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ABSTRACT 
 
 
 

Quantification of Frictional Drag due to Biofouling on In-Service Ships 

by 

J. Travis Hunsucker 

 

Principal Advisor: Geoffrey Swain, Ph.D. 

 

The purpose of this research was to improve the quantification of frictional 

drag due to biofouling on in-service ships by advancing the knowledge and 

methodology used to study the interactions between fouling communities and 

the surrounding environment. This research examined the influence of 

hydrodynamic stress on the development and frictional drag of fouling 

communities that developed on a fouling release coating; investigated the 

reliability of using ship performance monitoring to detect changes in the hull 

and propeller condition; and evaluated the feasibility of developing a field 

deployable instrument capable of measuring the local frictional resistance on 

a ship hull in situ. 

 

It was found that there were differences in the fouling communities that 

developed under different hydrodynamic stress on the fouling release 
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coatings. The frictional drag, however, was more strongly influenced by 

differences in the coverage of fouling communities that developed on the 

individual panels rather than the condition of immersion (static vs dynamic).  

In these tests, the frictional drag of soft and low form fouling with different 

community structure were similar.  It is hypothesized that that there may be 

a more stepwise relationship between the biofouling structure and drag. 

 

The reliability of using ship performance monitoring to detect changes in the 

hull and propeller condition was examined using five years of data for two 

cruise ships of the same class.  Ship and metocean data were reduced to 

form a key performance indicator (KPI).  The resulting KPI detected changes 

in the hull and propeller condition similar to what were observed in the diver 

inspection reports and reported by the shipping company.  The KPI, however, 

needed to be averaged over a 60-day interval for consistent trends to be 

identified. The correction and filtering of ship power and speed using data 

from the ship and metocean models were insufficient to remove scatter in the 

KPI.   The limiting factor in reducing the time interval to average the KPI is 

the quality of the ship and metocean data, with the determination of speed 

having the largest influence on the KPI.   

 

The feasibility of developing a field deployable instrument capable of 

measuring the local frictional resistance on a ship hull in situ was examined. 
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The instrument measures the pressure gradient developed along a three-

sided channel affixed to a ship hull. A pump draws ambient seawater through 

the instrument with a flowmeter recording the flow rate. The pressure 

gradient, channel height and flow rate can be used to determine the local 

frictional drag coefficient. The recommended final dimensions and material 

for a field prototype are: channel length- 90 cm; channel height- 0.95 cm; 

channel width- 7.62 cm; distance from entrance to first tap- 19.0 cm; tap 

spacing- 50.0 cm; instrument material- acetal resin (Delrin®); gasket 

material- high-strength oil resistant Buna-N rubber strips.    
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1 Introduction 

The majority of the propulsion powering requirements for a displacement ship 

come from the need to overcome the frictional resistance between the hull 

and the water. The presence of biofouling and roughness increases this 

resistance, leading to an increase in power consumption and costs.  The 

overall cost of hull fouling for the entire US Navy Arleigh Burke destroyer 

class has been estimated to be $56 million per year (Schultz et al. 2011).  

 

Managing and identifying the causes and changes in resistance is a major 

challenge for ship owners and operators due to the many factors that 

determine both the powering and hull condition of a ship. The purpose of this 

research was to improve the understanding of the relationships between hull 

biofouling and frictional drag on in-service ships.  The approach was as 

follows: 

 Examine the effect of hydrodynamic conditions on the development 

of biofouling community structure and frictional drag. 

 Determine if ship performance monitoring can be used to reliably 

detect changes in the hull and propeller condition. 

 Examine the feasibility of developing an instrument to measure the 

local frictional drag on a ship hull in situ.  
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2 Background 

The power required to move a ship through the water at a given speed is a 

function of the total resistance and the efficiency of the propulsion unit to 

convert delivered power into thrust.  Biofouling and roughness increases the 

frictional resistance of the hull and reduces the efficiency of propellers to 

provide propulsion.  The focus of this dissertation is to better quantify the 

increase in resistance due to the presence of biofouling on in-service ships.   

 

2.1 Ship Resistance 

Ship resistance is generally described in terms of frictional and residuary 

resistance.  This nomenclature is based on the work of Froude (1868), who 

described the resistance of a model vessel as a function of “ordinary 

conditions of resistance” and an “excess” resistance due to wave genesis.   

Froude (1872) states that the ordinary conditions of resistance arise due to 

the friction between an immersed surface and moving fluid and is a function 

of the length, velocity and condition of the surface. During a similar period, 

Reynolds (1883) examined the fluid motion in pipes and observed that the 

fluid existed in either a streamline or sinuous motion (Jackson and Launder 

2007). He described this transition from laminar (streamline) to turbulent 
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(sinuous) flow as a function of a critical number that is the ratio of inertial and 

viscous forces.   

 

The two non-dimensional numbers that are used to scale ship resistance are 

named in recognition of Reynolds and Froude.  The frictional resistance 

scales to Reynolds number while the residuary term scales to the Froude 

number.   

 

The basic concepts developed by Reynolds and Froude have been used by 

researchers and naval architects to develop today’s methods for calculating 

the power required to move a ship.  The recommended method by the 

International Towing Tank Conference to calculate the resistance of a full 

scale ship is the ITTC Performance Prediction Method (ITTC 1978, ITTC 

2011a).  This method utilizes the results of model tests to calculate the total 

ship resistance coefficient (Equation 1).  The subscript “s” is indicative of full 

scale ship and “m” is the model scale 

 CTS = (1 + k1)CF + CR + ∆CF + CAA + CA (1) 

 

The frictional resistance coefficient (CF) of the ship is calculated using the 

ITTC 1957 model-ship correlation line shown in Equation 2. 

 
CF =

0.075

(log10 ReL − 2)2
 (2) 
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The residual resistance coefficient (CR) and the form factor (1+k1) can be 

determined using model tests defined by the ITTC standard procedure 7.5-

02-02-01. 

 CR = CTM − (1 + k1)CFM (3) 

 

The air resistance coefficient of a full scale ship (CAA) is a function of the 

transverse projected area of the ship above the waterline (AVS), wetted 

surface area (S) and the air resistance coefficient determined through wind 

tunnel tests (CDA).  The air resistance coefficient is determined through wind 

tunnel tests as a function of relative wind direction or taken as 0.8 as a default 

value (ITTC 2011a). 

 
CAA = CDA

ρAAVS

ρSS
 (4) 

 

The correlation allowance, CA, is used to account for all sources of 

discrepancy between the model and full scale results.  The ITTC (1990) 

recommended that the effect of coating roughness be separated from the 

correlation allowance with the modified equation for CA (Equation 5). 

   CA = (5.68 − 0.6 log ReL) ∗ 10−3 (5) 

 

The change in frictional resistance (ΔCF) due to hull roughness used in ITTC 

(2011a) was first proposed by Townsin et al. (1984) and has been agreed by 
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ITTC (2011b) as the best overall comparison between computed results and 

empirical correlations.   

 

∆CF = 0.044 [(
AHR

LWL
)

1
3

− 10ReL

−
1
3] + 1.25 ∗ 10−4 (6) 

 
 

The method recommends that the average hull roughness (AHR) be 

determined by averaging the mean hull roughness at 100 locations 

distributed around the hull (Townsin et al. 1981).  A mean hull roughness is 

determined as an average of 10-15 maximum peak to lowest trough values 

over a 50 mm sample length, Rt50 (Townsin et al. 1981).  Townsin (2003) 

found that Equation 6 agreed well with experimental data provided Rt50 

values were less than 230 μm.  An AHR of 150 μm is recommended by ITTC 

(2011a) if no hull roughness measurements are available. 

 

Changes in resistance due to biofouling are not explicitly accounted for in the 

revised ITTC (2011a).  Schultz (2007) amended the frictional coefficient term 

to include the effects of biofouling on the overall resistance.  His results 

utilized the methodology of Granville (1958, 1987) to scale experimental 

results to full scale ship data.  Granville’s (1958, 1987) methodology uses the 

downward shift of the non-dimensional velocity in the logarithmic region of 

the turbulent boundary layer, or roughness function (ΔU+), to estimate the 

frictional drag coefficient of a full scale ship. 
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2.2 Turbulent Boundary Layer 

Ships typically operate at high Reynolds number and therefore the boundary 

layer on a ship is assumed to be turbulent from the onset of the flow, as only 

portions very near the bow (< 1m) would have a possibility of being laminar.  

The thickness of the boundary layer (δ) is defined as the distance from the 

wall where the local velocity is 99% of the freestream velocity.   

 

The turbulent boundary layer can be divided into two main parts, the inner 

and outer region.  The logarithmic overlap layer occurs at the intersection of 

the inner and outer region. 

   

2.2.1 Inner Region 

The inner region is about 15% of the turbulent boundary layer thickness and 

is the region closest to the wall.  For a smooth wall turbulent boundary layer, 

this region consists of the linear sublayer, the buffer layer and the logarithmic 

layer.  Non-dimensional variables in the inner layer are labeled with a 

superscript ‘+’ sign.   Distances from the wall (y+) are non-dimensionalized 

by the viscous scale (𝜈 𝑢∗⁄ ). 

 y+ =
yu∗

ν
 (7) 

 

https://www.google.com/search?client=firefox-a&hs=aqu&rls=org.mozilla:en-US:official&q=nondimensionalized&spell=1&sa=X&ei=K96LUpn2Ceq0sQTvvoHgAQ&ved=0CCkQvwUoAA
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The viscous scale is a function of the kinematic viscosity and the friction 

velocity.  The velocity in the inner region is non-dimensionalized by the 

friction velocity (Equation 8).   

 

u∗ = √
τw

ρ
 (8) 

 

For locations in the linear sublayer where y+≤5, the non-dimensional velocity 

is equal to the non-dimensional length scale. 

 
U+ =

U

u∗
= 𝑦+ (9) 

 

 

2.2.2 Outer Region 

The largest region of the turbulent boundary layer is the outer region.   This 

region extends from the inner part of the logarithmic layer to the outer edge 

of the wake.  The length scales in this region are much larger than those of 

the inner region and are non-dimensionalized by the boundary layer 

thickness (δ).  The velocity profile in this region is commonly referred to as 

the velocity defect law and is a function of the non-dimensional length scale 

y/δ. 

 Ue − U

u∗
= g (

y

δ
) (10) 
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2.2.3 Overlap Layer 

The overlap or logarithmic layer is the region where the inner and outer region 

meet.  In a method first proposed by Millikan (1938) and shown in Tennekes 

and Lumley (1972), Equations 9 and 10 can be matched to form a logarithmic 

velocity distribution.  The velocity distributions in the overlap layer are 

expressed in Equations 11 and 12 and assumed valid only for large y+ or 

small y/δ respectively.  The resulting velocity distribution as a function of y+ 

is termed the log-law and is valid for smooth walls only (Equation 11).   

 
f(y+) = U+ =

1

κ
ln y+ + B1 (11) 

 
g (

y

δ
) =

Ue − U

u∗
= −

1

κ
ln (

y

δ
) + A (12) 

 

Where κ is the von Karman constant and B1 is the smooth wall log-law 

intercept.  The von Karman constant and smooth log-law intercept are 

assumed constant for a smooth flat plate and taken as 0.41 and 5.0 

respectively.   The term ‘A’ is the velocity defect intercept and is a function of 

the wake parameter and von Karman constant.    

   

2.2.4 Roughness Function 

The derivations of the normalized velocity profile assumed that the flow was 

bounded by a hydraulically smooth wall.  The presence of roughness acts to 

shift the normalized velocity profile in the log layer downward.  The resulting 
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downward shift in the velocity profile of the log layer is termed the roughness 

function (ΔU+).   

 
U+ =

1

κ
ln y+ + B1 − ∆U+(k+) (13) 

 
k+ =

ku∗

ν
 (14) 

 

Schlichting (1979) identifies three different regimes based on the roughness 

Reynolds number (ks
+): hydraulically smooth for ks

+ < 5; transitionally rough 

for 5 < ks
+< 70; and fully rough for ks

+ > 70.  The subscript ‘s’ is used to 

indicate the parameter for roughness height ‘k’ is the equivalent sand grain 

roughness.  The concept of equivalent sand grain roughness is based on the 

work of Nikuradse (1933) and will be elaborated upon in the following section. 

There is no universal equation describing the roughness function; rather, a 

number of different researchers have deduced a formula from experimental 

results and theoretical considerations.  

 

2.2.4.i Nikuradse  

Nikuradse (1933) is one of the first researchers to perform an in-depth study 

into flows over rough surfaces.  He studied the turbulent flow of fluids through 

rough pipes with varying roughness that he achieved by attaching sand 

grains to the inside walls.  Nikuradse (1933) demonstrated that a functionality 

existed between the relative roughness and the velocity for four different 
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regimes.  The regions approximately correspond to the hydraulically smooth, 

the transitionally rough and the fully rough regimes mentioned in the previous 

section.  The exception being that he divided the transitionally rough regimes 

into two different zones. 

 U+ = BN + AN log10

y

ks
 (15) 

  

3.55 ≤ ks
+ ≤ 7.08  BN = 6.59 + 3.5 log10 ks

+ 

7.08 ≤ ks
+ ≤ 14.12  BN = 9.58 

14.12 ≤ ks
+ ≤ 67.61  BN = 11.5 − 1.62 log10 ks

+ 

ks
+ ≥ 67.61  BN = 8.48 

AN=constant=5.75 

 

In an experimental method similar to that of Nikuradse (1933), Schlichting 

(1936) conducted experiments with other types of roughness.  Although 

questions have been raised about the accuracy of his results (Coleman et al. 

1984), Schlichting (1936) was the one to introduce the concept of equivalent 

sand grain roughness (ks).  This term is still in common use today and gives 

a measure of the frictional resistance of a surface in terms of the sand grain 

size used in Nikuradse’s work for the same frictional resistance. 
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2.2.4.ii Colebrook and White 

Colebrook and White (1937) compared the work of Nikuradse (1933) using 

artificial roughness to roughness that is more commonly encountered in 

industrial applications; such as the roughness associated with wrought iron, 

cast iron and galvanized steel.  This work would go on to be the basis of the 

Moody Diagram.  They found that in cases where the roughness was not 

uniform, a transition into the fully rough regime was delayed and in extreme 

cases, the flow would be in the transitionally rough regime over the entire 

working range.  They went on to conclude that the transition from a smooth 

to a fully rough regime is better characterized by the maximum roughness 

height, km.  They modified the roughness Reynolds number to take the 

following form based on maximum roughness height. 

 
k+ =

kmu∗

ν
 (16) 

 

 

2.2.4.iii Hama  

Hama (1954) found that the logarithmic velocity profile is universal for both 

the flat plate and experiments in pipes and channels.  He deduced an 

expression for the velocity distribution in the overlap layer as a function of the 

local frictional drag coefficient.   
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For smooth walls: 

 

Ue
+ = √

2

Cf
= 5.6 log10

Ueδ∗

ν
+ 4.3 (17) 

 

He arrived at this equation using the following relationships 

 Cf =
τw

1
2 ρUe

2
 

(18) 

 Ue
2

τw

ρ

=
2

Cf
 

(19) 

 

∴ √
2

Cf
=

Ue

u∗
= Ue

+ (20) 

 

He derived a relationship for the roughness function (∆U+) as function of the 

local frictional drag coefficients for the rough and smooth conditions taken at 

equivalent Reynolds number based on displacement thickness (Reδ*). 

 

ΔU+ = √
2

Cf
smooth

− √
2

Cf
rough

 (21) 

 

2.2.4.iv Uniform and Non-uniform Roughness Functions 

The work of these early authors are generally surmised into two different 

parameterized roughness functions: one for uniformly distributed roughness 

such as what is found in sandpaper and one for non-uniformly distributed 

roughness that is common to engineering types of surfaces.  Ligrani and 
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Moffat (1986) give an expression for the uniformly distributed roughness 

function that takes the following form.  This is often referred to as the 

Nikuradse-type of roughness function.  Where BN and B1 are taken as 

approximately 8.5 and 5.0 respectively. 

 
ΔU+ = [(

1

κ
) ln ks

+ − BN + B1] sin (
π

2
G) (22) 

 

Where, 

G= 0                          for hydraulically   smooth 

G= 
ln(

ks
+

ksmooth
+⁄ )

ln(
krough

+

ksmooth
+⁄ )

    for transitionally rough 

G= 1                           for fully rough 

 

Grigson (1992) gives an expression for the non-uniformly distributed 

roughness that is often termed the Colebrook-type of roughness function. 

 
ΔU+ = (

1

κ
) ln(k+ + 1) (23) 

 

These two functions have slopes that are equivalent to the inverse of the von 

Karman constant (κ-1) in the fully rough regime, but vary in how they approach 

the region (Figure 2-1). 
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Figure 2-1: Roughness functions describing uniform and non-uniformly 

distributed roughness. 

 

2.2.4.v Outer Layer Similarity 

The roughness function is of practical importance due to the concept of outer 

layer similarity, which was first proposed by Townsend (1976).  The outer 

layer similarity hypothesis states that the roughness effects on the mean flow 

are confined to the inner region at sufficiently high Reynolds number provided 

the roughness is small when compared to the boundary layer thickness.  

Numerous investigators have examined the range of relative roughness (k/δ) 

for the similarity hypothesis to be valid (Jiménez 2004, Flack et al. 2005, 

Connelly et al. 2006, Flack et al. 2007).  The results of Connelly et al. (2006) 

showed that the outer layer similarity was valid for all their test surfaces, 
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which covered the range 6 ≤ δ/ks ≤ 91 and 16 ≤ δ/k ≤ 110.  This indicates that 

the roughness function is solely sufficient to describe the effect of the 

roughness on the mean flow provided that the equivalent sand grain 

roughness is not greater than roughly 1/6th of the boundary layer thickness.  

The work of Flack et al. (2007) states that there does not appear to be a 

critical roughness value which will significantly alter all or most of the 

boundary layer; rather, as the roughness increases, the mean flow in the 

outer layer is gradually modified as the roughness sublayer begins to 

encompass more of the outer layer.  

