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ABSTRACT

The main aim of this paper is to generate added resistance diagrams to be used for the prediction
of the increases in the frictional resistance coefficients and effective powers of ships due to the
use of a range of coating and biofouling conditions. For this reason, an in-house code was
developed based on the boundary layer similarity law analysis.

Roughness effects of a range of representative coating and fouling conditions on the frictional
resistances of flat plates across a large number of ship lengths were then predicted. Hence, an
extensive database of added frictional resistance coefficients was evaluated for varying ship
lengths, ship speeds and fouling conditions. The added resistance diagrams were then presented
from 10 m to 400 m ship lengths and from slow to high ship speeds for each surface condition.
Added resistances and powering penalties of different types of ships including DTMB 5415,
KCS, JBC and KVLCC2 were predicted using the generated diagrams.

Keywords: Hull Roughness and Biofouling, Added Resistance Diagrams, Ship Resistance
and Powering

1. INTRODUCTION

Roughness of a ship’s hull, which is often caused by marine coatings and biofouling, can
dramatically increase a ship’s frictional resistance and hence its fuel consumption and
greenhouse gas emissions. Due to its detrimental effects on ship efficiency and the marine
ecosystem, it is desirable to mitigate the accumulation of biofouling on ship hulls. Marine
coatings are prevalently used to keep hull surfaces clean and if applied with a proper cathodic
protection system also prevents corrosion (Tezdogan and Demirel, 2014)

Although several existing studies have investigated the coating roughness and hull fouling
effect on ship resistance and powering by conducting full-scale trials and measurements
(Corbett et al., 2011; Munk, 2006), the results include many uncertainties due to different
operational conditions, routes, human factors and so on, as can be seen from the literature.
Experimental, lab-scale studies, on the other hand, provide more reliable data since the
uncertainties can be estimated to a degree. Therefore, several experimental studies have been
devoted to investigating the roughness effect on skin friction. According to Schultz and Swain
(2000), the increase in the frictional resistance of surfaces covered with slime was surveyed by
conducting towing tests of flat plates by Benson et al. (1938), and by performing experiments
on cylinders, rotating disks and a model ship by Watanabe et al. (1969). Lewkowicz and Das
(1986) conducted towing tests of flat plates covered with artificial slime and the increase in the
frictional resistance due to artificial slime was found to be 18% (Schultz and Swain, 2000).
Loeb et al. (1984) conducted rotating disk experiments using disks covered with several
different types of microbial slimes. It was observed that microbial slime led to an increase of
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10% to 20% in the frictional resistance. Schultz and Swain (1999) investigated the effects of
biofilms and algae on the skin friction coefficients of flat plates using boundary layer
measurements. Swain et al. (2007) surveyed the fouling growth on different types of coatings
under static and dynamic conditions. Andrewartha et al. (2010) measured an increase of 99%
in the drag coefficients of test plates due to biofilms in a recirculating water tunnel. Schultz et
al. (2015) compared the frictional drag of test plates, in a fully turbulent flow channel, in
smooth condition and after dynamic exposure to diatomaceous biofilms up to 6 months. They
observed up to 70% increase in skin friction of the test plates due to biofilms. Recently, there
have been studies using replicated fouling geometries, which are recreated through casting, 3D
scanning and printing to investigate the effect of biofouling without introducing the real fouling
into experimental facilities. Monty et al. (2016) scanned light calcareous tubeworm fouling,
scaled and reproduced for wind-tunnel testing to determine the equivalent sand-grain
roughness, k. Using the obtained equivalent sand-grain roughness, they predicted a 23%
increase in the total resistance of a frigate due to the light calcareous fouling. Demirel et al.
(2017a) conducted a series of towing test using flat plates covered with 3D printed artificial
barnacle patches and observed a 119% increase in skin friction due to the barnacles of varying
sizes and coverages. Gowing et al. (2018) measured the drag of 3D printed panels of barnacles,
oysters and tubeworms of varying spatial density and size scales, and the levels of fouling
conditions were converted to the equivalent sand-grain roughness. Womack et al. (2018)
measured the boundary layer characteristics along with idealised model barnacles in shape of
truncated cones, and they found the equivalent sand-grain roughness height and skin friction
coefficients according to the densities of the model barnacles.

