale test situation. The uncertainty of certain input parameters is decreased by 

the experiment so that more certainty in the expected top speed is obtained. Note that some parameters 

uncertainties remain unchanged after the model tests. This for instance holds for the transmission efficiency trm . 

The estimated uncertainties in both cases are visualised in Figure 6. As an example the uncertainty in 

transmission efficiency is expressed as a standard deviation of 1.5% of the nominal value. For a nominal 

transmission efficiency of 0.95 this means that with 95% certainty the transmission efficiency (in the operating 

point under consideration) will lie between 0.92 and 0.98. 

 

Note that the uncertainty in propeller open water data is equal before and after the model tests. This is due to the 

assumption that no additional open water test were carried out, and that a stock propeller was used in the 

resistance and propulsion test. 

 

Figure 6: Input uncertainty estimations based on expert opinion 

 

Output uncertainty quantification 

 

The uncertainty in output variables is the result of the sensitivities of those variables in combination with the 

input uncertainties. For this case study the output uncertainties are shown in Figure 7. Note that the output 

variable “ship speed” that is of most interest for this study is shown as the left most variable. The figure shows 

that the pre-model test uncertainty in predicted ship speed (
sv )  equals 1.7%, which means that with 68% 



 

certainty the real ship speed will lie between %7.1 of the predicted ship speed. This is equivalent to stating 

with 95% certainty that the ship speed will lie between %4.3 of the predicted ship speed. For a predicted ship 

speed of around 21.8 kts, this means that the actual ship speed will lie in the interval  ktskts 5.221.21  (with 

95% certainty), as is illustrated in Figure 8. After model tests this 95% uncertainty interval is reduced to 

 ktskts 3.223.21 
 

 

Figure 7: Uncertainties in various output variables 

 

The uncertainty in propeller rpm, engine rpm and brake power is practically zero, which illustrates that the 

propeller operating line was forced through the upper right hand corner of the engine envelope. The uncertainty 

in P/D value is 2.5%, which indicates the variation that can be expected between predicted and actual pitch 

setting after fine-tuning in trial conditions. The open water propeller efficiency has a similar uncertainty. 

 

Model tests are carried out for more reasons than just decreasing uncertainty in maximum ship speed. However, 

since the focus in this paper is on prediction of ship speed, one can question whether in this particular case the 

model tests were worth the effort and cost. This question cannot be answered here, since the answer depends on 

the importance of “getting it right”. If the market is such that one could easily sell this vessel at a speed of 21 kts, 

resistance and propulsion tests don‟t seem to add significant value for this particular case. However, if the 

market is such that one needs to “sell” a higher top speed, the reduction of uncertainty by means of model tests 

soon becomes attractive. 

 

 

 



 

 

Figure 8: Detailed view of uncertainty in output "Ship speed" before model tests. Note that both the 68% 

and 95% uncertainty interval are shown. 

 

 

CONCLUSIONS AND RECOMMENDATIONS 
 

The speed that is to be stated in the contract depends on the appetite for risk by the shipbuilder. In this paper the 

relation between input uncertainty and risk is quantified in terms of an uncertainty interval for ship speed.  

The quantification of the uncertainties in input parameters remains a difficult issue, and therefore expert opinion 

is used in this paper. Better insight and understanding of the importance of uncertainty analysis will likely lead to 

more attention for the determination/ estimation of these input uncertainties. 

 

Despite the crude method of input parameter uncertainty estimation, the uncertainty analysis as carried out here 

gives some indication of the size of deviations that are to be expected between the real ship speed and the 

predicted ship speed. The effect of uncertainty reduction by means of carrying out model tests is estimated as 

well. 

 

Another important in-between result of the uncertainty analysis as carried out here is the graph showing the 

sensitivities. This graph helps to identify those parameters that require most attention during the design process. 

It is therefore recommended to carry out this uncertainty analysis for various types of vessels, and thereby get a 

feel for the sensitivities of the system. The analysis will be slightly different for ships with waterjets or FPPs. 

In the long run uncertainty analysis studies such as carried out here can help to determine sensible contract 

speeds of newly built vessels. 

 

ACRONYMS 
 

CFD  Computational Fluid Dynamics 

CPP  Controllable Pitch Propeller 

DE  Diesel Engine 

FPP  Fixed Pitch Propeller 

MCS  Monte Carlo Simulation 

OPV  Offshore Patrol Vessel 

OW data  Open water propeller data 

PTO  Power Take Off 
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NOMENCLATURE 
 

D  Propeller diameter 
g  Gravitational acceleration 

i  Gearbox ratio 

J  Advance ratio 

ek  Number of engines per shaft 

pk  Number of propellers 

QK  Torque coefficient 

TK  Thrust coefficient 

pM  Propeller torque 

en  Engine speed 

pn  Propeller speed 

atmp  Atmospheric pressure 

BP  Brake power 

DP
 

Total Propeller power 

eP  Effective power 

pP  Propeller power 

PTOP  PTO power 

vp  Vapour pressure of seawater 

DP /  Pitch ratio 

Q  Open water propeller torque 

R  Resistance 
t  Thrust deduction factor 

T  Thrust 

av  Advance speed 

sv  Ship speed 

w  Wake factor 
x  Input parameter 

z  Immersion of propeller/ output variable 

0  Open water propeller efficiency 



 

trm  Transmission efficiency 

R  Relative rotative efficiency 

  Seawater density 

n  Cavitation number 

x  Standard deviation of variable x 

x  Mean value of variable x 

 



 

 

 

 

 

 

 

 

 

 

 

 

 