 

2.3 Measurement of Frictional Drag 

Physical experimentation is required to determine the frictional drag, or wall 

shear stress, of a surface so that an equivalent sand grain roughness value 

and roughness function can be calculated.  The equivalent sand grain 

roughness is a result from the work of Nikuradse (1933) and according to 

Bradshaw (2000), serves as a common medium of exchange for reporting 

the frictional drag of rough surfaces.  Tavoularis (2005) outlines numerous 

methods to experimentally determine wall shear stress that include velocity 

profiles, pressure gradients, floating element balance, thermal techniques, 

electrochemical methods and optical techniques.   
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2.3.1 Hydrodynamic Test Facilities 

There are two major groups of hydrodynamic test facility that have been 

developed to measure friction drag:  water moving or surface moving.  Typical 

water moving test facilities include water tunnels, water flumes, or circular 

testing chambers as was used in this study.  Surface moving test facilities 

include tow tanks, rotating disks/cylinders and vessel-mounted 

instrumentation. 

 

2.3.1.i Water Moving Facility 

Water moving test facilities are generally closed circuit and can be sub-

divided into enclosed systems and those with a free surface (Tavoularis 

2005).  Enclosed systems are generally referred to as water tunnels. A 

cavitation tunnel is a type of closed system that can be pressurized to reduce 

the static pressure to facilitate cavitation.  Systems with a free surface are 

general referred to as water channels or flumes and are not typically used to 

measure frictional drag.   

 

The general arrangement of a water tunnel includes a pump that moves water 

through a testing circuit.  This is generally a closed system consisting of a 

settling tank, contraction, testing section, diffuser and flow management 

devices (Tavoularis 2005).  The focal point of a water tunnel is the test or 

working section where the measurements are made.  Considerable effort is 
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taken to develop the required flow in the test section.    The settling tank is a 

relatively low-speed region that has a much larger cross sectional area and 

is where the upstream disturbances are largely removed from the fluid.  The 

contraction is used to accelerate the fluid as it enters the testing section and 

to increase the uniformity of the flow.  Diffusers are used downstream of the 

testing section to gradually increase the cross sectional area of the flow to 

decrease the energy losses.   

 

Circular testing chambers are generally enclosed systems and are often used 

for long-term testing of fouling control coatings (Cawood 2009).  The general 

arrangement of a circular testing chamber is a cylindrical tank with surfaces 

placed around the edge.  A stirrer consisting of paddles or evenly spaced 

disks connected to a motor, rotate the fluid around the tank (Swain and 

Touzot 2008).  The surfaces on the edge of the tank can be instrumented to 

record the frictional drag or examined to determine coating wear rates and 

changes in surface properties.     

 

2.3.1.ii Surface Moving Test Facilities 

Tests utilizing surface moving facilities are performed in testing tanks or in 

natural bodies of water.  Tow tanks typically operate using a carriage system 

that tows the object along a finite length tank.  Instrumentation in the carriage 

records the forces and moments acting on the object as it is towed along a 
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track.  Rotating disk and cylinders are generally used in testing tanks or 

natural bodies of water to generate high shear stress comparable to those on 

a full scale ship.  They can have instrumentation on the shaft that can be 

used to determine the change in frictional drag by measuring the torque.  

Vessel-mounted instrumentation include floating element balances located in 

a moon pool or wet well (Swain et al. 2007) or a pitot-static tube used to 

determine the local frictional drag coefficient by measuring the velocity profile 

on a ship hull (Lewthwaite et al. 1985). 

 

2.4 Calculating Frictional Drag at Ship Scale 

The friction drag values measured in the test facilities are used to develop 

drag coefficients that can be applied to calculate ship scale resistance.  The 

drag measurements are first reduced to an equivalent sand grain roughness 

and then the Granville (1958, 1978) similarity method is used to calculate the 

full scale drag for individual ships. 

 

2.4.1 Determination of Equivalent Sand Grain Roughness 

Equivalent sand grain roughness and roughness function values can be 

experimentally determined using the process outlined below. 
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 The roughness function (∆U+) can be determined directly by 

measuring the velocity profile in the boundary layer or indirectly using 

one of the methods outlined by Granville (1987).  

 ∆U+ values are plotted against roughness Reynolds number (k+). 

 Roughness values (k) are then changed so that ∆U+ values 

determined from the experiment are shifted along the x-axis until they 

‘best fit’ atop the lines formed using Equation 22. 

 Resulting value of k that brings about the best fit is the equivalent sand 

grain roughness (ks). 

 

An expression from Schlichting (1979) can also be used to determine the 

equivalent sand grain roughness.   This equation is based upon the 

assumption that the flow is turbulent along the entire plate length “l” and is 

only valid for the fully rough regime where k+
s>70. 

 

CF = (1.89 + 1.62 log
l

ks
)

−2.5

 

for 102 < l
ks

⁄ <  106 

(24) 
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2.4.2 Granville Similarity Analysis 

Roughness functions and equivalent sand grain roughness values can be 

used to approximate the frictional drag of a full scale ship using a similarity 

analysis developed by Granville (1958, 1978).  This method assumes the 

frictional drag of a ship is equivalent to a flat plate of the same length and 

wetted surface area.  Furthermore, the validity of the Granville’s similarity 

analysis is implicit upon outer layer similarity previously discussed.   

 

Granville (1978) converted the ∆U+ values determined in a lab to a CF for a 

ship by considering the relation to be a function of two dimensionless ratios- 

the Reynolds number (ReL) and the relative roughness (LWL/k).  He 

demonstrated the functional form of the relationship using a graphical method 

depicted in Figure 2-2.  The process is as follows: 

1. Smooth CF values are plotted against the log of the Reynolds number 

(ReL) using the Schoenherr (1932) friction line extending from a Reynolds 

number in the lab to the Reynolds number of the ship.   

2. Another curve is drawn by displacing smooth CF values in the + log(ReL) 

direction by ∆U+/(ln(10)/κ).  This represents the rough surface. 

3. A line of constant L+ is then drawn using Equation 26. 

4. The line from step 3 is then displaced a value of log10(Lship/Lplate) in the + 

log(ReL) direction. 
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5. The intersection of the line from step 4 and the curve drawn from step 2 

is the ship scale CF. 

 
L+ = k+ (

LWL

k
) (25) 

 
ReL =

L+

√CF

2 (1 −
1
κ

√CF

2 )

 
(26) 

 

 

Figure 2-2: Graphical representation of Granville’s similarity analysis 

(Granville 1958, 1978) adapted from Schultz (2007). 
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2.5 Biofouling and Fouling Control Coatings 

Biofouling is a generic term referring to the growth of plants and animals on 

the surface of submerged objects.  Their presence on ship hulls causes a 

significant increase in drag and therefore fouling control methods have been 

developed to combat the problem. 

 

2.5.1 Biofouling 

The animal and plants that make up the fouling community are primarily 

comprised of the naturally occurring sessile organisms that occur in a 

particular ecoregion (WHOI 1952).   

 

The organisms are dispersed in the water column during the larval stage and 

through biological, chemical and physical processes settle on suitable 

substrates.  The biotic succession of a fouling community on a ship hull is 

influenced by a variety of factors including: type of fouling control coating, 

age of coating, geographical location, time of year, water temperature and 

operational schedule.   The typical biotic succession starts with a biofilm, 

which consists of bacteria and diatoms within the first week.  These are 

followed by algae and larger organisms such as encrusting bryozoans, 

barnacles and tubeworms (WHOI 1952) (Table 2-1).   
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Table 2-1: Fouling progression and size adapted from Swain (1984). 

Time Organism Illustration Size (mm) 

Minutes Organic Film   

Hours Bacterial Slimes 

 

0.001 to 

0.1 

Days Diatoms and 

Filamentous algae  

 

0.01 to 1 

Weeks Barnacles, 

Bryozoans, 

Tubeworms, 

Macroalgae 

 1 to 30 

Months Mussels, Oysters, 

Sponges 

 30 to 50 

 

Constant service ships with active fouling control coatings generally preclude 

the development of the larger fouling organisms on the hydrodynamically 

exposed areas. Fouling of these surfaces typically comprises biofilms and 

algae.  The algae are more abundant towards the waterline where there is 

more sunlight (Figure 2-3).  When present, macro fouling organisms such as 
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barnacles are generally sparsely distributed over damaged coatings or 

located in niche areas that are not exposed to constant hydrodynamic stress.  

The fouling of niche areas are important for trans-location of species and 

seawater intake management, but they do not pose a significant contribution 

to the hydrodynamic performance penalty associated with biofouling. 

 

 

Figure 2-3: Biofilm and green algae on a bow of an in-service ship. 

 

2.5.2 Drag of Biofilm 

Increases in the drag coefficient due to the presence of biofilms have been 

reported from 10%-100+% (Lewthwaite et al. 1985, Schultz and Swain 2000, 
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Schultz 2004, Andrewartha et al. 2010).  The increase in drag coefficient will 

largely be a function of the relative roughness, which is ratio of roughness 

heights to boundary layer thickness (k/δ).  Laboratory results will generally 

show larger increases in drag coefficients as the relative roughness (k/δ) is 

quite large, which is not necessarily the case on a full scale ship.  The 

consensus among most authors, more notably Watanabe et al. (1969), Loeb 

et al. (1984), Haslbeck and Bohlander (1992) and Schultz (2007), is that 

biofilms will increase the drag of a full scale ship between 10% and 20%. 

 

Biofilms are living communities and their structure and composition will 

change with time and according to the environmental conditions.  Stoodley 

et al. (2002) describes the complex structure of biofilms by characterizing 

them as elastic solids over the period of seconds and viscoelastic fluids over 

larger time scales.  He also states that these characteristics are also true 

when the biofilms are subjected to shear stress below and above the values 

they were grown in respectively (Stoodley et al. 1999).   

 

Zargiel and Swain (2014) noticed significant differences between biofilm 

communities subjected to static and dynamic conditions. The diatom 

communities subjected to dynamic conditions had higher densities and 

exhibited greater adhesion strength. Furthermore, Stoodley et al. (1999) 

indicated that the morphology of biofilms were different for the laminar and 
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turbulent flow regimes.  This would suggest that when studying the drag of 

diatoms for full scale ships and more generally biofilms, the environment in 

which the biofilms are developed will play a role in the community structure 

and the resulting frictional drag. 

 

The development of a biofouling community and resulting local drag 

coefficient was measured on the underside of the hull of a 23 m fleet tender 

over a two year period (Lewthwaite et al.1985). This was accomplished by 

measuring the boundary layer profile using a pitot tube.  They found an 80% 

increase in the local frictional drag coefficient from the clean surface that was 

mainly attributed to the formation of slime over the bottom of the hull.  The 

increase in resistance was not found to be linear, but rather a function of sea 

temperature.  Higher rates of increase in frictional drag occurred in the 

summer months, with little change occurring in the winter months when the 

sea temperature was below 10 ⁰C.   

 

Reporting frictional drag data in terms of the equivalent sand grain roughness 

allows researchers using different facilities and experimental methods a 

means by which to standardize the results. Schultz et al. (2015) were able to 

develop an effective roughness parameter (keff), which is a function of the 

biofilm thickness (kt) and coverage area.  The mean thickness of the biofilms 

used to develop Equation 27 ranged from 98-392 μm. The effective 
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roughness parameter shows great promise in determining the equivalent 

sand grain roughness of a biofilm covered panel from physical 

measurements.   

 
ks ≈ keff = 0.055kt(% biofilm coverage)

1
2⁄  (27) 

 

 

2.5.3 Fouling Control Coatings 

Coating technologies have been developed in an effort to maintain a smooth 

interface between the fluid and substrate by protecting the ship’s wetted 

surface against corrosion and fouling (van Londen 1969).  There are three 

main types of commercial coating designed to control fouling: biocide based, 

fouling release and hard coatings (Swain 1999).  The biocide based coatings 

are divided into self polishing, ablative and inert matrix.  They are designed 

to deliver toxins at the minimum rate necessary to prevent the organism from 

settling on the surface.  The fouling release coatings are typically silicone 

elastomers and control fouling by reducing the adhesion of fouling 

organisms.  Hydrodynamic forces remove the fouling organisms on the 

coating as the ship moves through the water.  Hard inert coatings do not have 

any properties designed to reduce fouling; rather, they are designed to 

withstand periodic cleanings to control the fouling.  
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Today’s fouling release and biocide based coatings are capable of limiting 

the settlement of macro fouling organisms on in-service ships, however, they 

do not prevent the settlement of the biofilms and algae (Swain and Lund 

2015).  These low-form organisms can increase the resistance of a full scale 

ship between 10% and 20% (Watanabe et al. 1969, Loeb et al. 1984, 

Haslbeck and Bohlander 1992, Schultz 2007).   

 

2.6 Full Scale Ship Drag Measurements 

Full scale ship drag measurements may be made by either towing a ship or 

by relating ship speed to propulsive power (WHOI 1952, Haslbeck and 

Bohlander 1992, Munk 2006).   

 

2.6.1 Powering Measurements 

The effective power (PE) of a ship is the power required to tow a ship at a 

specific speed (Molland et al. 2011).  This value is equivalent to the total 

resistance multiplied by the ship’s speed.   

 
PE = RTVS (28) 

 

The ship’s total resistance (RT) is generally divided into two major terms: 

residuary and frictional resistance.  The residuary resistance term is mainly 

a function of the wave making resistance and is not significantly affected by 
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the presence of biofouling on in-service ships.  The influence of fouling on 

the increase in frictional resistance is from the organisms increasing the 

momentum exchange between the ship and the surrounding environment.  

The determination of resistance for an in-service full scale ship is practically 

very challenging.  The majority of methods used to determine the change in 

hull and propeller condition rely on measurements of the vessel’s power and 

speed.   

 

The effective power of a ship can be determined by towing the ‘naked’ hull 

through the water at a particular speed, or by determination of the shaft or 

brake power.  The terms used to describe the power of a vessel at different 

locations in the driveline are generally defined by Carlton (2007) as follows:  

 Brake horsepower (PB)- power delivered at the output of the engine. 

 Shaft power (PS)- power available at the output of the gearbox, can be 

same as PB if no gearbox. 

 Delivered Power (PD)- power available at the propeller after bearing 

losses have been deducted. 

 

Biofouling not only affects the frictional resistance of a ship, but also the 

efficiency of the ship to convert delivered power from the engine (PD) into 

effective power (PE).  The ratio of the effective and delivered power (PE/PD) 

is termed the quasi-propulsive coefficient (ηD).  The quasi-propulsive 
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coefficient is not constant, but rather a function of the efficiency of the 

propeller and its interaction with the hull.   

 

The components of ηD are the open water efficiency of the propeller (η0), 

relative rotational efficiency (ηr) and the hull efficiency (ηh). All of which are a 

function of the hull and/or propeller condition.  

 PE = ηDPD (29) 

 ηD = η0ηrηh (30) 

 

Much of the early work in determining the effect of the hull fouling condition 

on the powering of ship was accomplished by directly measuring the effective 

power by towing the vessel through calm water without the propeller and 

determining the tension in the tow line (WHOI 1952).   

 

Speed and power trials have also been used to estimate the change in 

effective power due to fouling (WHOI 1952, Haslbeck and Bohlander 1992).  

This method is not in common practice due to the added costs of ship 

operations.   

 

Another approach is to continuously monitor ship power and speed data to 

determine the change in hull and propeller condition. The challenge with 

continuous monitoring is that the noise and scatter of the data preclude any 
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simplistic approach to continuously monitoring the hull and propeller 

performance.   

 

The noise of the powering data maybe reduced with the use of a single metric 

to describe the influence of the hull and propeller condition on the change in 

powering.  This metric, often termed a key performance indicator (KPI), 

provides a common currency in which the performance of the hull and 

propeller can be monitored.  The development of the KPI requires that the 

effects of hull and propeller condition be isolated from the other factors that 

influence the powering of a ship:   

 Environment- wind, weather, waves, current, temperature, salinity and 

depth. 

 Loading condition- draft, trim and operating speed. 

 

There are two general ways to isolate the effects of the hull and propeller 

from the other variables:  

1)  Statistics based approach that utilizes digital filtering to remove the 

fluctuations due to changes in the environment and loading condition. 

2)  Hydrodynamics based approach that uses a blend of semi-empirical 

and physics based models to calculate the effects of the environment 

and loading condition. 
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Both of these approaches can be used in conjunction to optimize the isolation 

of the hull and propeller condition from the other variables that influence the 

powering of a ship.  A statistical approach is needed to remove outliers and 

smooth the data over a sufficient time interval, while a hydrodynamics 

approach is needed to estimate the change in resistance due to the change 

in environmental factors and loading condition.  An additional challenge is 

that the change in loading conditions and environmental factors are 

estimated as changes in resistance, which need to be converted to the 

delivered power using ship velocity and the quasi-propulsive coefficient (ηD).  

The quasi-propulsive coefficient is also a function of hull and propeller 

condition and will change over time.  

 

2.6.2 In Situ Measurements of Local Frictional Drag on a Ship 

Hull 

The powering penalty associated with ship hull roughness and fouling can 

also be determined by measuring the local frictional drag in situ. This may be 

accomplished by directly measuring the boundary layer flow over the surface 

or by using instrumentation to determine the local frictional drag coefficient. 
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2.6.2.i In Situ Boundary Layer Measurements 

Lewthwaite et al. (1985) used a pitot-static tube with a through-hull fitting to 

calculate the local frictional drag coefficient on the underside of the RMAS 

Lamlash, a 23 m fleet tender.  They found an overall increase in Cf of about 

80% over a period of two years, which they mainly associated with the 

formation of heavy slime.  This type of in-service monitoring is rarely used 

due to the complexity and time commitment necessary to conduct the 

experiments on a periodic basis.  

 

2.6.2.ii Field Deployable Instruments 

Few published investigations have designed instrumentation to measure the 

local frictional drag on a ship hull due to roughness and fouling (Mittleman 

1979, Worley 1990). One of the first known attempts at such a device was 

from a patent by an engineer from the US Navy (Mittleman 1979).   He used 

two rotating disks in an attempt to measure the surface friction on a ship hull 

in situ.  The basic concept was that there were two parallel disks spaced 

along a common axis.  The face of only one disk was exposed to a layer a 

fluid in contact with the test surface.  Between the two disks was a torisionally 

resilient coupling.  This coupling allows one disk to be rotationally displaced.  