Although a large body of research has been devoted to assessing the effects of fouling on ship
resistance and powering, little effort has been made to classify fouling conditions and relate
them to full-scale ship frictional resistance.

A well-known similarity law scaling procedure of Granville (1958) can be used to predict the
effect of roughness on the frictional resistance of flat plates of ship lengths, provided that the
roughness function behaviour of such fouling is known (Schultz, 2007). This procedure can
also be used for fouled surfaces. Some examples of the use of this method are given by Schultz
(2002), Schultz (2004), Shapiro (2004), Schultz (2007), Flack and Schultz (2010), Schultz et
al. (2011), Demirel et al. (2013), Demirel (2015), Turan et al. (2016), Demirel et al. (2017) and
Song et al. (2019a). Schultz (2007) proposed a methodology to predict the effects of a range of
coating and biofouling conditions on ship frictional resistance, using his experimental data, by
means of the similarity law scaling procedure of Granville (1958).

Recently, with the rapid growth of computational power, the use of Computational Fluid
Dynamics (CFD) is also considered as an effective method to predict the roughness effect on
ship resistance (Atlar et al., 2019). Accordingly, there have been an increasing number of
studies utilising CFD simulations to predict the effect of marine coatings and biofouling on
ship resistance (Izaquirre-Alza et al., 2010; Demirel et al., 2014; Demirel et al., 2017b; Farkas
et al., 2018; Song et al., 2019a), and on the propeller performance (Owen et al., 2018; Song et
al., 2019b).

Although these studies clearly demonstrate the critical impact of surface fouling on ship
performances, it may be difficult for less experienced users to carry out such an analysis using
the aforementioned methodologies. Goal-based, simple added resistance diagrams to predict
the effect of biofouling on ship frictional resistance would, therefore, be of great benefit.

To the best of the authors’ knowledge, no specific added resistance diagram exists to predict
the roughness effects of coatings and biofouling on ship frictional resistance. The aim of the
present paper is, therefore, to fill this gap by generating such diagrams using an in-house code
based on the similarity law scaling procedure explained by Schultz (2007), for an extensive
range of ship lengths and ship speeds. This study may, therefore, be considered as an extension
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of the study presented in Schultz (2007). The proposed diagrams enable the prediction of the
added frictional resistance coefficients due to a range of biofouling conditions for different ship
lengths and speeds.

This paper is organised as follows: The similarity law scaling procedure is explained in detail
in Section 2. In Section 3, an extensive database of added resistance coefficients is generated,
and added resistance diagrams are plotted. In addition, powering predictions of ships are made
using the generated diagrams. Finally, the results of the study are discussed in Section 4, along
with recommendations for future avenues of research.

2. METHODOLOGY

2.1 Granville's boundary layer similarity law scaling
The prediction code was developed based on the similarity law scaling procedure proposed by
Granville (1958), which is explained in detail by Schultz (1998, 2007). Using this extrapolation
method, the effect of surface roughness on the frictional resistance of ships of arbitrary length
can be predicted, provided that the roughness function of the given surface is known.
Figure 1 graphically illustrates Granville's similarity law scaling procedure. The first step of
the procedure is plotting the frictional resistance coefficient of a flat plate, Crsmooth, against log
(Re). In this study, the Karman-Schoenherr friction line (Schoenherr, 1932) was used for
smooth friction lines, given as
0242 _ log(Re-C,.) (1)
e

where Re is the Reynolds number, Cr is the frictional drag coefficient. The second step is to
shift the Crsmooth curve by AU k[In(10)]! in the log (Re) direction. This new curve is referred
to as Crrough. The third step is to plot the line of the constant Lyt value, satisfying equation

2)

Re — Lplate+
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where « 1s the von Karman constant and Lplaeet 1s non-dimensional plate length and can be
defined by
L (lCUT
Ly == Q)
1%

where Lpiatc is the plate length, U, is the friction velocity defined as /7, /p , vis the kinematic

viscosity, 7 is the shear stress magnitude and p is the density of the fluid.