A motor turns the two disks.  The disk closest to the test surface would 

experience more drag and be rotationally displaced.  The measurement of 

the resulting phase lag would allow for suitable characterization of the 
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surface.  While the patent sufficiently described the concept, there was no 

additional information about this device in the literature. 

 

Worley (1990) developed a 76 cm long channel as part of his master’s thesis.  

He termed it the remote roughness analyzer (Remora).  He used a square 

conduit and pressure taps to calculate the change in head pressure due to 

frictional drag of immersed surfaces.  He was successful in developing a 

marinized prototype for field measurements, but lacked the accuracy needed 

to make meaningful measurements on a ship hull. 
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3 Influence of Hydrodynamic 

Stress on Biofouling 

Communities and Frictional Drag  

3.1 Introduction 

Biofilms and algae that foul in-service ship hulls significantly increase the 

frictional drag (Loeb et al. 1984, Lewthwaite et al. 1985, Haslbeck and 

Bohlander 1992, Schultz 2007).  The composition and morphology of these 

communities have also been shown to vary over different areas of a ship hull 

(Woods et al. 1986, Hunsucker et al. 2014) and when grown under static 

versus dynamic seawater immersion conditions (Zargiel and Swain 2014).  

The purpose of this research was to investigate the influence of 

hydrodynamic conditions on the development of a biofouling community and 

the resulting frictional drag.  The following hypotheses guided the research. 

 

1. The biofouling community composition is a function of the 

hydrodynamic conditions in which the community was developed. 

2. The frictional drag of a biofouling community is a function of the 

hydrodynamic conditions in which the community was developed. 
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3.2 Background 

It has been found that diatom species, abundance and distribution in biofilms 

that are present on the hulls of in-service ships are influenced by the coating 

type, the location and differences in the hydrodynamic shear stress that 

develop over the surface (Woods et al. 1986 and Hunsucker et al. 2014).  

Wall shear stress is known to vary along the length of the ship hull due to the 

transfer of momentum a ship imparts on the fluid through which it passes.  

The increase in momentum of the fluid in the direction of the ship’s velocity 

decreases the shear at the interface of the hull and the fluid. 

 

The relationship between biofilm and hydrodynamic shear stress has been 

investigated in the laboratory utilizing biofilms grown in reactors (Vieira et al. 

1993, Liu and Tay 2002, Simões et al. 2007, Rochex et al. 2008, Paul et al. 

2012).  The hydrodynamic shear stress was found to have a significant 

influence on the production of exopolysaccharides and structure of the biofilm 

(Liu and Tay 2002).  More generally, most of this research indicates that 

increasing the hydrodynamic shear stress increases the density and 

decreases the thickness of the biofilms.  A mature biofilm was found to be 

cohesively stratified, with a basal layer that is more dense and cohesive than 

the outer layers (Paul et al. 2012).  These results suggest that the 

hydrodynamic stress removes the outer layers of a biofilm but keeps a basal 

layer intact. 
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Similar results were found for marine biofilms that grew on anti-fouling and 

foul-release coatings exposed to dynamic conditions at an oceanic test site 

(Zargiel and Swain 2014).  Biofilms grown under dynamic conditions had 

higher adhesion and diatom abundance when compared with biofilms 

exposed to static conditions. 

 

The change in local drag coefficient was measured on the underside of a 23 

m fleet tender in the North Atlantic (Lewthwaite et al. 1985).  An 80% increase 

in Cf was observed due to the formation of a slime film over a two-year period.  

The rate of increase for the fouling and resulting local frictional drag 

coefficient was greater during the warmer summer months with very little 

change in fouling and local frictional coefficient observed during the winter 

months.  

 

 The frictional resistance of biofilms grown in turbulent pipe flow was 

measured over a period of approximately 100-130 hrs (Picologlou et al. 

1980). An induction period, where the biofilm thickness was less than the 

viscous sublayer thickness and the frictional drag did not increase, was 

observed during the first 30 hrs. Following the induction period, the biofilm 

thickness reached a critical value and a rapid increase in frictional drag was 

observed.   
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The frictional drag of test panels exposed to dynamic conditions for three and 

six months in a tank inoculated with diatoms identified by Hunsucker et al. 

(2014) as common fouling organisms amongst in-service ships were 

measured (Schultz et al. 2015).  It was observed that the biofilms developed 

under static conditions during a previous experiment (Schultz 2004) tended 

to be thicker with more uniform coverage than the biofilms from the dynamic 

exposure. The biofilms in their experiment were estimated to increase the 

required shaft horsepower of an Arleigh-Burke Class destroyer by 1.5% to 

10.1% at a cruising speed of 7.7 m/s (15 kts). 

   

This study investigated the difference in biofouling community structure that 

developed on test panels coated with a fouling release coating (Intersleek 

900) and immersed under static or dynamic conditions. The fouling 

progression and resulting frictional drag were measured over a period of 35 

days.  

 

3.3 Materials and Methods 

Three replicates of 10 x 20 cm test panels coated with IS900 were exposed 

to three different hydrodynamic treatments that corresponded to a linear 

velocity of 0, 5 and 10 kts.  Immersion occurred at a seawater test facility 

located in Port Canaveral, Florida during December 2015 through January 
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2016.  The dynamic treatments were conducted on a 1.2 m diameter disk 

with a duty cycle consisting of five days of rotation followed by two days of 

static immersion.  The 5 and 10 kts velocities were generated by placing the 

panels at two different radii on the disk.  This was designed to mimic the 

variation in wall shear stress along the length of a ship’s hull.  Biofouling 

photographs and frictional drag measurements were made immediately 

following the five-day dynamic period. The frictional drag measurements 

were made by mounting the panels to a floating element load cell that was 

placed in a hydrodynamic test chamber.  The drag testing occurred at the 

campus of the Florida Institute of Technology at the Center for Corrosion and 

Biofouling Control in Melbourne, FL.  

 

The experimental process (Figure 3-1) was as follows: 

1. Coatings were immersed in seawater under static or dynamic 

conditions for a time generally consisting of 5 days at the Port 

Canaveral test site.  This included three replicates for each of the three 

hydrodynamic conditions corresponding to linear velocities of 0, 5 and 

10 kts. 

2. After each immersion period, panels were removed from the seawater 

and transported to the hydrodynamic test facility.  Each treatment of 

three panels were placed into individual coolers with continuously 

aerated seawater from Port Canaveral.   
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3. Frictional drag measurements were made in the circulating 

hydrodynamic test chamber.  Testing of the nine panels took between 

1-2 days during which time the panels were continuously maintained 

in aerated seawater. 

4. Panels were returned to the immersion site after the frictional drag 

testing. 

5.  Dynamic panels resumed rotation after a period of approximately two 

days since they were last stopped.  

6. The process was repeated for 35 days.  

 

 

Figure 3-1: Testing schedule; a thick black line indicates dates the disk was 

rotating; a star indicates dates of frictional drag testing. 

 

3.3.1 Dynamic Immersion Facility 

The dynamic immersion facility was located on a 7 m long twin-hulled vessel 

(Zargiel and Swain 2014).  The vessel includes a large well cut out of the bow 
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for static immersion testing and a cantilevered arm extending off the transom 

supporting a 1.2 m diameter disk for dynamic testing (Figure 3-2).   

 

 

Figure 3-2: Static (left) and dynamic (right) testing portions of the same 

vessel. 

 

The circular disk was fabricated from aluminum plate with a PVC sheath on 

the top and bottom.  The disk was rotated by a 2 hp Marathon electric motor 

connected to a 15:1 Cone Series (model B06) gearbox.  A series of axial and 

radial load bearings were connected to a shaft to reduce the friction and 

loading.  A Delta VFD (model E) controlled rotational speed of the disk. 
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Windows were cut into the PVC sheath so that the test panels could be flush 

mounted with the surrounding substrate.  This was done to minimize any 

edge effects.  The 10 cm by 20 cm panels and the sheath were both coated 

with Intersleek 900.  The coating system was applied according to the 

manufacturer specifications.  The epoxy and tie coat were applied with a wet 

film thickness of 150 μm and the top coat had a wet film thickness of 200 μm. 

The panels were coated using the draw down method to insure that the 

surface profile was smooth and similar for all the panels.   

 

The panels were secured to the disk using counter sunk hardware to 

minimize any disturbance caused by the fasteners.  Epoxy panels were 

located at the two radii to act as controls for a concurrent experiment 

examining the evolution of the diatom community structure.   

 

The location of the centers of two radii were 24 and 48 cm in an effort to have 

the outer radius panels exposed to a wall shear stress that was twice as large 

as the inner radius.  The corresponding Reynolds number at the center of the 

inner and outer radius was 6.56 x 105 and 2.62 x 106.  Schlichting (1979) 

gives the critical Reynolds number for turbulent flow to occur on a rotating 

disk as 3 x 105, indicating the flow was turbulent over the portions of the disk 

where the testing panels were located.  The wall shear stress at the inner 

and outer radius was approximated using an equation from Taamneh and 
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Ripperger (2010) and found to be 15 Pa and 30 Pa respectively (Equation 

31). 

 τw = 1.81ρν1 2⁄ ω3 2⁄ r (31) 

 

The panels were oriented on the disk to maximize space while reducing the 

variation of wall shear stress across the panel.  An angle of approximately 

40⁰ to the circumferential direction was chosen to allow the appropriate 

number of replicate panels at an inner radius half of the outer radius (Figure 

3-3).   

 

 

Figure 3-3: Disc immediately before deployment. 

 

The angular speed was 10.68 rad/s or 101 RPM, which corresponded to a 

linear speed of around 2.57 m/s (5 kts) and 5.16 m/s (10 kts) at the inner and 

outer radius respectively.  The disk rotated at a depth of about 1 m off the 

transom of the vessel.  A 50% shade cloth was affixed to a rigid PVC frame 
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atop the rotating disk in an attempt to minimize the sunlight exposure and 

retard the growth of the green algae (Figure 3-4).  

 

 

Figure 3-4:  PVC frame and shade cloth atop the dynamic testing system 

pictured from above. 

 

3.3.2 Biofouling Analysis 

Pictures were taken of each panel before and after drag testing to determine 

the biofouling coverage and community composition.  Coral Point Count with 

excel extension software (CPCe) was used with a visual assessment of the 

biofouling for each panel. Total percent fouling coverage on each panel was 

noted and individual benthic organisms were placed into functional groups 

(e.g. barnacle, tube worm, sponge).   
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The visual assessment performed with CPCe uses a stratified random point 

grid of approximately 50 points that a trained observer identifies the fouling 

organism present at each point.  The program calculates the percent cover 

of each organism present based on the user input at these grid points.   The 

fouling data from the CPCe method were used to normalize the drag force to 

the fouling coverage.  The CPCe method was repeated three times for each 

panel on days 14 and days 35 to quantify the variance in the determination 

of the fouling coverage.   

 

The types of fouling observed during testing included biofilms, green algae, 

hydroids, encrusting bryozoans, arborescent bryozoans and incipient fouling 

organisms (Figure 3-5).  Most were low-form organisms that grew within 1 

mm of the surface, except the arborescent bryozoans.  These organisms 

grew to a height around 1-2 cm.   
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Figure 3-5: Fouling organisms present during experiment. 

 

3.3.3 Frictional Drag Testing 

Frictional drag measurements were made using a floating element force 

balance and flow control device that was designed to be placed in the 

instrument bay of the Circulating Hydrodynamic Testing Chamber (CHTC).  

The CHTC was designed by Swain and Touzot (2008) and Cawood (2009) 

for long duration dynamic exposure of coatings to seawater.   
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The CHTC is a 2.13 m wide semi-octagonal tank that is 0.96 m deep and 

filled with filtered seawater from Florida Tech’s Vero Beach marine laboratory 

(Figure 3-6).  The tank uses four 2 m diameter disks spaced 0.15 m apart to 

drive seawater past eight different testing bays.  The testing bays are 

approximately 0.79 m tall by 0.36 m wide and accept inserts via a tongue and 

groove system.  The tank has two rails (tongue) that extend from the testing 

bay wall by 9.5 mm and the inserts have a groove of similar depth on either 

side; the rail is aligned in the groove so that the inserts slide into the tank.  

The face of the insert is flush mounted to the surrounding tank and is flat, 

whereas the wall sections between the testing bays are curved.  The space 

behind two of the testing bays (7 and 8) were enlarged to accept 

instrumentation.  A 7 hp Baldor motor with a 10:1 gear box connected to a 

Worldwide Electric VFD controls the rotation rate of the disks up to a 

maximum of approximately 100 RPM.  A series of switches were wired to the 

VFD to allow up to seven pre-selected rotation rates and accelerations.  An 

18 gpm Blueline 55 HD pump circulates water through an Aqualogic digital 

temperature controller connected to a Current-USA (Prime Chiller) inline 

chiller to keep the temperature constant.   
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Figure 3-6: Circulating hydrodynamic test chamber (CHTC). 

 

3.3.3.i Test Insert 

An insert was designed and constructed to measure the frictional drag.  This 

included a floating element balance to which was mounted the 10 cm by 20 

cm test panel and a flow conditioning structure.  

 

The floating element balance was designed in collaboration with Harrison 

Gardner (Gardner 2016) and is similar to the parallel-linkage described in 

Winter (1977).  The test panel attaches directly to the backing plate, which is 

affixed via a system of rods, bearings and vertical members to a stationary 

plate (Figure 3-7).  A load transfer beam connects the backing plate to one 

side of a FUTEK LSB210 submersible S-beam load cell with a max capacity 

of approximately 8.9 N (± 1% FS).  The other side of the load cell is rigidly 
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attached to the stationary plate.  The force from the testing plate is transferred 

to the backing plate that acts on the load cell as the backing plate is displaced 

downstream.  The first design used a ball joint connected to a push rod as 

the load transfer beam (Figure 3-7).   

 

Figure 3-7: Basic design of floating element balance. 

 

Initial testing indicated that there was variability in the drag force 

measurements.  The major source of error in the initial design was attributed 

to the change in backing plate location and the ball joint on the base of the 

push rod. The parallel linkage was redesigned to use a rigid beam connected 

to a bearing as the load transfer device (Figure 3-8).  The location of the load 

transfer beam multiplies the force by approximately two (Figure 3-11). 
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Figure 3-8: Floating element balance design adapted from Gardner (2016). 

 

The first round of testing mounted the load cell to the flat testing section and 

measured the drag force of a smooth panel at known water velocities.  The 

drag force was an order of magnitude less than expected.  This was due to 

flow being distorted as it transitioned from the curvature of the walls to the 

flat testing section.  This was corrected by designing a flow control device to 

channel the water over the load cell. The length of the insert was limited to 

approximately 35.5 cm and three different flow control devices were added 

iteratively to control the flow. 

 Cover and contraction  

 Honeycomb  

 Trip wires   
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A smooth acrylic, Intersleek 900 and 220-grit panels were run three times at 

700 RPM to determine the influence of the different flow control devices.  

Precision uncertainty values were determined at a 95% confidence interval 

using t-values found in Coleman and Steele (2009) and presented with the 

results shown in Figure 3-9.    

 

The addition of the contraction and cover on the insert significantly increased 

the drag force of the smooth panel.  The large change was due to the cover 

reducing the radial component of the flow over the test section.  The inclusion 

of a honeycomb caused an additional increase in the drag of the smooth 

panel.  This was most likely due to a continued reduction in the transverse 

velocity component as the device “straightens” the flow.  Although within the 

experimental uncertainty, it is thought that the addition of trip bars further 

increased the drag force of the smooth and IS 900 panel by promoting 

turbulence and causing the velocity profile to become more full which 

increases the gradient near the wall. 
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Figure 3-9: Initial testing results in the CHTC. 

 

The final design (Figure 3-10) included a tunnel with a height of 32 mm and 

a width of 105 mm, with an aspect ratio of approximately 3.28.  The width of 

the channel was limited due to the vertical variation in free-stream velocity of 

the testing chamber.  A contraction with a curvature radius of 0.115 m and a 

contraction ratio of 1.85 was used to accelerate the fluid over the test section.  

A honeycomb with a solidity of 1.47% was inserted at the leading edge of the 

flume.  Two 0.8 mm diameter trip wires, one on both sides, displaced 5.5 mm 

from the walls were positioned 73 mm downstream of the leading edge.  The 

trip wires were displaced from the wall to promote free stream turbulence to 

limit the change in velocity in the flume due to changes in surface roughness 

of the testing panels. Initial testing with a smooth and 60-grit panel 
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determined the velocity in the flume was not a function of the panel surface,  

i.e. the velocity differences measured between the smooth and 60-grit panels 

were within the estimated uncertainty at a 95% confidence interval.  

 

The projected area of the trip wires was approximately 22% of the channel 

cross sectional area, which satisfied the recommendation of Durst et al. 

(1998) that blockage area higher than 15% was required for the flow 

characteristics to remain independent of the upstream conditions.      

 

 

Figure 3-10: Drag testing insert with fouled panel and cover removed, flow 

is from right to left. 
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The determination of velocity was accomplished using an identical flume to 

accept a 6.35 mm OD United Sensor pitot-static tube mounted to a traversing 

unit.  The flume with the pitot-static tube was located at the same depth in 

the testing bay immediately upstream of the section where the drag 

measurements occur. Care was taken to ensure that the orientation and 

location of the pitot-static tube was consistent for each run.   A Honeywell 

model FP 2000 differential pressure transducer with a max reading of 35 kPa 

and an accuracy of ± 0.25 % FS was used to measure the pressure 

differential.  Density was determined using empirical formulations found in 

Sharqawy et al. (2010) based on the temperature and salinity of the fluid 

measured with an Aqualogic digital thermostat (± 1° F) and a Vee Gee STX-

3 refractometer respectively.  

 

Two calibrations of the load cell, using 10 different weights per calibration, 

were performed on the final design to determine the calibration curve.  The 

placement of the load transfer beam was designed to amplify the measured 

force by approximately two. The calibration constant of 0.50 indicates that 

the measured force was twice that of the actual force (Figure 3-11).  The 

largest absolute value of the residuals in the calibration was 0.066 N, with an 

average and standard deviation of the absolute values as 0.016 N and 0.017 

N respectively.  The errors from the calibration curve are of similar 

magnitudes as the ones given by the manufacturer.  The uncertainty in the 
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estimation of the calibration constant was very small.  There were not any 

significant differences between the slopes of the two different calibrations.   

 

Figure 3-11: Calibration of floating element balance. 

 

The measured drag force divided by panel area was compared with 

theoretical wall shear stress values from an expression shown in Equation 

32 from Schlichting (1979).  The length scale used in determining the local 

Reynolds number (Rex) was the length of the testing insert 35.5 cm.   

 τw =
0.0296ρUe

2

Rex

1
5⁄

 (32) 

 

As can be seen in Figure 3-12, the measured values are in relatively good 

agreement with the theoretical equation.  The values in Figure 3-12 are 
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plotted against ReL instead of Rex, because the increase in ReL represents 

an increase in velocity and not streamwise distance.    

 

Figure 3-12: Comparison of measured and theoretical wall shear stress. 

 

3.3.3.ii Frictional Drag Coefficients 

The frictional drag coefficients were determined for each of the panels using 

Equation 33. Area represents the panel area of 0.0206 m2. 

 CF =

FD
Area⁄

1
2 ρUe

2
 (33) 

 

An expression from Schlichting (1979), shown in Equation 34, was used to 

approximate the equivalent sand grain roughness for the last two testing 

days.   This formulation is based upon the assumption that the flow is 
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turbulent along the entire plate length “l” and is only valid for the fully rough 

regime, where k+
s>70. 

 

CF = (1.89 + 1.62 log
l

ks
)

−2.5

 

for 102 < l
ks

⁄ <  106 

(34) 

 

The determination of ks using Equation 34 was only applied to the last two 

testing days (day 28 and day 35) at the two highest speeds.  This is where 

the frictional drag coefficient was invariant with respect to Reynolds number 

and had a resulting roughness Reynolds number greater than 70.  The length 

of the test panel (20 cm) was selected as the characteristic length because 

CF was measured over this distance.  This selection of this length will 

significantly influence the results and will be discussed more in the results 

section. 

 

3.3.3.iii Drag Testing Procedure  

During initial testing, it was noticed that the velocity in the CHTC rapidly 

decayed during deceleration but took about ten minutes to completely settle.  

A specific time protocol was developed to limit any error introduced by the 

tank’s settling velocity (Table 3-1). 
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Table 3-1: Sequence for frictional drag testing in CHTC. 

Total Time (s) Action 

0-30 
Load cell and pressure transducer begin to acquire 
data 

30-72 CHTC is started and accelerates to 500 RPM 

72-132 Rotation rate is constant at 500 RPM for one minute 

132-165 Rotation rate accelerates from 500 to 700 RPM 

165-225 Rotation rate is constant at 700 RPM for one minute 

225-260 Rotation rate accelerates from 700 to 900 RPM 

260-320 Rotation rate is constant at 900 RPM for one minute 

320-336 Rotation rate accelerates from 900 to 1000 RPM 

336-396 
Rotation rate is constant at 1000 RPM for one 
minute 

396-480 Rotation rate is stopped and decelerates to 0 RPM 

480-600 CHTC settles and data are examined 

600 Testing sequence begins again 

 

This process was repeated five times per panel.  The only exception was the 

first run for fouled panels, which accelerated directly to 1000 RPM for three 

minutes so that fouling could slough off the foul release coating.  The second 

run of a fouled panel started approximately three and a half minutes after the 

deceleration so that the time interval between starting and stopping of the 

tank was constant for every run. 
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3.3.3.iv Data Analysis 

Data points of constant RPM were identified by finding the local minima of 

the first order numerical derivative of speed or force with respect to time 

(Figure 3-13).   The average and variance of each of the groups of data 

corresponding to constant RPM were determined after outliers had been 

removed using Chauvenet’s criterion outlined in Coleman and Steele (2009).  

The average and variance values for each RPM for the replicate runs were 

used to determine the overall average and precision uncertainty for each 

panel. 

 

Figure 3-13: Typical profile of drag versus time for CHTC test with the data 

for each RPM denoted in the legend. 
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3.3.4 Experimental Uncertainty Analysis 

Sources of experimental uncertainty arise from the intrinsic variations and the 

inability to exactly determine any quantity.  The overall uncertainty is 

generally divided into two major groups- systematic bias and precision.  The 

systematic bias generally affects all readings in the same manner and is often 

given by the manufacturer or determined during calibration.  The precision 

uncertainty is due to the intrinsic variation in any quantity and is determined 

by measuring the variance of repeated measurements. 

 

The experimental uncertainties associated with this experiment were 

determined using the methodology outlined in Moffat (1988).  The overall 

uncertainty of each result (Ur) at a 95% confidence level was determined from 

Equation 35.  

 Ur = (Br
2 + (t95Sr)2)

1
2⁄  (35) 

 

Where Br represents the systematic standard uncertainty often given by the 

manufacturer of the instrument or determined during the calibration process, 

Sr is the precision index and is given as quotient of the standard deviation of 

N measurements and the square root of N, and t95 represents the student-t 

value at a 95% confidence interval given N-1 degrees of freedom.  

Sometimes referred to as standard error, the equation for the precision index 

is given below. 
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 Sr =
σ

√N
 (36) 

 

The systematic uncertainty of a measured variable is often a function of 

several different sources determined by the manufacturer and/or during the 

calibration process.  The LSB-210 S-beam load cell with a max capacity of 

8.9 N (FUTEK model QSH01459) used in this experiment has several 

sources of systematic uncertainty given in terms of the full-scale (FS) value 

by the manufacturer.   

 Non-linearity- 1% FS  

 Non-repeatability- 0.05% FS 

 Hysteresis- 3% FS 

 Creep- 3% FS over 10 minutes 

 

Note that the FUTEK notation uses R.O., which stands for rated output and 

is not necessarily the same as the full scale; however, a FUTEK technical 

engineer stated that the rated output is full scale for FUTEK instruments 

(personal communication, February 16, 2016).  The creep and hysteresis 

error terms were omitted from the determination of the bias uncertainty 

because measurements were made in an ascending order with additional 

calibration showing no signs of creep over similar time intervals as the 

experimental testing.  Errors from estimating the calibration coefficient were 

minimal and not included in the uncertainty analysis.  The overall bias 
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uncertainty of the force gauge used in this experiment was determined using 

Equation 37 to be ± 1.00% of FS (± 0.089 N).  It should be noted that this 

error is halved when applied to the present results, as the actual value is half 

of the measured value due to the amplification of the force via the floating 

element balance assemblage.   

 Br = (∑ bi
2

N

i=1

)

1
2⁄

 (37) 

 

Equations 36 and 37 are applicable when a result is determined from only 

one measured value.  To apply the uncertainty estimation to more than one 

measurement, a sensitivity coefficient is introduced in Equations 38 and 39 

as the partial derivative of the result with respect to the measured value.  

Where each Bi and Si in Equations 38 and 39 are determined for each 

measured value using equation 36 and 37. 

 Br = {∑ (
∂R

∂xi
Bi)

2N

i=1

}

1
2⁄

 (38) 

 Sr = {∑ (
∂R

∂xi
Si)

2N

i=1

}

1
2⁄

 (39) 

 

The error in the area of the panel is assumed 1.13 mm2, which corresponds 

to an assumed accuracy of ± 0.8 mm (1/32”) for each dimension of the panel.  
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This variation in the area of the panel is negligible and is only considered in 

the uncertainty estimation of the frictional drag coefficient. 

 

The bias uncertainties of the force gauge (± 0.05 N) was the dominant source 

in the uncertainty for the majority of the measurements.  The overall 

uncertainty in the determination of the drag force ranged from ± 8.5-11% for 

the clean coatings and was reduced to ± 2-4% for the test panels in the most 

heavily fouled condition. The average overall uncertainty for all testing days 

at 1000 RPM are given in the Table 3-2 below. 

 

Table 3-2: Average uncertainty in measured drag force at a 95% confidence 

interval and 1000 RPM for each panel. 

Panel 
Average uncertainty 

(± N) 

Static 1 0.0555 

Static 2 0.0615 

Static 3 0.0605 

Outer 1 0.0527 

Outer 2 0.0532 

Outer 3 0.0506 

Inner 1 0.051 

Inner 2 0.0572 

Inner 3 0.0781 
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A Honeywell model FP2000 differential pressure transducer with max 

reading of 35 kPa with an accuracy of ± 0.25%  FS was used along with 

Bernoulli’s equation to determine the velocity.  The density of the testing fluid 

was determined using empirical formulations in Sharqawy et al. (2010) as a 

function of temperature and salinity.  The temperature was determined using 

an Aqualogic digital thermostat (± 1° F) and Vee Gee STX-3 refractometer 

respectively.  The uncertainty in the formulation given in Sharqawy et al. 

(2010) is ± 0.1% of the value for density.  The estimated error in the 

determination of the salinity is ± 0.5 ppt as this value is half of the largest 

scale labeled on the refractometer.   

 

The bias uncertainty of the velocity measurements was estimated by 

combining and propagating the uncertainties in the determination of 

temperature, salinity, resulting density and differential pressure.  The 

precision errors were determined using the average and variance of the 

velocities for each of the panels on the testing days.  The overall uncertainty 

at the 95% confidence interval ranged from ± 0.05 m/s - 0.10 m/s (± 1.2% -

4.7%) for all the testing days except day 0, when the panels were measured 

in their clean state.  The uncertainty in the velocity estimation on day 0 ranged 

from ± 0.10 m/s - 0.17 m/s (± 4.4% -5.3 %).  The uncharacteristically large 

uncertainty estimations for day 0 were a result of the large variances in the 

velocity of different testing runs and were not significantly correlated with the 
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measured drag over the same interval.  It is thought that the source of the 

variation was due to the fluctuations in the static water level of the CHTC. 

 

The uncertainty in the frictional drag coefficient was larger than the 

uncertainty in the drag force due to the propagation of error from the 

determination of the velocity and density.  The uncertainty in CF ranged from 

approximately ± 10%-40% for the highest and lowest testing speed for the 

panels in the clean state.  The overall uncertainty in CF was reduced to ± 2%-

5% for the test panels where ks was determined. 

 

3.4 Results  

The results are presented with respect to the development of the biofouling 

communities present on the test panels and the resulting drag forces.  There 

were three treatments, one static and two dynamic, with three replicate test 

panels per treatment (9 panels total).  Biofouling coverage and fouling groups 

were determined using photographs taken before and after drag testing.  

Drag force measurements occurred before immersion (day 0) to baseline all 

the coatings and at 7, 14, 28 and 35 days after immersion.   
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3.4.1 Biofouling Coverage 

Total percent biofouling coverage on each panel and the percent coverage 

of the individual benthic organisms (e.g. barnacle, tube worm, sponge) were 

determined using the CPCe method with pictures taken after frictional drag 

testing.  The results of the CPCe analysis are presented in Figure 3-14 

through Figure 3-17.  The photographs are presented in Figure 3-18 through 

3-20.   Visual inspection showed only the static panels on day 14 had 

differences (>10%) in fouling coverage before and after drag testing. 

 

At day 7, all panels had a light conditioning film, however, the sparse nature 

of these films decreases the precision in in the determination of the fouling 

coverage (Figure 3-14). 

 

Figure 3-14: Fouling coverage on all panels at day 7. 



67 

 

The fouling coverage increased on all panels by day 14 (Figure 3-15), with 

the noticeable differences occurring between the dynamic and static panels.  

The dynamic panels generally had more biofilm coverage than the static 

panels, which was most in part due to the static biofilms sloughing off during 

the frictional drag testing.  This was the only day where there were any large 

differences (>10%) between the fouling coverage pre and post drag testing 

run.  The biofilms for the inner panels appeared to be thicker and generally 

had greater surface coverage than the outer panels.   

 

 

Figure 3-15: Fouling coverage on all panels at day 14. 

 

There were large increases in fouling on day 28 (Figure 3-16).  Most of the 

dynamic panels were covered with fouling communities more common to in-

service ship hulls (biofilm and green algae), whereas the static panels were 
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fouled by biofilms, encrusting and arborescent bryozoans, hydroids and a 

small coverage of incipient fouling organisms.  The outer panels had a lower 

average cover of green algae versus the inner panels, which mirror the 

observations of the disk that show the portions closest to the center more 

heavily covered with green algae. 

 

 

Figure 3-16: Fouling coverage on all panels at day 28. 

 

A continuing increase in fouling occurred at day 35 (Figure 3-17) for the static 

and inner panels.  The increase in growth was mainly associated with the 

maturing of the existing communities.  The outer panels behaved somewhat 

differently- while the green algae appeared to thicken, more bare coating was 

present on the final day for the outer panel replicates 1 and 3.  The green 
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algae coverage mostly stayed the same with a reduction in biofilm coverage 

accounting for the increase in bare coating.   

 

 

Figure 3-17: Fouling coverage on all panels at day 35. 

 

All photographs in Figure 3-18 through Figure 3-20 are after frictional drag 

testing and are shown with the upstream edge of the panel closest to the top 

of the page. 

 



70 

 

 

 

Figure 3-18: Static panel photographs immediately following drag testing.  

Top to bottom are replicates 1, 2, & 3.  From L to R are days 7, 14, 28, & 35. 
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Figure 3-19: Inner panel photographs immediately following drag testing.  

Top to bottom are replicates 1, 2, & 3.  From L to R are days 7, 14, 28, & 35. 
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Figure 3-20: Outer panel photographs immediately following drag testing.  

Top to bottom are replicates 1, 2, & 3.  From L to R are days 7, 14, 28, & 

35. 
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Static panels were predominantly covered with arborescent bryozoans, 

hydroids and incipient fouling.  The dynamic panels consisted of green algae 

and biofilms which are more commonly observed on in-service ship hulls, 

(Sarangi 2008, Koka 2014).  

 

The biofilms on the inner and outer panels were noticeably different (Figure 

3-19 and Figure 3-20) for day 14.  The inner radius panels had biofilms that 

appeared thicker and not as uniformally distributed as the biofilms on the 

outer panels.  The biofilms on the outer panels appeared thinner and more 

uniform in their composition, except for portions towards the upper left corner 

when looking at Figure 3-20.  The upper left corner is the region closest to 

the center of the disk where the wall shear stress was the lowest.   

 

The biofilms on the outer panels showed a decrease in coverage over the 

last week in the experiment and exhibited a unique pattern, which can be 

traced back to the biofilm coverage on day 14 for replicates 1 and 3. The 

pattern of biofilms and algae on the outer panels and their development over 

the course of the experiment, show that the development of a biofilm on day 

14 had a positive influence on the development a macro algal layer.  These 

findings are in agreement with a review by Mieszkin et al. (2013) that show 

several studies where natural seawater biofilms had a positive influence on 

algae settlement.   
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3.4.2 Velocity  

Average freestream velocity values are presented in Figure 3-21 with the 

uncertainty estimates at a 95% confidence interval.  The bias and precision 

uncertainty in the velocity were similar for all testing days except day 0.  The 

source for the large precision uncertainty for testing day 0 was presumed to 

be from variations in the static water level of the CHTC.  The variations in 

freestream velocity were not significantly correlated with the measured drag. 

 

Figure 3-21: Average velocity measurements with uncertainty estimates at 

a 95% confidnce interval for the five testing days. 

 

Uncertainty estimations were sufficient to show that the velocity did not 

significantly change in the tank over the testing interval, day to day or 

throughout the same day.  As a result, the drag comparisons are presented 

in the following section using RPM. 
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3.4.3 Drag Force 

The order of drag testing for the panels was chosen randomly in groups of 

three, with one panel representing each hydrodynamic treatment in the 

group.  This was done to limit any temporal bias of the results.  

 

The drag force results for all testing panels and testing days at all four RPM 

are presented in Figure 3-22.  These results showed all panels had a 

significant increase in drag over the testing interval when compared to the 

clean condition.  The percent increase in drag at largest testing speed ranged 

from 150% for Outer-3 to 442% for Inner-1.  The trend in drag force with 

respect to time is very similar for all four of the RPM for each panel.  The 

highest RPM generally had the largest proportional increase in FD when 

compared with the clean condition. 

 

The frictional drag coefficients (CF) and Reynolds numbers are presented in 

Figure 3-23.  The characteristic length for the Reynolds number was chosen 

as the distance from the leading edge of the testing insert to the center of the 

testing panel.   Theoretical values of the local frictional drag coefficient for a 

smooth surface, taken from Schlichting (1979), are included in Figure 3-23 

for comparison.  The local frictional drag coefficient (Cf) was used as 

comparison in Figure 3-23 because the drag force was determined over the 

length of the test panel (20 cm).  This is only a portion of the total wetted 
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length. The leading edge of the test panel is approximately 15 cm 

downstream of the leading edge of the insert.  The measured frictional drag 

coefficients are labeled CF because they were determined by dividing the 

drag force by the panel area, as opposed to the local wall shear stress used 

typically for Cf. 

 

The CF values displayed similar behavior as the drag force, with all panels 

showing a significant increase in CF at the end of the testing interval.    The 

percent increase in CF at the end of the testing interval with respect to the 

cleaned condition ranged from 125% for Outer-3 to 396% for Inner-1 at the 

highest Reynolds number.   
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Figure 3-22: Drag Force versus RPM for all test surfaces and testing days. 
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Figure 3-23: CF versus Reynolds number for all test surfaces and testing days. 
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There is a poor understanding in the drag force profile of a fouled surface 

with respect to time. Few published articles show the increase in drag of a 

biofouling community at discrete time intervals.  This profile is of great interest 

as it could lead to the improved understanding of the development of frictional 

drag due to biofouling on in-service ships.  The drag forces are plotted over 

the testing interval at 1000 RPM in Figure 3-24. 