The fourth step is to shift the line of constant Lyt a distance of /og (Lship/Lplate) in the log
(Re) direction. This is then termed Lghipt. The intersection of Lshipt+ and Crrough gives the ship
scale Cr value. The difference between the evaluated Crrough Of the ship and the Crsmooth Of the
ship (which can be calculated using equation (1) for the same Reynolds number gives the added
resistance coefficient, ACr, of the ship due to roughness.

As seen from the above explanations, this procedure includes several numerical procedures
which may cause numerical errors, should this be done manually for each case. An in-house
numerical code, therefore, was developed in order to have a robust and fast solution.The inputs
of the said code are roughness height, roughness functions and corresponding roughness
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Reynolds numbers and the desired ship lengths. The code then calculates Cr values of ships for

a given roughness on their hull for several ship speeds (depending on the number of AU" and
k" pairs).
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Figure 1: Graphical illustration of Granville’s similarity law scaling

2.2 Roughness Functions and Fouling Conditions

Schultz and Flack (2007) determined the roughness functions for three dimensional rough
surfaces similar to those used by Shockling et al. (2006). Schultz (2007) proposed that the
roughness function behaviour of a range of fouling conditions follow the roughness functions
of Schultz and Flack (2007) and Shockling et al. (2006), based on his previous work presented
in Schultz (2004). This is a reasonable assumption since the roughness functions of real
surfaces are expected to show behaviour that is between the monotonic Colebrook and
inflectional Nikuradse type roughness functions, such as those presented by Schultz and Flack
(2007) and Shockling et al. (2006), as shown in Figure 2.

In addition, Schultz (2007) presented the equivalent sand roughness heights for a range of
coating and fouling conditions together with the NSTM (Naval Ships’ Technical Manual)
rating and average coating roughness (Rtso) based on his extensive experiments including
Schultz (2004) (Table 1).
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Figure 2: Roughness function vs roughness Reynolds numbers (Schultz, 2007).

Table 1: A range of representative coating and fouling conditions. (Schultz, 2007).

Description of condition NSTM rating* ks (um) Rtso (um)
Hydraulically smooth 0 0 0
surface
Typl.cal as applied AF 0 30 150
coating
Dfaterlorated coating or light 10-20 100 300
slime
Heavy slime 30 300 600
Small calcareous fouling or 40-60 1000 1000
weed
Medium calcareous fouling 70-80 3000 3000
Heavy calcareous fouling 90-100 10000 10000

*NSTM (2002)

The present predictions were made based on the assumptions that the given fouling conditions
can be represented by these roughness functions and roughness length scales. Schultz (2007)
validated these assumptions and this method by comparing his results with other studies such
as Hundley and Tate (1980) and Haslbeck and Bohlander (1992), documenting the effects of
coatings and biofouling on ship powering through full-scale trials.

3. PREDICTING THE ROUGHNESS EFFECTS OF BIOFOULING ON SHIP
RESISTANCE AND POWERING

3.1 Added Resistance Diagrams

The roughness functions and roughness Reynolds numbers given in the previous section were
employed in the code and predictions were made for varying fouling conditions and ship speeds
and for ship lengths from 10 m to 400 m with 10 m increments. The added resistance diagrams
were then generated using this database. For visual and practical convenience, only six cases
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are presented in this section, and the added resistance diagrams including all ship lengths can
be found in Appendix (Figure A.1-A.24).

The added resistance diagrams for flat plates representing a 20m yacht, a 60m research vessel,
a 140m navy surface combatant (DTMB 5415), a 230m containership (KCS), a 280m bulk
carrier (JBC) and a 320m tanker (KVLCC?2) are presented and discussed in this section. The
added resistance coefficients, ACr, due to a typical coating and different fouling conditions,
were plotted against the ship speeds. The diagrams are given separately for each surface
condition. These diagrams (Figure 3 - Figure 8) can be used directly to predict the added
resistance of the ships under the given fouling conditions.

1074 Typical as applied AF coating

4.5

4 6 8 10 12 14 16 18 20 22 24 26
Ship Speed (m/s)

Figure 3: Added resistance diagram for ships with a typical as applied AF coating.
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<104 Deteriorated coating or light slime

ACF
o

4 6 8 10 12 14 16 18 20 22 24 26
Ship Speed (m/s)

Figure 4: Added resistance diagram for ships with a deteriorated coating or light slime
condition.

1.6

«10°3 Heavy slime

4 6 8 10 12 14 16 18 20 22 24 26
Ship Speed (m/s)

Figure 5: Added resistance diagram for ships with heavy slime.
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2.4

%1073 Small calcareous fouling or weed

4 6 8 10 12 14 16 18 20 22 24 26
Ship Speed (m/s)

Figure 6: Added resistance diagram for ships with small calcareous fouling or weed.

3.5

« 103 Medium calcareous fouling

4 6 8 10 12 14 16 18 20 22 24 26
Ship Speed (m/s)

Figure 7: Added resistance diagram for ships with medium calcareous fouling.

Page | 8



%1073 Heavy calcareous fouling

4 6 8 10 12 14 16 18 20 22 24 26
Ship Speed (m/s)

Figure 8: Added resistance diagram for ships with heavy calcareous fouling.

It is evidently seen from the above diagrams that the added resistance values increase with
increasing ship speeds. More specifically, at low speeds, the rate of increase in the added
frictional resistance coefficients is higher than the rate at higher speeds. Interestingly, this
behaviour appears more clearly for the relatively smoother surfaces (e.g. typical as applied AF
coating condition) compared to the rougher surfaces (e.g. calcareous fouling conditions).

As expected, the effect of roughness on the frictional resistance of flat plates varies depending
on both the plate length and towing speed. For a given ship speed and surface roughness, a
shorter plate will be subjected to a greater degree of added resistance than a longer plate. This
observation suggests that the ratio between the roughness height and flat plate length is critical.
Interestingly, a lot of variation can be observed between the graphs of the different surface
roughness conditions. For example, looking at the surface with the lowest roughness (the as
applied AF coating), the added frictional resistance coefficient decreases markedly with
increasing plate length between 20 m and 140 m, but for plate lengths of greater than 140 m,
the decrease becomes much lower. This can be seen more clearly from the diagrams including
all ship lengths (10m to 400m), which can be found in Appendix (Figure A.1-A.24).

It is believed that these diagrams may serve as a simple prediction tool for naval architects and
may be used to increase the awareness and emphasise the importance of biofouling mitigation
on ship hulls, to ultimately enable more energy efficient ship operations.

3.2 Added Resistance and Effective Power of Ships

An increase in the frictional resistance would increase the required effective power, Pg, of a
ship, which is the necessary power to move a ship through water. Pk is related to the total
resistance, Rt, and ship speed, V, which is defined by equation (4).
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P,=RV C))

where

1
Ry == pSC,V’ 5)

where S is the wetted surface area, Cr is the total drag coefficient.
If we recall equation (5), we can then re-write equation (4) as

1
P, = 5 pSC,V’ (6
The increase in P due to the effect of fouling can be expressed by
C -C
%APE — T ,rough T ,smooth % 100 — ACF x 100 (7)
T ,smooth T ,smooth

similar to that used by Tezdogan et al. (2015). ACr is the added resistance due to surface
roughness and can be read from the diagrams given in the previous section. Ctsmooth On the
other hand, includes other resistance components and the evaluation of this is not the subject
of this study. Therefore, other sources were used to obtain the Crsmootn Values of ships. It is of
note that the current methodology does not take into account the roughness effect on other
resistance components (e.g. viscous pressure resistance and wave making resistance) other than
frictional resistance.