 

The measured drag at day 7 was within the experimental uncertainty of the 

drag measured when the panels were in the clean condition at day 0.  The 

consistency in the drag measurements over the first week indicates that there 

was some sort of an induction period where the drag was not significantly 

affected by the presence of the light film observed. There was a pronounced 

increase in the day 14 when the fouling communities became more visible.  

 

Picologlou et al. (1980) observed a similar induction period, where the 

frictional drag was fairly constant followed by a rapid increase as the biofilm 

becomes established and the film thickness reaches some critical value.  This 

induction period is most likely due to the biofilm being within linear sublayer 

and the flow remaining in the hydraulically smooth regime.  The induction 

period from Picologlou et al. (1980) occurred after approximately 30 hrs of 

dynamic immersion in turbulent pipe flow in a lab.  The increase in fouling 
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that resulted in a significant increase in frictional drag occurred sometime 

between day 7 and day 14 during this experiment. 

    

The increase in drag after day 14 appeared to be linear for the static panels.   

The dynamic panels showed more of a more rapid increase with the outer 

panels having a slightly more full profile when compared with the inner 

panels.    
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Figure 3-24: Increase in drag force at 1000 RPM over the testing period. 
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To better identify performance differences between the panels exposed to 

different hydrodynamic regimes, the drag forces at 1000 RPM were plotted 

against each other for each of the testing days (Figure 3-25 through Figure 

3-29). 

 

There were some differences in the baseline drag of the different panels 

presented in Figure 3-25.  The only panels where the uncertainty estimations 

at a 95% confidence interval did not overlap were between Inner-1 and Inner-

2 and Static-3.   

 

 

Figure 3-25: Drag Forces at day 0 for 1000 RPM. 
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Similar trends were observed on day 7, Inner-1 having the lowest drag 

measure (Figure 3-26).  Although within the experimental uncertainty, the 

average drag force for the majority of the panels (6 out of 9) showed a 

decrease in drag when compared to the clean condition. 

 

 

Figure 3-26: Drag Forces at day 7 for 1000 RPM. 

 

No significant differences were observed between all replicates of the 

different hydrodynamic treatments for days 14-35 when the fouling was 

observable (Figure 3-27 through Figure 3-29).  This was due to a large scatter 

between the measured drag forces for the fouled panels of the same 

treatment.  The variance between replicate panels of the same hydrodynamic 

treatment was of similar or greater value than the variance between the 

average results of all the hydrodynamic treatments.  This occurred for all days 
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and treatments, expect the static panels on day 28.  The measured drag force 

for the static replicate panels on day 28 had a variance that was almost an 

order of magnitude less than the variance of the three hydrodynamic 

treatments of the same day.  Schultz and Swain (2000) also observed large 

scatter in the frictional drag of panels covered in biofilm and green algae, 

which they attributed to streamwise heterogeneity in the fouling community.  

 

 

Figure 3-27: Drag Forces at day 14 for 1000 RPM. 
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Figure 3-28: Drag Forces at day 28 for 1000 RPM. 

 

 

Figure 3-29: Drag Forces at day 35 for 1000 RPM. 
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3.4.4 Equivalent Sand grain Roughness 

The equivalent sand grain roughness (ks) values were approximated using a 

formula from Schlichting (1979) shown in Equation 34 that is valid in the fully 

rough regime where ks
+>70.  The resulting roughness Reynolds number (ks

+) 

indicated only the last two testing days had panels where the flow was in the 

fully rough regime.  Furthermore, only the two highest testing RPM (900 and 

1000) had constant l/ks ratio and relatively constant CF with respect to Re 

(Figure 3-30).  
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Figure 3-30: Frictional drag coefficient for all panels on days 28 and 35. 
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The resulting equivalent sand grain rougness values (ks) and roughness 

Reynolds numbers (ks
+) were determined as the average of the two highest 

Reynolds numbers where there was very little change in ks.  The standard 

deviation of ks for the two Reynolds number was on average 1.6% of the 

average ks.   

 

Not all the panels on the last two testing days were believed to be in the fully 

rough regime.  The max roughness Reynolds number for Outer-3 was 

determined using ks from Equation 34 to be 53.  This value suggests the 

panel was not in the fully rough regime during testing.   

 

Uncertainty estimates for ks were not calculated because the limiting 

accuracy is the selection of characteristic length in Equation 34.  The 

equations for estimating ks from Cf or CF in Schlichting (1979) assume the Cf 

is determined locally at some distance ‘x’ downstream of the leading edge, 

or that the CF is determined over the entire plate length ‘l’.  Additionally, the 

approximation assumes the flow is turbulent over the entire distance ‘l’ or ‘x’.  

The values presented in Table 3-3 used the panel length as the characteristic 

length because CF was determined using the drag acting over the test panel.  

The values should be interpreted as approximations rather than exact 

determinations.   
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Table 3-3: Equivalent sand grain roughness (ks) and roughness Reynolds 

number (ks
+) for the last two testing days. 

Treatment Rep. 
Day 28 Day 35 

ks (μm) ks
+ ks (μm) ks

+ 

Static 

1 557 198 917 348 

2 665 242 1545 639 

3 483 168 1098 429 

Inner 

1 601 216 1686 706 

2 765 285 1970 848 

3 328 108 1242 495 

Outer 

1 304 99 1011 391 

2 610 220 1988 856 

3 N/A N/A N/A N/A (53) 

 

Equivalent sand grain roughness values presented in Table 3-3 are in 

relatively good agreement with the results presented Schultz (2007) 

presented in Table 3-4. 
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Table 3-4: Equivalent sand grain roughness values for different coating and 

fouling conditions taken from Schultz (2007). 

Condition description ks (μm) 

Typical as applied AF coating 30 

Light slime or deteriorated coating 100 

Heavy slime 300 

Small calcareous fouling or weed 1000 

Meadium calcareous fouling 3000 

Heavy calcareous fouling 10000 

 

The ks values on day 28 ranged from 300 μm to 765 μm when the fouling 

was best characterized as a mixture of biofilms and green algae in the case 

of the dynamic panels, or a mixture of biofilms and low form fouling for the 

static panels.   The ks values on day 35 ranged from 900 μm to 2000 μm.  

The increase in drag corresponded to an increase in algal film thickness for 

the dynamic panels and in increase in both the height and coverage of the 

arborescent bryozoans for the static panels.   

 

3.4.5 Fouling Coverage and Drag Force 

The changes in the fouling community structure and resulting drag force for 

the test panels are presented in Figure 3-31 through Figure 3-33.  All test 

panels showed minimal to no biofouling coverage on day 7 when the frictional 
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drag was not significantly different from the measured drag of the test panels 

in the clean condition.   

 

Following day 7, static panels showed a growth in biofouling coverage and 

increase in drag (Figure 3-31). The rate of increase in the fouling coverage 

for the static panels was very similar to the rate of change in drag force at 

1000 RPM after day 14 (Figure 3-31).    

 

The biofouling coverage on the inner and outer panels saw a rapid increase 

in biofilm from day 7 to day 14.  This was followed by an increase in green 

algae coverage from day 14 to day 28.   From day 28 to day 35, the total 

fouling coverage did not change much on the inner panels (Figure 3-32), 

whilst the outer panels saw a decrease in total biofouling coverage (Figure 

3-33).  The measured drag steadily increased for both the inner and outer 

panels after day 7.   
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Figure 3-31: Change in fouling community structure and frictional drag at 

1000 RPM over a 35-day interval for the static panels. 
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Figure 3-32: Change in fouling community structure and frictional drag at 

1000 RPM over a 35-day interval for the inner panels. 
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Figure 3-33: Change in fouling community structure and frictional drag at 

1000 RPM over a 35-day interval for the outer panels. 
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Fouling coverage data on day 14 and day 35 were used to normalize the drag 

values for the inner and outer radius panels to determine if the fouling 

exposed to different hydrodynamic treatments had a different drag per area 

of fouling.  The data from day 14 and day 35 were selected as these where 

the only testing days where one organism was predominant across both of 

the dynamic treatments (Figure 3-19 and Figure 3-20).  The data from the 

static panels were not used, as the fouling communities present on those 

panels are not common to hydrodynamically exposed areas of in-service 

ships and the presence of macro fouling organisms would bias the results 

(Figure 3-31).   

  

To estimate the uncertainties in the determination of the biofouling coverage 

area at a 95% confidence interval, the CPCe method was repeated three 

times for each panel on day 14 and day 35.  The uncertainty estimations are 

presented in Table 3-5 and Table 3-6 for day 14 and day 35 respectively. 
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Table 3-5: Average % fouling coverage with uncertainty estimates at a 95% confidence interval for day 14, non-zero 

values are highlighted.  

 Biofilm 
Green 
Algae 

Incipient 
Fouling 

Hydroids 
Arborescent 

Bryozoan 
Encrusting 
Bryozoan 

Tubeworm Barnacle 

S-1 6.9 ± 11.5 0.0 ± 0.0 10.5 ± 7.4 0.0 ± 0.0 2.8 ± 5.8 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

S-2 46.1 ± 29.3 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.7 ± 2.4 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

S-3 17.2 ± 10.2 0.0 ± 0.0 9.9 ± 11.4 12.2 ± 16.1 3.6 ± 4.8 0.0 ± 0.0 0.0 ± 0.0 0.7 ± 2.4 

I-1 91.8 ± 4.3 0.0 ± 0.0 0.0 ± 0.0 0.8 ± 2.5 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

I-2 84.1 ± 19.8 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0± 0.0 0.0 ± 0.0 

I-3 82.2 ± 13.2 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

O-1 56.9 ± 11.7 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

O-2 85.7± 1.7 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

O-3 33.6± 17.4 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
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Table 3-6: Average % fouling coverage with uncertainty estimates at 95% confidence interval for day 35, non-zero 

values are highlighted.  

  Biofilm 
Green 
Algae 

Incipient 
Fouling 

Hydroids 
Arborescent 

Bryozoan 
Encrusting 
Bryozoan 

Tubeworm Barnacle 

S-1 20.0 ± 28.4 0.0 ± 0.0 2.2 ± 4.1 1.4 ± 2.3 45.2 ± 11.8 0.7 ± 2.3 3.7 ± 4.8 8.7 ± 14.2 

S-2 11.4 ± 13.5 0.0 ± 0.0 2.4 ± 4.4 16.2 ± 12.7 42.8 ± 13.5 4.9 ± 4.5 1.6 ± 2.6 2.4 ± 7.8 

S-3 14.8 ± 15.5 0.0 ± 0.0 3.6 ± 4.7 23.5 ± 10.9 29.0 ± 7.0 3.6 ± 2.4 2.2 ± 4.0 1.4 ± 2.3 

I-1 16.8 ± 6.2 78.1 ± 4.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

I-2 1.5 ± 2.4 94.7 ± 6.3 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

I-3 15.4 ± 9.0 79.1 ± 9.1 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

O-1 28.1 ± 22.7 65.1 ± 18.5 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

O-2 3.7 ± 6.5 88.9 ± 11.3 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

O-3 46.3 ± 26.2 40.7 ± 12.5 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
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The uncertainties in the percent coverage of biofilms and green algae were 

combined with the uncertainties from the drag measurements on day 14 

(Figure 3-34) and day 35 (Figure 3-35) to determine if the hydrodynamic 

treatment had a significant effect on the drag force per area of biofilm or 

green algae.   

 

There were not any significant differences between the drag force normalized 

by the biofilm coverage area for the inner and outer panels.  All values shown 

in Figure 3-34 are within experimental uncertainty.  The uncertainty was 

dominated by the error in the determination of the biofilm coverage.   

 

 

Figure 3-34: Drag force at 1000 RPM normalized by biofilm coverage on 

day 14. 
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The drag force per area of biofilm on day 14 was within experimental 

uncertainty estimations for all dynamic panels.  The relatively large 

uncertainties presented in Figure 3-34 were an artifact of the method used to 

determine the fouling coverage area.  The CPCe method uses 50 random 

grid points and has difficulty in determining the coverage area of organsims 

occupying a small percentage of the test panel.  Despite the agreement within 

experimental uncertainy, there was quite a large variance between the 

average values of all the panels.   

 

Drag data from the inner and outer panels were normalized by the coverage 

of green algae on day 35 to determine if the hydrodynamic treatment had any 

effect of the drag force per area of green algae.  The results presented in 

Figure 3-35 show remarkable collapse between all panels of the inner and 

outer radius.    
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Figure 3-35: Drag force at 1000 RPM normalized by green algae coverage 

on day 35. 

 

The relative similarities in the drag force per area of green algae in Figure 3-

35 as compared to the variance in the drag force not normalized by the 

fouling area (Figure 3-29) show that the drag per area of a green algae is 

relatively similar regardless of hydrodynamic exposure. The algal films on 

day 35 looked remakarbly similar with respect to the thickness and 

consistency, yet had large differences in coverage areas.  The good collapse 

in the drag force per coverage of algal film is comparable to the results of 

Schultz et al. (2015), that were able to show collapse in the drag results of 

biofilm covered surfaces using a roughness scaling parameter based on the 

thickness and percent coverage of the biofilm.   
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3.5 Conclusion 

A new method has been developed to measure the drag forces of biofouling 

that developed on 10x20 cm test panels that were immersed under different 

hydrodynamic conditions in a natural seawater environment. The results 

have shown that the fouling coverage and composition on a fouling release 

coating is a function of the hydrodynamic conditions in which they were 

developed. The frictional drag, however, was more strongly influenced by the 

differences in the fouling communities that developed on the individual 

panels, rather than the hydrodynamic condition in which they were 

developed.   

 

The biofouling community composition developed under the different 

hydrodynamic conditions after 35-day immersion were similar to that found 

on ships with similar operational schedules.  Arborescent bryozoans, 

hydroids and small hard fouling (incipient fouling) organisms developed on 

the static panels.  These organisms are common to vessels that spend long 

periods of time pier side.  Biofilms and algae that developed on dynamic 

panels are common to in-service vessels.  The outer radius panels, where 

the wall shear stress was higher, generally had less biofouling coverage 

compared to the inner panels.  The biofilms observed on the inner panels 

appeared thicker than the outer panels.  The hypothesis ‘The biofouling 

community composition is a function of the hydrodynamic conditions in which 
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the community was developed’ was accepted due to the differences in the 

fouling community structure observed on the static and dynamic panels. 

 

The frictional drag of a biofouling community that developed over a 35-day 

interval was not a function of the hydrodynamic conditions in which the 

community was developed. The drag forces for the panels exposed to static 

and dynamic conditions were remarkably similar throughout the testing 

interval. The hypothesis ‘The frictional drag of a biofouling community is a 

function of the hydrodynamic conditions in which the community was 

developed’ was rejected due to the similarity of the measured drag forces for 

all panels.  These results show the frictional drag of soft and low form fouling 

with different community structure are similar and that there may be a more 

stepwise relationship between the biofouling structure and drag. 

 

The use of both static and dynamic immersion is required to improve the 

knowledge of biofouling community development under conditions that more 

closely resemble the operational schedule of in-service ships.    More 

research is required to fully understand how changes in a ship’s duty cycle 

will affect the fouling community across a range of environmental conditions 

and operational profiles.  
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The method developed to determine frictional drag using the Circulating 

Hydrodynamic Test Chamber is capable of identifying the relative drag of 

different test panels.  The spatial limitations of the CHTC, however, preclude 

precise determination of equivalent sand grain roughness (ks).  This limits the 

ability to scale the drag measurements to a full scale ship and accurately 

compare the results with the work of other authors.  These limitations are 

balanced by the ability to develop fouling communities in a marine setting 

under similar dynamic conditions and duty cycles of a full scale ship. 
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4 Development of Key Performance 

Indicator for Hull and Propeller 

Performance Monitoring 

4.1 Introduction 

The development of a key performance indicator (KPI) to monitor hull and 

propeller condition is important to the selection and management of ship 

fouling control coatings, propeller maintenance and the understanding of how 

hull and propeller condition affects the frictional drag of ships.  The frictional 

drag of a ship may be estimated by measuring the ship hull roughness and 

biofouling condition and entering these values into formulae that have been 

developed from research and theoretical models. These methods, however, 

are insufficient to describe the fluctuations in frictional drag and ship 

performance associated with changes in the hull and propeller condition 

during the operational life of a ship.  This research examined the 

development of a key performance indicator (KPI) to determine if changes in 

the condition of the outer hull coating, biofouling communities and propellers 

can be reliably detected using continuous monitoring of ship and metocean 

data.  The following hypothesis guided the research. 
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 A key performance indicator can reliably detect changes in the hull 

and propeller condition on a ship.  

 

4.2 Background 

The accurate determination of ship powering associated with the changes in 

the hull and propeller condition would enable a better understanding of how 

physical, biological and chemical factors affect the performance of a ship.   

The powering of a ship, however, is influenced by many factors and the 

contribution of the hull and propeller need to be isolated from the other ship 

and environmental effects.  The following factors have been identified as 

contributing to powering (Munk 2006, Bertram and Lampropoulos 2014).  

 Draft and Trim. 

 Speed. 

 Wind speed and direction. 

 Waves. 

 Sea surface current. 

 Sea surface temperature and salinity. 

 Water depth. 

 

The methods that attempt to monitor hull and propeller condition from ship 

performance data typically utilize the same basic approach (Andersen et al. 
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2005, Munk 2006, Bertram and Lampropoulos 2014).  Ship power 

measurements are corrected and/or filtered based on the changes in 

operating and environmental conditions. The corrected powering values are 

compared with a reference condition to determine a change in efficiency.  The 

metric used to describe the changes in efficiency of the hull and propeller is 

commonly referred to as a key performance indicator (KPI).  

 

At present, there is no one universal way to analyze, correct, filter and reduce 

the ship and metocean data to a KPI.  Some authors report the KPI as 

changes in added power, while others describe the changes in ship 

performance as added resistance. This analysis uses added power as the 

reference value to monitor changes in ship performance.  This is because the 

contribution of the hull and propeller condition to the increase in power cannot 

be separated without explicitly measuring the wake field (Paereli et al. 2016).  

Such measurements were not available for this analysis. 