The predictions of the added effective powers of the six ships (yacht, research vessel, DTMB
5415, KCS, JBC and KVLCC2) were made using the generated diagrams (Figure 3 - Figure
8). The Cr, smooth Values were either taken from the literature directly (Day and Cooper, 2011),
extrapolated using the ITTC 1957 model-ship correlation line and the residuary resistance
coefficients (Cg, smooth) Obtained from experiments (Kim et al. 2011; NMRI 2015), or taken
from the report of the experiments that were performed earlier in the Kelvin Hydrodynamics
Laboratory at the University of Strathclyde. Table 2 shows the lengths of the ships and the
speeds used to predict the added effective power due to the fouling conditions.

Table 2: Lengths and speeds of the ships for the case study

IMOCA Training

Open 60— and DIMB ks JBC  KVLCC2
class research 5415
yacht vessel
Length (m) 20 60 140 230 280 320
Speed (m/s) 7.72 6.17 15.43 12.35 7.45 7.97

Table 3 and Table 4 illustrate the percentage increase in the frictional resistances and effective
powers of the ships, respectively, calculated using the ACr values obtained using the added
resistance diagrams. Figure 9 and 10 visualises the percentage increase in the frictional
resistance and effective powers.
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Table 3: The percentage increases in the frictional resistance (%ACr) due to the fouling

conditions
IMOCA Training
Open 60 and DTMB KVLCC
class  research 5415 KES IBC 2

Description of condition yacht vessel
Zﬁﬁagl as applied - AF - g0 3% 13% 9% 3% 4%
i)lier;e:orated coating or light 28% 229 35% 30% 21% 20%
Heavy slime 54% 46% 58% 51% 42% 43%
fvrél:(lll calcareous fouling or 95% 79% 92% 849, 74% 729
Medium calcareous fouling 143% 121% 132% 124% 105% 104%
Heavy calcareous fouling 221% 183% 194% 174% 155% 153%

Table 4: The percentage increases in the effective power (%APk) due to the fouling

conditions
IMOCA Training
Open 60 and DTMB KCS IBC  KVLCC?
class  research 5415

Description of condition yacht vessel
Typl‘cal as applied AF 20 1% 3% 6% 204 20,
coating
ls)lier‘ileélorated coating or light 1% 9% 9% 19% 12% 14%
Heavy slime 22% 19% 15% 33% 23% 29%
‘SVI;l:él calcareous fouling or 389% 329, 24% 549, 41% 499
Medium calcareous fouling 57% 50% 35% 80% 59% 71%
Heavy calcareous fouling 88% 75% 51% 113% 86% 104%
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Figure 9: The percentage increases in the frictional resistance (%AC¥) due to the fouling

conditions
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Medium calcareous fouling E Heavy calcareous fouling

Figure 10: The percentage increases in the effective power (%APk) due to the fouling
conditions

As shown in Table 3 and Figure 9, the increases in Cr of the ships due to the hull roughness of
a typical AF coating are relatively insignificant, whereas the increases in Cr due to biofouling
are predicted to be dramatic, which can lead to a drastic increase in the ship’sfuel consumption
and hence CO; emissions. Interestingly, the added resistance values due to the hull roughness
of a typical AF coating for the DTMB 5415 and the KCS are relatively large (13% and 9%,
respectively) compared to other ships under the same surface condition. This higher impact of
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the coating roughness on the added resistance of the DTMB 5415 and the KCS can be attributed
to their relatively high speed, as can be seen from Figure 3. This suggests that the choice of
proper coatings can be especially critical for high-speed ships. When it comes to the effect of
other fouling conditions, the percentage increase in the frictional resistance appeared to be
inversely proportional to the ship length, apart from the case of the DTMB 5415 which has a
relatively high increase in Cr due to its high design speed. Accordingly, the 20m-long yacht
showed the highest percentage increase in the frictional resistance (e.g. 54% due to heavy slime
and 221% due to heavy calcareous fouling).

Unlike the increases in Cr which showed a reversely proportional trend to the ship length, the
percentage increase in the effective power, Pg, showed a different result as shown in Figure 9
and Figure 10. Interestingly, the percentage increase in Pg for the commercial ships (KCS, JBC
and KVLCC?2) are rather high considering the relatively small increases in Cr for those ships.
This can be attributed to the fact that these commercial ships were designed to have less
residuary resistance coefficients, Cr, and hence the contributions of the frictional resistance in
the total resistance are relatively large. Accordingly, the increases in frictional resistance result
in a larger impact on the total resistance and thus the effective power for these commercial
vessels. The increases in P due to the surface conditions for the KCS, JBC and KVLCC2 were
predicted to be up to 113%, 86%, and 104%, respectively, under heavy calcareous fouling
condition.

4. DISCUSSION AND CONCLUSIONS

Firstly, an in-house prediction code based on the similarity law analysis of Granville (1958)
was developed to rapidly and accurately predict the effect of a given roughness on the frictional
resistance of full-scale ships with arbitrary lengths and speeds.

Predictions of the effect of a range of representative coating and biofouling conditions were
then made using the developed code. The roughness functions of such conditions were assumed
to follow the roughness function behaviours of the ones provided by Schultz and Flack (2007)
and the fouling conditions were assumed to be represented by the roughness length scales
proposed by Schultz (2007). These were employed in the aforementioned in-house code and,
using this approach, an extensive database of ACr as functions of fouling conditions, ship
lengths and ship speeds was generated. The added resistance diagrams were then generated
using this database. In their current state, these diagrams can be used to predict the effects of a
range of representative coating and fouling conditions defined by Schultz (2007). It is of note
that this approach assumes a homogenous distribution of fouling on a ship hull, which may not
necessarily be the case on real ship hulls. Therefore, additional results from further immersion
tests and experiments considering different types of fouling and their spatial distributions
would be beneficial to improve the diagrams. Having said that, the present diagrams may be
considered as a leap forward towards a universal model.

The diagrams have a key advantage in that they capture the complex hydrodynamic response
of fouling in simple curves which can be implemented in a spreadsheet or a tool for life-cycle
cost estimation. The main advantage of the proposed diagrams is that they directly enable the
use of surface conditions, ship length and ship speed, rather than having to use hydrodynamic
parameters. By using the diagrams, one can easily estimate the added resistance, and hence the
fuel penalty, of a ship for a particular fouling condition. Therefore, it becomes very practical
to calculate the effect of a range of representative coating and fouling conditions on frictional
resistance.

This paper not only proposes practical added resistance diagrams to predict fouling impact on
ship performance but also provides the algorithm of the prediction procedure showing how to
develop such diagrams using the available experimental data. This means that once future
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experimental data is available, the developed in-house code can be operated again and new
diagrams can be developed quickly and easily.

However, the added resistance diagrams presented in this study do not consider the roughness
effect on other resistance components (e.g. viscous pressure resistance and wave making
resistance) apart from the frictional resistance. Also, the frictional resistance was predicted
based on flat plate representations, and the increase in frictional resistance would not be the
same for a flat plate and a 3D ship hull. Another point to note is that the selected roughness
function model may not necessarily work for other surfaces as Candries and Atlar (2003) and
Schultz et al. (2015) discussed the lack of collapse of coated/fouled surfaces onto one equation.
It is recommended that the applicability of the roughness function model for different
coated/fouled surfaces should be investigated in the future.Further research is also
recommended in order to define the surfaces and roughness functions in more complex ways,
such as by considering the spatial distribution of fouling, or its percentage coverage on a hull.
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Appendix

6 X 107 Typical as applied AF coating

12 14 16 18 20 22 2
Ship Speed (m/s)

5
N
(2

Figure A. 1 Added resistance diagram for ships with a typical as applied AF coating
(L=10-100m, 10m increments)