 

Establishing the reliability of the KPI is made difficult by the lack of 

quantitative data describing the condition of the hull and propeller.  The 

majority of published results show considerable scatter around linear best-fit 

lines between maintenance events (Uchida and Nishikawa 2005, Pedersen 

and Larsen 2013, Bertram and Lampropoulos 2014).  The notable exceptions 

are the work of Armstrong (2013), Munk (2006) and Kane (2013), whose 



 

107 

 

results are based on CASPER (Computerized Analysis of Ship 

Performance).  CASPER is a proprietary software program that uses a 

general mathematical model that is adjusted using statistical analysis for a 

particular ship (Munk 2006).  While this is a general description of the method 

used in CASPER, the exact approach is proprietary and unavailable.     

 

This research will develop a KPI and investigate the reliability by comparing 

the observable trends with the maintenance events and fouling noted in the 

diver inspection reports.   

 

4.3 Materials and Methods 

Ship and metocean data were analyzed for two cruise ships of the same class 

(Table 4-1).  A shipping company supplied the data via a digital repository.  

Metocean data were acquired using environmental models.  The following 

computer software packages were used in the storage and analysis of data:  

 Microsoft Excel (Microsoft Office 2013)- data storage 

 Matlab (Mathworks R2015a)-data analysis 
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Table 4-1: Main characteristics of Ship A and Ship B at design draft. 

LBP 263.50 m 

LWL 283.46 m 

Breadth (Moulded) 32.20 m 

Draft 8.00 m 

Wetted Surface Area 10925 m2 

Volumetric Displacement 44147 m3 

CB 0.6504 

CW 0.8792 

CP 0.6791 

CM 0.958 

 

 

4.3.1 Ship Data 

Ship data were downloaded using comma-separated value (CSV) files for the 

years 2010-2015.  Table 4-2 lists the ship data and the percentage of non-

zero real number values available for each variable.   The ship data included 

a minimum, maximum and average value over a 5-minute interval.   
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Table 4-2: Percentage availability of ship data. 

Variable Unit 
% 

Availability      
Ship A 

% 
Availability 

Ship B 

Date -- 100% 100% 

Power MW 100% 100% 

RPM port 
Revolutions per 
minute 

100% 89% 

RPM starboard 
Revolutions per 
minute 

100% 89% 

Latitude Decimal degrees 99% 100% 

Longitude Decimal degrees 99% 100% 

Speed over ground Knots 94% 100% 

Speed through water Knots 100% 100% 

Heading Decimal degrees 80% 50% 

Draft m 100% 89% 

Trim m (+ to the stern) 80% 54% 

Depth m 24% 77% 

Relative wind speed Knots 74% 74% 

Relative wind 
direction 

Decimal degrees 74% 43% 

Azipod angle port Decimal degrees 13% 33% 

Azipod angle stbd Decimal degrees 13% 33% 

 

The large datasets reduced the computational agility and resulting ability to 

apply different data reduction techniques efficiently. A coarse filter was 

applied to remove extraneous values in an effort to decrease the 
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computational time of future steps.  The coarse filter used the following 

criteria (Table 4-3):   

 Power data more than 2 standard deviations above or below the 

mean.  

 Speed through water data more than 2 standard deviations above or 

below the mean.   

 RPM difference between port and starboard greater than 10 RPM.   

 Absolute value of the difference of relative wind speed and speed 

through water greater than 20 kts. 

 

Table 4-3: Outliers removed by coarse filter for Ship A and Ship B. 

Criterion 

Ship A Ship B 

Remaining 
rows 

% Removed 
Remaining 

rows 
% Removed 

Raw Data 329,333 -- 376075 -- 

Power 325492 1.17% 366303 2.60% 

Speed 318462 2.16% 357966 2.27% 

∆RPM 312120 1.99% 333693 6.78% 

Wind 
speed 

279691 10.39% 298045 10.68% 
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4.3.1.i Operating Regions 

There were notable differences in the schedules of the two ships.  Ship A 

was in the Indian Ocean, Arabian Sea and Mediterranean Sea during 2011 

and spring of 2012.  Ship B spent a long period in the Caribbean Sea 

(summer 2013-spring 2015) before heading into the Pacific Ocean off the 

coast of Canada and Alaska.   

 

A mapping package for Matlab, developed by Pawlowicz (M_Map, 2014), 

was used to plot the location of the vessels (Figure 4-1 and Figure 4-2).  

 

 

Figure 4-1: Ship A location and schedule. 
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Figure 4-2: Ship B location and schedule. 

 

4.3.1.ii Propulsion Powering  

Both ships are equipped with diesel-electric power plants that consist of a 

series of diesel motors and alternators, called gensets.  The gensets are 

connected to a switchboard that distributes power to different components of 

the ship- HVAC, lighting, refrigeration, propulsion etc.  A variable frequency 

drive regulates the power supplied to the propulsion units.  They have the 

same power plant design and use a similar power distribution process as 

shown in Figure 4-3.  
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Figure 4-3: General schematic of diesel-electric Azipod propulsion plant 

taken from ABB (2010). 

 

The powering data from the ship’s variable frequency drive was used as the 

delivered power (PD) in this analysis.  This was the same method used during 

sea trials.  The losses due to the bearings are unknown; however, Carlton 

(2007) indicates the losses will be quite small (<5%) when determining 

delivered power from shaft power.  No information was available on the 

mechanical efficiencies for either ship and it was assumed that they were 

constant over the study interval.   

 

4.3.1.iii Speed  

The ship data included both speed over ground and speed through the water.  

Speed through the water more accurately depicts the speed experienced by 
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the hull, because it takes into account the effects of the tides and currents.  

Speed through the water sensors, however, are not always well calibrated, 

and are subject to error due to biofouling and their measurements maybe 

biased by the thickness of the boundary layer.  This can lead to inaccuracies 

and Boom et al. (2013) state that the speed log does not give speed through 

the water with acceptable accuracy.   

 

The speed through the water measured by the Doppler speed log onboard 

the ship was compared with the speed through the water calculated using 

surface current data, speed over ground and ship heading (Figure 4-4 and 

Figure 4-5).  Approximately 2000 data points for Ship A did not have speed 

over ground data and were removed.  An additional 100 data points were 

removed because the speed over ground data indicated speeds that were 

clearly not correct; e.g. negative values or speeds in excess of 100 kts.   
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Figure 4-4: Differences in speed through the water determined with the speed 

log and speed through the water determined using surface current data and 

speed over ground for Ship A.   

 

The trends show that the difference in calculated and measured speed 

through the water was mostly a function of current speed (Figure 4-4). There 

were a large number of data, however, where the current speed was less 

than 0.5 kts, but the difference between the measured and calculated speed 

was still large.   
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The were smaller differences in the measured and calculated speed for Ship 

B.  There was a clear trend showing the error in measured speed as a 

function of the current magnitude (Figure 4-5).  A difference of measured and 

calculated speed through the water of 2 kts seems to be quite reasonable as 

the current data were determined every 6-hrs or once daily at a grid spacing 

of 1/12⁰.   

 

Figure 4-5: Differences in speed through the water determined with the speed 

log and speed through the water determined using surface current data and 

speed over ground for Ship B. 
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Based off the data presented in Figure 4-4 and Figure 4-5, the speed over 

ground was chosen as the primary ship speed.  To mitigate the influence of 

surface current, data points will be removed with current magnitudes greater 

than 1 kts.   

 

4.3.1.iv Draft and Trim 

The draft and trim data from the ship were used with the hydrostatic tables 

provided for Ship A and Ship B.  The hydrostatic tables included data at even 

keel, and at 0.50 m, -0.50 m, -0.75 m and -1.0 m trim (- aft).   

 

The displacement, waterline length and other hydrostatic particulars (CB, CM, 

CWP, CW and LCB) were determined for each point in the dataset by linearly 

interpolating the hydrostatic tables using draft and trim.  Hydrostatic tables 

had draft increments of 1 cm.  Variations in the hydrostatics data between 

successive draft increments was generally quite small (<0.1%).  The 

differences did increase to about 1% when comparing displacement and LCB 

values at the same draft but different trim.  A more refined interpolation was 

not attempted because the table of offsets or 3D hull model were not 

available.     
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4.3.2 Metocean Data 

Metocean data were obtained from a dataset that included ship, satellite, 

buoys and environmental model data. The ship metocean data included wind 

speed, wind direction and water depth.  There were periods of missing data 

which were supplemented from environmental models that were also used to 

validate some of the ship data.  .  The following metocean data were acquired 

using a freely available toolbox (NCTOOLBOX 2014) for Matlab (Mathworks 

R2015a): 

 10 m wind speed and direction (GFS). 

 Significant wave height, peak period and average wave direction at 

peak period (Wavewatch III). 

 Sea surface temperature (HYCOM+NCODA).  

 Sea surface salinity (HYCOM+NCODA). 

 Sea surface current (HYCOM+NCODA). 

 Water depth (HYCOM+NCODA). 

 

4.3.2.i Wind  

The wind speed and direction were determined using data from the ship’s 

anemometer and an environmental model, the Global Forecast System 

(GFS).  The GFS 10 m wind data were acquired from the Wavewatch III 

dataset discussed in the following section. 
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The relative wind speed and direction from Ship A and Ship B were not 

available December 2011 through May 2013.  The missing data accounts for 

approximately 25% of the dataset for both vessels.  Additionally, the relative 

wind direction for Ship B was not available prior to May 2013.  This accounted 

for approximately 60% of the dataset for Ship B.  The GFS 10 m wind data 

were used for locations of missing ship wind data.   

 

The GFS data were acquired at a 3-hr interval using a 10 or 30 arc-minute 

grid resolution.  A 10 or 30 arc-minute grid represent an 18.5 km or 55.5 km 

square cell at the equator.  The cell size is reduced closer to the pole due to 

the convergence of longitude.  For reference, the cell area at 60⁰ latitude is 

half the size of the cell at the equator.   

   

The 10 m relative wind speed and relative direction were determined using 

the ship’s anemometer and the 10 m GFS wind data.  The GFS data were 

combined with the ship’s speed over ground and heading to determine the 

10 m relative speed and direction.  The relative wind speed and wind direction 

from the ship’s anemometer were corrected to a reference height of 10 m 

using the methodology outlined in ISO (2015).  The 10 m reference is the 

same height as the GFS wind data. 
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The relative 10 m wind speed and wind direction data calculated from the 

ship’s anemometer and the GFS model were compared for Ship A and Ship 

B (Figure 4-6 to Figure 4-9).  The wind data were averaged over a 14-day 

interval for easier comparison in the figures.  The relative wind speed and 

wind direction at 10 m determined from the ship and GFS model are in 

reasonable agreement for the majority of the interval.   

 

 

Figure 4-6: 14-day average relative wind speed at 10 m for Ship A. 
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Figure 4-7: 14-day average relative wind direction at 10 m for Ship A 

(0⁰=heading winds). 

 

Figure 4-8:14-day average relative wind speed at 10 m for Ship B. 
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Figure 4-9: 14-day average relative wind direction at 10 m for Ship B 

(0⁰=heading winds). 

 

 

The relative wind speed and direction at a reference height of 10 m was used 

with Equation 40 from ITTC (2014b) to estimate the resistance due to wind.  

The formula is based on the work of Fujiwara et al. (2005) and presented in 

Appendix A.   

 RAA =
1

2
ρaVwr

2 CAAAvs (40) 

 

The estimated wind resistance (RAA) accounts for approximately 10-15% of 

the total resistance (RT) (Figure 4-10 and Figure 4-11).   
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Figure 4-10: Ratio of estimated wind resistance (RAA) to total resistance (RT) 

for Ship A. 

 

 

Figure 4-11: Ratio of estimated wind resistance (RAA) to total resistance (RT) 

for Ship B. 

 



 

124 

 

The changes in resistance due to variations in wind speed and direction were 

transformed into changes in delivered power using Equation 41.  No data 

were available on the propulsive efficiency of either ship.  A value of 0.7, as 

suggested by ISO (2015), was used for the quasi-propulsive coefficient (ηD).   

 ∆PD,wind =
RAAVS

ηD
 (41) 

 

4.3.2.ii Wave 

Significant wave height, peak period and average direction at peak period 

were acquired from NOAA’s Wavewatch III model (Tolman 2009).  The 

hindcast reanalysis of Wavewatch III version 2.22 were downloaded from the 

ftp site of the Marine Modeling and Analysis Branch of NCEP’s Environmental 

Modeling Center (MMAB 2016).   

 

Data were extracted from GRiB files using NCTOOLBOX (2014) in Matlab 

(Mathworks R2015a).  The grid selection was done using the maximum 

extents of the regional North Atlantic 10-arc minute grid (0º to 55ºN, 98º W to 

50º W).  If the location was outside these values, then the global grid was 

used.  About 100,000 points for Ship A and 40,000 points for Ship B were 

outside the model grid domain. The majority of the missing data were for 

locations in the Baltic and Mediterranean Sea.  
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Most formulations for the added resistance due to waves require model 

testing data or ship motions spectral transfer function.  Model data or ship 

spectral functions were not available.  A simplistic equation from ITTC 

(2014b) was used as guidance to the upper limitation of wave height 

(Equation 42).   The formula uses the length of the waterline from the bow to 

95% of maximum breadth (LBWL, 90 m) and is valid for ships in head waves 

only.   

 

RAW =
1

16
ρgHs

2B√
B

LBWL
 

when Hs ≤ 2.25√
LBP

100
 

(42) 

 

The upper limit of significant wave height was chosen as 2 m.  Using the 

above equation, a significant wave height of 2 m would account for 

approximately 5% of the total resistance of the ship. 

 

4.3.2.iii Sea Surface Temperature, Salinity, Current 

Sea surface temperature, sea surface salinity and surface current data were 

acquired using data from the Hybrid Coordinate Oceanographic Model, 

HYCOM (Halliwell et al.1998, Halliwell et al. 2000, Bleck 2002).  A consortium 

of institutions sponsored by the National Ocean Partnership Program 
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manage the data.  They ask that the following paragraph be included in any 

publication citing HYCOM data.  

The 1/12 deg global HYCOM+NCODA Ocean Reanalysis was funded 

by the U.S. Navy and the Modeling and Simulation Coordination 

Office. Computer time was made available by the DoD High 

Performance Computing Modernization Program. Funding for the 

development of HYCOM has been provided by the National Ocean 

Partnership Program and the Office of Naval Research. Data 

assimilative products using HYCOM are funded by the U.S. Navy. 

Computer time was made available by the DoD High Performance 

Computing Modernization Program. The output is publicly available at 

http://hycom.org 

 

The archived HYCOM model data are combined with the Navy Coupled 

Ocean Data Assimilation system (NCODA) that assimilates available 

altimeter, XBT, ARGO floats and buoy data (Cummings 2005, Cummings and 

Smedstad 2013).  Archived data have two major divisions- reanalysis 

(October 1992-December 2012) and analysis (September 2008-Present).   

 

The data were available at grid points spaced 1/12º for both the latitude and 

longitude.  Time steps were 0, 6, 12 18z daily for the reanalysis dataset 

(before January 2013) and 0z daily for the analysis dataset (January 2013 

http://hycom.org/
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and after).  Coordinates and timestamp for the vessel, rounded to nearest 

grid point and time step, determined the model value.   

 

There were 70 intervals or 102 days that did not have data in the 

HYCOM+NCODA analysis dataset.  Most of the intervals of missing data 

were only 1 day long.  Temperature, salinity and current data for the missing 

dates were populated from the nearest available time step.  The following list 

shows the missing data intervals: 

 58 intervals were 1 day long 

 7 intervals of missing data were 2 days long 

 2 intervals of missing data were 4 days long 

 1 interval of missing data was 6 days long 

 1 interval of missing data was 12 days long 

Around 15,000 data points from Ship A and 14,000 points from Ship B were 

outside the grid domain of the HYCOM+NCODA dataset and were not 

included in the analysis.  Most of these locations were close to the coast. 

 

The density and kinematic viscosity for Ship A (Figure 4-12) and Ship B 

(Figure 4-13) were calculated from temperature and salinity data using an 

empirical formula developed by Sharqawy et al. (2010). 
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Figure 4-12: Density and kinematic viscosity for Ship A. 

 

 

Figure 4-13: Density and kinematic viscosity for Ship B. 

 

The changes in resistance due to variations in density and kinematic viscosity 

were estimated using Equation 43 from ITTC (2014b). 
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  RAS = RT0 (
ρ

ρ0
− 1) − RF (

CF0

CF
− 1) (43) 

 

The ‘0’ subscript is indicative of a reference condition of 15º C and a density 

of 1025 kg/m3.  The reference conditions are consistent with the values used 

in the sea trials.  A quasi-propulsive coefficient of 0.7 was used to calculate 

the total resistance (RT).  The change in resistance due to variations in 

density and kinematic viscosity (RAS) was generally less than 2%-3% of the 

total resistance (RT) (Figure 4-14 and Figure 4-15). 

 

 

Figure 4-14: Ratio of estimated resistance due to water density and kinematic 

viscosity (RAS) to total resistance (RT) for Ship A. 

 



 

130 

 

 

Figure 4-15: Ratio of estimated resistance due to water density and kinematic 

viscosity (RAS) to total resistance (RT) for Ship B. 

 

The changes in resistance due to variations in density and kinematic viscosity 

were transformed into changes in delivered power (Equation 44).  No data 

were available on the propulsive efficiency of Ship A or Ship B.  A value of 

0.7, as suggested by ISO (2015), was used for the quasi-propulsive 

coefficient (ηD).   

 ∆PD,visc =
RASVS

ηD
 (44) 

 

4.3.2.iv Water Depth 

Data were removed for locations with a depth less than 32 m based off 

minimum water depth recommendations from the ITTC (2014a).  The ship 
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performance data for the remaining locations were corrected using the 

formula from Lackenby (1963), as suggested by ITTC (2014b), and shown in 

Equation 45.  The maximum correction in velocity around 0.35 kts.   

 

ΔVS

VS
= 0.1242 (

AM

h2
− 0.05) + 1 − (tanh

gh

VS
2)

1
2⁄

 

for 
AM

h2 > 0.05 

(45) 
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4.3.3 Filtering for Operational and Environmental Parameters 

Environmental and operational parameters were filtered to remove data 

points at low speeds, in excessive currents, high winds, large waves and/or 

shallow water.  The filtering criteria were selected in an effort to remove 

unwanted data but still leave enough ‘good’ data for the analysis to remain 

useful.   

 

The number of rows and percentage of data for the different criteria are 

presented in Table 4-4. The distances (Dist) were determined using great 

circle distances between the latitude and longitude of two successive points.  

Sog is the speed over ground.  True wind was determined at a reference 

height of 10 m.  
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Table 4-4: Operational and environmental filters. 

 Ship A Ship B 

 Rows % Rows % 

Testbed 279691 -- 298045 -- 

No draft data 102 0.04% 33757 11.33% 

No temp/sal 20169 7.21% 12125 4.59% 

No Sog 18697 7.21% 348 0.14% 

Draft > 8.8 m 1458 0.61% 9 0.00% 

Sog < 12 kts 49166 20.55% 50356 20.00% 

Current speed > 1 
kts 

24170 12.71% 41314 20.51% 

Dist < 1 nmi 1280 0.77% 4265 2.66% 

Δ RPM > 5 % 103 0.06% 3404 2.18% 

Depth < 32 m 17564 10.67% 14148 9.28% 

|Accel| > 0.6 kts/5 
min 

4377 2.98% 3561 2.57% 

True wind >20 kts 6540 4.59% 7487 5.56% 

Hs > 2 m 10049 7.39% 10510 8.26% 

 

The filtering criteria were chosen for the following reasons:   

 Draft, temperature, salinity and speed are needed to form the 

reference power. 

 Draft values greater than 8.8 m exceed the upper limit of the 

hydrostatics table. 

 12 kts is on the low end of ‘normal’ operating speeds. 
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 Current magnitudes greater than 1 kts removes data in excessive 

currents. 

 Distance of 1 nautical miles (nmi) is the approximate distance covered 

when cruising at 12 kts for 5 minutes (sample length).  This removed 

data with excessive maneuvering. 

 RPM difference removed data with asymmetric propulsion. 

 Depth less than 32 m removed effects of shallow water. 

 Data points with true wind speeds greater than 20 kts and significant 

wave heights greater than 2 m were chosen because of the relatively 

small amount of data removed when compared to the other wind and 

wave criteria. 

 

Approximately 130,000 data points for Ship A and Ship B remained after the 

filtering.   

 

4.3.4 Reference Conditions 

There are two options to account for the change in proportionality of the 

frictional drag to the overall resistance:  

 Compare the powering data to a specific speed and displacement 

from sea trials or other suitable reference period (e.g. after dry dock) 
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 Compare the powering data to the residuary and smooth frictional 

resistance for all draft-trim combinations using CFD or an empirical 

powering prediction method. 

 

4.3.4.i Sea Trial Reference  

Powering data can be corrected to a reference speed and draft with the use 

of the Admiralty coefficient (Ac) which remains fairly constant over a large 

draft and speed range.  

 Ac =
∆2 3⁄ Vs

3

PD
 (46) 

 

The Admiralty coefficient can be used to form a velocity corrected for 

changes in displacement (Vc).  The expression for corrected velocity taken is 

taken from ISO (2015) (Equation 47). The expression is a function of the 

measured ship velocity (Vs), displacement (Δm) and the reference 

displacement during sea trials (Δst=46,500 tonnes). 

 Vc = Vs (
∆m

2 3⁄

∆st
2 3⁄

)

1 3⁄

 (47) 

 

ISO (2015) states that speed correction using the Equation 47 is acceptable 

when displacement values are within ± 5% of the actual displacement and 

trim values are within ± 0.2% LBP of the actual trim.  The trim, displacement 
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and limitations of trim and displacement are shown for Ship A and Ship B 

(Figure 4-16 and Figure 4-17).  This shows that Ship A operates at larger 

displacement values than Ship B.  Additionally, the displacement for Ship A 

is greater than 5% of the sea trial condition for a significant portion of the 

time.   

 

 

Figure 4-16: Ship A displacement and trim. 
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Figure 4-17: Ship B displacement and trim. 

 

The change in power due to wind (ΔPD,wind) and viscosity (ΔPD,visc) were 

removed from the measured power (PD).  The reference power (PD,ref) is the 

power determined from the sea trials (PD,st) corresponding to the velocity 

corrected for displacement differences (Vc).  The difference between 

corrected velocity and normal velocity was around 0.1 to 0.2 kts. The power 
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curve from sea trials is plotted with the actual power for Ship A and Ship B 

(Figure 4-18 and Figure 4-19).   

 

 

Figure 4-18: Actual power from Ship A plotted with power curve from sea 

trials. 
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Figure 4-19: Actual power from Ship B plotted with power curve from sea 

trials. 

 

The KPII determined from Equation 48 is the change in efficiency reference 

the vessel at sea trials.   A KPI of -0.10 indicates that the ship is 10% more 

efficient than at sea trials. 

 KPII =
PD − ΔPD,wind − ΔPD,visc − PD,ref

PD,ref
 (48) 

 

4.3.4.ii Residuary Resistance Reference 

The residuary resistance for each draft, trim and speed combination can be 

calculated using empirical formulations, such as the Holtrop and Mennen 

(1982) method, or CFD.  CFD methods were not investigated for this analysis 

because detailed design of the hull was not known.  The Holtrop and Mennen 
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(1982) method was used to determine the residuary resistance for Ship A 

and Ship B for each data point.  The Holtrop and Mennen (1982) method was 

developed using regression analysis of model experiments and full-scale 

data (Appendix B).  The method of Holtrop (1984) was not used as that paper 

modified the Holtrop and Mennen (1982) method for predominantly higher 

speed craft with a Froude number greater than 0.5.  The maximum Froude 

number for Ship A and Ship B was around 0.2. 

 

The method requires the input of a number of parameters (Table 4-5).  These 

values were determined using hydrostatics and metocean data, or were 

assumed if no other data were available. Table 4-5 lists the origin and value 

for each of the variables used in the Holtrop and Mennen (1982) method for 

this analysis. 
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Table 4-5: Variable origin and value for the Holtrop-Mennen method. 

Variable Origin 

Draft Ship 

Trim Ship 

Speed Ship 

Water Density Metocean data 

Displacement Hydrostatics table using draft and trim 

LCB Hydrostatics table using draft and trim 

Waterline Length Hydrostatics table using draft 

CM Hydrostatics table using draft 

CW Hydrostatics table using draft 

CP Hydrostatics table using draft 

Breadth Hydrostatics table (32.2 m) 

Immersed transom area Assumption (16 m2) 

Transverse area of bulbous bow Assumption (20 m2) 

Height of bulbous bow centroid  Assumption (3 m) 

 

The Reynolds number was formed using the kinematic viscosity, waterline 

length and ship speed over ground.  The wetted surface area, density and 

ship speed were used with the ITTC-57 frictional drag coefficient to determine 

the smooth frictional resistance values (Equation 49).  

 CF =
0.075

(log10 ReL − 2)2
 (49) 
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The measured power (PD) was corrected for the effects of wind and viscosity 

as the previous method.  The reference power was calculated as the 

summation of the smooth frictional resistance from the ITTC-57 frictional drag 

coefficient and residuary resistance from the Holtrop and Mennen (1982) 

method.  The resistance values were transformed into power using a quasi-

propulsive coefficient of 0.7.   

 

The delivered power for Ship A and Ship B are presented with the reference 

power from the residuary resistance of Holtrop and Mennen (1982) and the 

ITTC-57 friction line (Figure 4-20 and Figure 4-21).  The resulting KPIII, 

shown in Equation 50, is the change in efficiency reference the smooth 

theoretical value determined from Holtrop and Mennen (1982). 

 KPIII =
(PD − ΔPD,wind − ΔPD,visc) − PD,ref

PD,ref
 (50) 
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Figure 4-20: Actual power from Ship A plotted with power curve from Holtrop 

and Mennen (1982). 

 

 

Figure 4-21: Actual power from Ship B plotted with power curve from Holtrop 

and Mennen (1982). 
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4.3.4.i Selection of Reference Condition 

Paramount to the effectiveness of the key performance indicator is that it 

does not fluctuate with speed.  These vessels often operate at different 

speeds depending on which voyage leg or region the ship is operating.  The 

KPI determined using sea trial data (KPII) and Holtrop-Mennen method (KPIII) 

as a reference are presented with speed for an arbitrary week in July 2011 

(Figure 4-22 and Figure 4-23). This week was chosen as there were clear 

speed differences during the 1-week interval and the relationships observed 

are representative of the other periods.   

 

Figure 4-22: Key performance indicator determined using sea trials as a 

reference for 19-25 July 2011 for Ship B. 
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Figure 4-23: Key performance indicator determined using Holtrop and 

Mennen (1982) as a reference for 19-25 July 2011 for Ship B. 

  

While there was some variation in the KPII during the week, it was not 

strongly influenced by a 5 kts speed difference (Figure 4-22).  However, KPIII 

showed a clear speed dependency over the same interval (Figure 4-23).  This 

can also be seen in Figure 4-20 and Figure 4-21; the power curve from the 

Holtrop and Mennen (1982) method has a different shape than the actual 

power as a function of speed.  Therefore, the KPI determined using the sea 

trial data as a reference was chosen because of the very weak speed 

dependence (Figure 4-22). 
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4.3.5 KPI Reliability 

Observable trends in the KPI were compared with the estimated powering 

trends associated with maintenance events and diver inspections.  The 

maintenance events for Ship A and Ship B included dry dock, cleaning of the 

vertical sides, propeller polishing and video inspection.  An inspection of the 

hull and propeller were included in the diver reports for most of the 

maintenance events (Table 4-6 and Table 4-7).   

 

The fouling coverage at the dry dock for Ship B were from the dry dock 

inspection report.  No information was available for the Ship A dry dock.  Both 

Ship A and B had fouling release (FR) and self-polishing copolymer (SPC) 

anti-fouling coating applied to the hulls.  Ship B had FR coating applied along 

the vertical sides of the ship from the forward sides to just aft of amidships.  

The remainder of Ship B had SPC anti-fouling coating.  No specific coating 

information was available for Ship A.   
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Table 4-6: Maintenance schedule and diver inspections for Ship A; hull cleanings are in light gray, dry dockings are 

black.  

Date Event 
Propeller Flats Vertical Sides 

Growth Degree Growth Degree Growth Degree 

May-08 DD n/a n/a Clean n/a Clean n/a 

Jun-10 Prop Slime/Cathodic Chalk Light Clean n/a Slime Medium 

Dec-10 Prop Slime/Cathodic Chalk Medium/Light Slime Light Slime/Grass Light-Medium 

Jun-11 Prop Slime/Cathodic Chalk Light Slime Light Grass Medium 

Dec-11 Prop Slime/Cathodic Chalk Medium n/a n/a n/a n/a 

Mar-12 Vert Sides n/a n/a Slime Light Slime/Grass/Barnacles 
Medium-
Heavy/Medium/Light 

Jun-12 Prop n/a n/a n/a n/a n/a n/a 

Feb-13 Video  Cathodic Chalk Very Light Slime/Barnacles Light-Medium Slime Medium-Heavy 

May-13 DD  n/a n/a n/a n/a n/a n/a 

Jun-13 Prop Cathodic Chalk Medium-Heavy n/a n/a n/a n/a 

Nov-13 Prop Slime/Cathodic Chalk Light Slime Light Slime Light 

Jan-14 Video  Cathodic Chalk Very Light Clean n/a Slime Heavy 

May-14 Prop Slime Light n/a n/a n/a n/a 

Nov-14 Prop Cathodic Chalk Light Clean n/a Slime Light 

Dec-14 Vert Sides Cathodic Chalk Light-Medium Clean n/a Slime/Grass Heavy/Light 

Feb-15 Video  Cathodic Chalk Light Clean n/a Slime Light 

Apr-15 Prop Slime/Grass Light/Light Slime Light Slime/Grass Light-Medium/Light 

Aug-15 Prop Slime Light n/a n/a n/a n/a 

Dec-15 Vert Sides Slime/Cathodic Chalk Light/Light Slime Very Light Slime/Grass Medium/Light 
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Table 4-7: Maintenance schedule and diver inspections for Ship B; hull cleanings are in light gray, dry dockings are 

black. 

Date Event 

Propeller Flats Vertical Sides 

Growth Degree Growth Degree Growth Degree 

Apr-10 Prop Cathodic Chalk Light n/a n/a n/a n/a 

Nov-10 Vert Sides Clean n/a Slime Light Slime/Grass Light 

Nov-10 Prop 
Slime/Cathodic 
Chalk Light/Heavy Slime Light Slime/Grass Light 

May-11 DD n/a n/a Mostly clean n/a Slime/Grass Light/Waterline 

May-11 Prop Cathodic Chalk Medium-Heavy n/a n/a n/a n/a 

Nov-11 Prop Cathodic Chalk Light-Medium Clean n/a Slime/Grass Medium 

May-12 Vert Sides Slime Light n/a n/a Slime/Grass 
Light-
Medium/Light 

May-12 Prop Slime Light n/a n/a Clean n/a 

Aug-12 Prop Cathodic Chalk Light-Medium n/a n/a n/a n/a 

Feb-13 Video  Cathodic Chalk Light Clean n/a Slime Light-Medium 

Mar-13 Vert Sides n/a n/a n/a n/a Slime Light-Medium 

Mar-13 Prop Cathodic Chalk Light n/a n/a n/a n/a 

Jul-13 Prop 
Cathodic 
Chalk/Slime Light Clean n/a Slime Medium 

Aug-13 Vert Sides 
Cathodic 
Chalk/Slime Light Clean n/a Slime Medium 

Feb-14 Video  
Slime/Cathodic 
Chalk Light Slime/Tube Worms Light Slime/Grass/Barnacles /Tube Worms Light 

Feb-14 Prop Cathodic Chalk Light-Medium 
Slime/Grass/Barnacles 
/Tube Worms Light Slime/Grass/Barnacles /Tube Worms Light 

Jun-14 Vert Sides Slime Light Slime Light Slime/Grass/Barnacles Medium 

Aug-14 Prop 
Grass/Cathodic 
Chalk Light-Medium Slime Light Slime/Barnacles Medium/Light 

Aug-14 Other n/a n/a Slime Light Slime/Grass/Barnacles Light-Medium 

Oct-14 Vert Sides n/a n/a n/a n/a n/a n/a 

Feb-15 Prop Barnacles Medium-Heavy Slime/Grass/Barnacles Light Slime/Barnacles Heavy/Medium 

Mar-15 Video  Clean n/a Slime Light Slime Light 

May-15 Vert Sides Clean n/a Slime Light Slime/Grass/Barnacles Medium/Light 

Sep-15 Prop 
Cathodic 
Chalk/Slime Light Clean n/a Slime Medium 

Nov-15 Vert Sides Cathodic Chalk Light Clean n/a Slime/Grass Light 



 

149 

 

The change in powering associated with hull condition in the diver inspections 

was estimated using the equivalent sand grain roughness from Schultz 

(2007), similarity methods of Granville (1958, 1978) and powering data from 

sea trials.  The hull design for both Ship A and Ship B are exactly the same.   

 

The ship’s waterline length during sea trials was 283 m.  The reference 

density (ρ=1025 kg/m3) and kinematic viscosity (ν=1.19 e-06 m2/s) from sea 

trials was used in the analysis.    

 

The percentage change in powering was estimated for different fouling 

conditions reference the vessel/coating condition during sea trials (Table 4-

8).  The coating during sea trials was assumed to have an equivalent sand 

grain roughness of 30 μm. This value is equivalent to the as applied AF 

coating estimate of Schultz (2007).   An equivalent sand grain roughness for 

medium slime was estimated as 200 μm, as this is halfway between the 

values given by Schultz (2007) for light and heavy slime. 

 

The power estimations assumed the quasi-propulsive coefficient was a 

constant value of 0.7.  However, fouling would likely decrease the quasi-

propulsive coefficient too.  This decrease would lead to an additional increase 

in delivered power not accounted for in Table 4-8.    
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Table 4-8: Estimated CF values and percent changes in power associated at 

15 kts and 20 kts for Ship A and Ship B. 

 ks 
15 kts 20 kts 

CF %ΔPD CF %ΔPD 

Typical AF coating 30 1.45E-03 -- 1.45E-03 -- 

Light slime/ 
deteriorated coating 

100 1.70E-03 9% 1.70E-03 10% 

Medium slime 200 1.87E-03 15% 1.87E-03 16% 

Heavy slime 300 1.98E-03 20% 1.98E-03 21% 

Small calcareous 
fouling/weed 

1000 2.39E-03 34% 2.39E-03 36% 

 

Representatives of the shipping company indicated that hull cleaning affects 

approximately 60% of the wetted surface area (personal communication, July 

13, 2016).  Assuming that the change in power is directly proportional to the 

wetted surface area. Removal of light slime during a hull cleaning would 

decrease the powering approximately 5%.  Removal of medium slime would 

be 9%, heavy slime 12% and small calcareous fouling or weed 20%.  These 

values are likely to be on the upper end of the estimations from the power 

savings gained from ship hull cleaning as they presume that the coating will 

be returned to its ‘as applied’ condition.  Furthermore, the estimations of ks 

values from Schultz (2007) are based upon his earlier work (Schultz 2004), 

where the percent coverage of the fouling was >70%+.   
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4.4 Results  

A key performance indicator (KPI) was developed for two sister ships using 

ship and metocean data from 2010-2015.  The goal of the analysis was to 

determine if the hull and propeller condition can be reliably detected using a 

key performance indicator (KPI).  The developed KPI is the change in 

corrected power from the ship reference power determined from sea trials at 

a similar speed.  The power and speed were corrected for changes in draft, 

water depth, wind and viscosity.  A KPI of 0.10 indicates the ship was using 

10% more power than the vessel at sea trials.  A KPI of -0.10 indicates the 

ship was using 10% less power than sea trials.   