«104 Typical as applied AF coating
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Figure A. 2 Added resistance diagram for ships with a typical as applied AF coating
(L=110-200m, 10m increments)
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«107 Typical as applied AF coating

4 6 8 10 12 14 16 18 20 22 24 26
Ship Speed (m/s)

Figure A. 3 Added resistance diagram for ships with a typical as applied AF coating
(L=210-300m, 10m increments)

25 & 10 Typical as applied AF coating
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Figure A. 4 Added resistance diagram for ships with a typical as applied AF coating
(L=310-400m, 10m increments)
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«107 Deteriorated coating or light slime
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Figure A. 5 Added resistance diagram for ships with a deteriorated coating or light
slime condition (L=10-100m, 10m increments)

65 % 10 Deteriorated coating or light slime

Ship Speed (m/s)

Figure A. 6 Added resistance diagram for ships with a deteriorated coating or light
slime condition (L=110-200m, 10m increments)
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«107 Deteriorated coating or light slime

55
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Figure A. 7 Added resistance diagram for ships with a deteriorated coating or light
slime condition (L=210-300m, 10m increments)

«104 Deteriorated coating or light slime
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Figure A. 8 Added resistance diagram for ships with a deteriorated coating or light
slime condition (L=310-400m, 10m increments)
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%1073 Heavy slime
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Figure A. 9 Added resistance diagram for ships with heavy slime condition (L=10-100m,
10m increments)

«1074 Heavy slime
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Figure A. 10 Added resistance diagram for ships with heavy slime condition (L=110-
200m, 10m increments)
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Heavy slime
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Figure A. 11 Added resistance diagram for ships with heavy slime condition (L=210-
300m, 10m increments)

Heavy slime

L=400m

Ship Speed (m/s)

Figure A. 12 Added resistance diagram for ships with heavy slime condition (L=310-
400m, 10m increments)
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%1073 Small calcareous fouling or weed
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Figure A. 13 Added resistance diagram for ships with small calcareous fouling or weed
(L=10-100m, 10m increments)

%1073 Small calcareous fouling or weed

Ship Speed (m/s)

Figure A. 14 Added resistance diagram for ships with small calcareous fouling or weed
(L=110-200m, 10m increments)
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1073 Small calcareous fouling or weed
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Figure A. 15 Added resistance diagram for ships with small calcareous fouling or weed
(L=210-300m, 10m increments)
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Figure A. 16 Added resistance diagram for ships with small calcareous fouling or weed
(L=310-400m, 10m increments)
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%1073 Medium calcareous fouling

Ship Speed (m/s)

Figure A. 17 Added resistance diagram for ships with medium calcareous fouling
(L=10-100m, 10m increments)

103 Medium calcareous fouling
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Figure A. 18 Added resistance diagram for ships with medium calcareous fouling or
weed (L=110-200m, 10m increments)
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1073 Medium calcareous fouling
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Figure A. 19 Added resistance diagram for ships with medium calcareous fouling or
weed (L=210-300m, 10m increments)

«1073 Medium calcareous fouling

1.35

1.25

4 6 8 10 12 14 16 18 20 22 24 26
Ship Speed (m/s)

Figure A. 20 Added resistance diagram for ships with medium calcareous fouling or
weed (L=310-400m, 10m increments)
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%1073 Heavy calcareous fouling

25

Ship Speed (m/s)

Figure A. 21 Added resistance diagram for ships with heavy calcareous fouling (L=10-
100m, 10m increments)

Heavy calcareous fouling

Ship Speed (m/s)

Figure A. 22 Added resistance diagram for ships with heavy calcareous fouling (L=110-
200m, 10m increments)
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g X 1073 Heavy calcareous fouling
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Figure A. 23 Added resistance diagram for ships with heavy calcareous fouling (L=210-
300m, 10m increments)

24

1073 Heavy calcareous fouling
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Figure A. 24 Added resistance diagram for ships with heavy calcareous fouling (L=310-
400m, 10m increments)
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