 

4.4.1 Time-averaging 

It was found that the KPI needed to be averaged over a suitable time interval 

to remove short-term fluctuations.  The fluctuations arise due to the short-

term changes in the operating and environmental conditions of the ship and 

also due to inaccuracies in the data collected for the analyses.   

 

The KPI for Ship A and Ship B were averaged over a 14, 30, 60 and 90-day 

interval (Figure 4-24 and Figure 4-25).  The maintenance events were also 

included, as these locations on the graph should reflect discontinuities in the 

hull and propeller condition. 
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Figure 4-24: KPI for Ship A averaged over different time intervals. 
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Figure 4-25: KPI for Ship B averaged over different time intervals. 

 



 

154 

 

It was found that the time interval over which the KPI were averaged created 

a difference in values.  The 14-day average KPI had short-term fluctuations 

that were not associated with changes in the hull and propeller condition 

(Figure 4-24 and Figure 4-25).  The most likely cause was poor quality of the 

input data and inadequate models to estimate the change in power due to 

changes in operating and environmental conditions.  The 30-day averaged 

KPI had similar trends as the 60 and 90-day averaged KPI for the majority of 

the study for Ship A and Ship B.  There were some instances, however, when 

the 30-day average had fluctuations that appeared to be inconsistent with 

changes in the hull and propeller condition.  The 30-day average KPI for Ship 

B had sharp fluctuations between March and July of 2013 and this was 

inconsistent with the fouling reported from the diver inspections (Figure 4-

26). The reports indicated a gradual increase in fouling from light/medium to 

medium slime for the vertical sides during this time; the flats were reported 

clean (Table 4-7).  The gradual increase in fouling during this time was similar 

to the change in the 60-day average KPI (Figure 4-26).  The 90-day average 

KPI had similar trends as the 60-day average KPI, but the changes due to 

maintenance events were less obvious due to the longer time interval.   
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Figure 4-26: KPI for Ship B averaged over different time intervals for February 

through November 2013. 

 

The 60-day average KPI was chosen, as this period was the minimum 

interval needed to remove short-term fluctuations.  

 

 

4.4.2 Comparison with Maintenance Events 

The trends in the 60-day averaged KPI were compared with the maintenance 

events and diver inspections (Figure 4-27 and Figure 4-28).  The estimated 

increase in powering associated with different degrees of fouling are listed in 
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Table 4-8.  Assuming that the change in power is directly proportional to the 

wetted surface area. Estimations using the equivalent sand grain from 

Schultz (2007) and sea trial data indicated that cleaning the vertical sides, 

which is approximately 60% of the wetted surface area, would decrease the 

powering by approximately 5% for light slime, 9% for medium slime, 12% for 

heavy slime, and 20% for small calcareous fouling or weed (Section 4.3.5).  

These values are likely to be on the upper end of the estimated savings for a 

ship hull cleaning.  This is due to differences in the fouling coverage and the 

change in roughness of the coating.   No estimations were made to the 

change in powering associated with the propeller condition as frequent 

propeller polishing limited the propeller fouling to the presence of mostly light 

slime/cathodic chalk.   
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Figure 4-27: Ship A KPI averaged over 60 days with maintenance events.
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4.4.2.i Ship A 

The change in averaged KPI between maintenance events for Ship A  

measured both an increase and decrease in the averaged KPI.  Some 

periods between maintenance events see an increase in the averaged KPI 

consistent with the linear trends published by Munk (2006) and Armstrong 

(2013).  Other periods, however, did not have a linear change in averaged 

KPI but exhibited a decrease between maintenance events.  There are large 

periods of missing data for Ship A just before the dry dock in May 2013.  This 

is because speed over ground data were not available. 

 

The most significant change in KPI was after a dry docking.  There was a 

0.15 decrease in KPI.  While no dry dock report was available, the diver report 

during a video inspection two and half months prior (February 2013) indicated 

light slime and medium barnacles on the flats and medium to heavy slime on 

the vertical sides (Table 4-6).  This change is in reasonable agreement with 

Table 4-8 that estimated a medium to heavy slime would increase the 

powering of a ship 15-20% when compared with a typically applied AF paint. 

 

The heaviest fouling condition reported from the diver inspections was in 

March 2012 before a vertical sides cleaning. The diver inspection noted that 

there was medium to heavy slime, medium grass and light barnacles on the 

vertical sides.  There was a 0.10-0.15 decrease in KPI after the cleaning. This 
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is slightly larger than the estimation that removal of heavy slime and small 

calcareous fouling and weed from the vertical sides would reduce the 

powering by approximately 15-20%.  Heavy slime and light grass on the 

vertical sides and clean flats were reported during the cleaning in December 

2014.   The 60-day average KPI decreased approximately 0.05 during that 

time.  This change is less than the estimated 12% decrease in powering 

associated with removing a heavy slime from the vertical sides, but consistent 

with the other results that showed the estimated power savings from 

cleanings were generally larger than the observed changes in KPI.  

 

The worst recorded condition of the propeller for Ship A was in June 2013, 

one month after the dry dock.  The diver inspection noted the propeller had 

medium to heavy cathodic chalk deposits.  The effect of this propeller polish 

cannot be determined because it occurred close to the dry dock.   There was 

a slight change in the 60-day average KPI (<0.05) around the similar time as 

each of the propeller polishing events after dry dock.  The diver reports noted 

the presence of light slime/cathodic chalk during most of these propeller 

polishing events.  There were no observable changes in the 60-day average 

KPI associated with both of the propeller polishing before the dry dock. The 

lack of change in the KPI during these propeller polishing events could be 

due to the relatively poor condition of the hull with comparison to the light to 

medium slime/cathodic chalk observed on the propeller.  For example, the 
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diver inspection for the propeller polish during December 2011 indicated 

medium slime/cathodic chalk on the propeller, no report was given for the 

hull.  The subsequent diver inspection three months later during the vertical 

sides cleaning indicated light slime on the flats and medium-heavy slime, 

medium grass and light barnacles on the vertical sides.  This fouling condition 

would explain why no decrease in KPI was observed following the propeller 

polishing.   
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Figure 4-28: Ship B KPI averaged over 60 days with maintenance events. 
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4.4.2.ii Ship B 

The change in averaged KPI between maintenance events is mostly similar 

for Ship B.  The general trends show an increase in KPI after dry dock and 

between maintenance events.  The trends between most maintenance 

events were similar for Ship A, and do not appear to be linear.  There is a 

large period of missing KPI for most of 2015 because draft measurements 

were not available during this time.  There were also large periods of missing 

powering data over the same interval. 

 

There was a 0.30 reduction in KPI following the dry dock in May 2011.  The 

inspection during the dry dock indicated that the flats were mostly clean, with 

light slime on the vertical sides and grass around the waterline.  The diver 

inspection 1-day after dry dock, noted the presence of medium to heavy 

cathodic chalk deposits on the propeller. These conditions do not suggest 

that the sharp rise in KPI before the dry dock was due to fouling or the 

propeller condition.  Representatives of the shipping company confirmed that 

there was mechanical damage to one of the propeller blades during this time 

(personal communication, July 13, 2016).  This explains the sharp rise in KPI 

before dry dock and the subsequent reduction after the maintenance event. 

 

A decrease in the 60-day average KPI of approximately 0.05 occurred around 

the time of the propeller polish and hull cleaning in July and August 2013.  
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The diver reports noted the presence of medium slime on the vertical sides 

during the propeller polish and hull cleaning (Table 4-7).   A 0.05 reduction in 

KPI is slightly less than the estimation that removal of medium slime from the 

vertical sides would reduce the powering by approximately 9%, but 

consistent with the other results that showed the estimated power savings 

from cleanings were generally larger than the observed changes in KPI.  

 

 A 0.05 reduction in 60-day average KPI occurred around a propeller polish 

in November 2011, when there was a light-medium cathodic chalk noted in 

the diver inspection report.  The same condition was noted before the 

propeller polish in February 2014 (Table 4-7) when the trend in the averaged 

KPI did not change.  The diver inspections during February 2014, however, 

noted the presence of light slime and tube worms on the flats and light slime, 

grass, barnacles and tube worms on the vertical sides.  The fouling condition 

may explain why the propeller polish did not have an effect of the 60-day 

average KPI.  Moreover, the general increase in the hull fouling noted in all 

five of the diver inspections during 2014 is consistent with the general 

increase in KPI during the same period. The increase in hull fouling also 

explains why the decreases in KPI were more closely associated with the hull 

cleanings than the propeller polishing.   
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There were no changes in the 60-day average KPI during both the combined 

hull cleaning and propeller polishing events in May 2012 and March 2013.  

This may be due to a lack of long-term benefits associated with these 

particular events and the relatively light fouling condition of the hull and 

propeller during the cleaning/polishing.  The diver reports indicated that the 

flats were clean and the vertical sides had light to medium slime, and light 

grass.  The propeller had light slime/cathodic chalk.  The diver inspection four 

to five months after each of these events noted the presence of medium slime 

on the vertical sides and/or light/medium cathodic chalk on the propeller.  The 

summer months typically have the most fouling pressure and the benefits of 

the cleaning before this time could be obscured by the 60-day interval needed 

to average the KPI. 

 

 

4.4.3 Operating Region 

The KPI were analyzed to see if there were any changes associated with 

operating region (Figure 4-29 and Figure 4-30). 
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Figure 4-29: Ship A 60-day average KPI with operating region (top) and maintenance events (bottom). 
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Figure 4-30: Ship B 60-day average KPI with operating region (top) and maintenance events (bottom). 
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Changes in operating region and maintenance events often occurred within 

the same 60-day used to average the KPI.  There are clear instances, 

however, where the KPI changes as the vessel transits to a different 

operating region without the occurrence of a maintenance event. 

 

The averaged KPI generally decreased following a transoceanic voyage for 

both Ship A and Ship B.  This is evident when Ship A transitioned from the 

Arabian Sea to the colder waters of northern Europe during the summer of 

2012.  The averaged KPI decreased every time Ship A transited from 

northern Europe to the Canadian Maritimes.  Ship B exhibited similar 

behavior, with the KPI decreasing after transitioning from northern Europe to 

the Canadian Maritimes.    The only time this did not occur for Ship B was in 

October 2010, when a sharp increase in KPI indicated that a mechanical 

failure occurred.   
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4.4.4 Correcting and Filtering of Data 

The influence of correcting and filtering the speed and power data on the 

resulting 60-day average KPI were examined for Ship B.  Ship B was chosen 

as it contained the most reliable data.  The 60-day average KPI were 

calculated using four different methods: 1) correcting and filtering the power 

and speed data (normal approach), 2) only filterting the data with no power 

and speed corrections, 3) only applying the speed and power corrections 

without filtering to remove any data and 4) no corrections or filtering to the 

power and speed data (Figure 4-31).    

 

Figure 4-31: Influence of correcting and filtering the speed and power data 

on the resulting 60-day average KPI for Ship B. 
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The (normal) 60-day average KPI with both corrected and filtered data was 

in best agreement with the 60-day average KPI calculated with just the filter 

and no corrections.  The 60-day average KPI determined with no corrections 

and no filtering had similar trends as the 60-day average KPI determined with 

no filter but using corrected speed and power.   

 

This shows that the filtering of the data had more of a relative effect on the 

60-day average KPI than the correction of powering and speed data.  This is 

due to the averaging of the KPI over a 60-day interval acting as a crude low 

pass filter to remove short-term fluctuations.   

 

4.4.5 Speed through the Water or Speed over Ground 

Speed over ground was chosen as the reference speed because there were 

errors in the determination of speed through the water (Section 4.3.1).  The 

calculation of KPI using speed through the water and speed over ground 

were compared to examine how those errors affected the resulting 60-day 

average KPI (Figure 4-32 and Figure 4-33).   
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Figure 4-32: 60-day average KPI determined using stw and sog (top) and the 

difference between stw and sog over time (bottom) for Ship A. 

 

The difference between speed through the water and speed over ground was 

not consistent for Ship A.  Ship A had, on average, a speed through the water 

that was less than the speed over ground.  The disparity of the two 60-day 

average KPI after the dry dock (Figure 4-32) was a result of the 

inconsistencies between sog and stw for Ship A.   
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Figure 4-33: 60-day average KPI determined using stw and sog (top) and the 

difference between stw and sog over time (bottom) for Ship B. 

 

The relationship between stw and sog was more consistent for Ship B.  Ship 

B had a speed through the water that was, on average, greater than the 

speed over ground.  The general agreement of the trends in the two 60-day 

average KPI (Figure 4-33) was a result of the consistent differences between 

stw and sog for Ship B.    
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These results reinforce the observations that speed through the water 

determined from the speed logs was not accurate for Ship A (Figure 4-4) and 

consistently larger than speed over ground for Ship B (Figure 4-5).  These 

results are in agreement with Boom et al. (2013), that state the speed logs 

do not give speed through the water with acceptable accuracy.   

 

4.4.6 Sensitivity Analysis 

A local sensitivity analysis examined the influence of speed over ground, 

relative wind speed and draft on the resulting KPI.  Salinity and temperature 

were not included in the analysis because changes in resistance due to 

viscosity (Figure 4-14 and Figure 4-15) were significantly less than changes 

in resistance due to wind (Figure 4-10 and Figure 4-11). 

 

A one-at-a-time technique was applied by independently varying speed over 

ground, relative wind speed and draft by a specific amount and measuring 

the change in the resulting 60-day average KPI.  The results in Table 4-9 

show that inaccuracies of the speed over ground have the largest influence 

on the 60-day average KPI.  This is to be expected as there is a cubic 

relationship between speed and delivered power of a ship.   
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Table 4-9: Sensitivity Analysis showing change in 60-day KPI as a result of 

independently changing speed over ground, 10 m relative wind speed and 

draft. 

  Variable Change Avg. 60-Day KPI Change 

Sog 0.5 kts 0.08 

10 m Rel. Wind Sp. 5 kts 0.002 

Draft 10 cm 0.007 
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4.5 Conclusion 

A key performance indicator has been developed that can detect changes in 

the hull and propeller condition similar to those that were observed in the 

diver inspection reports and reported by the shipping company.  The 

hypothesis ‘A key performance indicator can reliably detect changes in the 

hull and propeller condition on a ship’ was accepted due to the similarity 

between the fouling noted in the diver inspections and the trends observed 

in the 60-day average KPI.  The reliability and accuracy of the KPI, however, 

is limited by the quality of the ship, metocean and diver inspection data. 

 

The correction and filtering of ship power and speed using ship data and 

metocean models were insufficient to remove short-term fluctuations in the 

KPI.  The KPI needed to be averaged over a 60-day interval for consistent 

trends to be identified.  The changes in observable trends in the 60-day 

average KPI were associated with maintenance events and changes in 

operating regions, with both having a similar influence on the 60-day average 

KPI.   

 

The limiting factor in reducing the time interval to average the KPI is the 

quality of the ship and metocean data.  A sensitivity analysis identified that 

the accuracy for measuring ship speed had the largest influence on the KPI.   
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The speed through the water data were shown to be inaccurate and this 

reduced the reliability of the KPI.    

 

Improved quality control of the data used to calculate the KPI is required to 

increase the precision.  This should include calibration and monitoring of all 

instruments used to collect data and research that can provide a better 

understanding of the influence of environmental parameters.  This can be 

accomplished through the use of experimental model testing in a wind tunnel 

or tow tank, use of computational fluid dynamics, or through a machine 

learning technique.   

 

The reduction in the interval used to average the KPI is required to improve 

the understanding of how short term changes in the environment and 

operating region affect the hull and propeller condition.  At present, the KPI 

can only be compared with averages determined over the same interval.   
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5 Development of Field Instrument 

to Quantify Frictional Drag of an 

In-Service Ship Hull 

5.1 Introduction 

The development of an instrument to determine the local frictional drag on a 

ship hull would provide ship owners and operators the ability to determine 

where and when roughness and/or biofilms create significant drag penalties.  

This would enable the location and frequency of in-water hull cleanings to be 

optimized.  This research investigated the feasibility of developing a field 

deployable instrument capable of measuring the local frictional drag on a ship 

hull in situ.   

 

5.2 Background 

Hull roughness is presently measured during dry docking using a Hull 

Roughness Analyzer.  This instrument was developed by the British Ship 

Research Association (BSRA), and measures the maximum peak to lowest 

trough values over a 50 mm sample length (Rt50).  The mean hull roughness 

is an average of 10-15 Rt50 measurements.  The average hull roughness 
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(AHR) is determined by averaging the mean hull roughness of at least 100 

locations distributed around the hull (Townsin et al. 1981).  The AHR can be 

used to calculate the change in frictional drag using an expression from 

Townsin et al. (1984) that is included in ITTC (2011a).  

  

∆CF = 0.044 [(
AHR

LWL
)

1
3

− 10ReL

−
1
3] + 1.25 ∗ 10−4 (51) 

 
 

Major limitations of this method are that the instrument cannot adequately 

measure the changes in roughness and frictional drag due to biofouling and 

that it cannot be used underwater.  There is therefore a need to develop an 

in water method that can quantify the local frictional drag caused by coating 

roughness and/or biofilms. 

 

One of the first known attempts to design such a device was described in a 

patent by an engineer from the US Navy (Mittleman 1979).   He used two 

rotating disks to measure the surface friction on a ship hull in situ.  The basic 

concept was that there were two parallel disks spaced along a common axis.  

The face of only one disk was exposed to a layer a fluid in contact with the 

test surface.  Between the two disks was a torsionally resilient coupling.  This 

coupling allows one disk to be rotationally displaced.  A motor turns the two 

disks.  The disk closest to the test surface would experience more drag and 

be rotationally displaced.  The measurement of the resulting phase lag would 
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allow for suitable characterization of the surface.  While the patent sufficiently 

described the concept, there was no additional information about this device 

in the literature. 

 

Another method used a pump to draw ambient seawater through a three 

sided conduit over an immersed surface and measure the streamwise 

pressure drop (Worley 1990).  The change in pressure was related to the 

frictional drag of the surface.  The instrument was able to make 

measurements in a field setting, but lacked the accuracy needed to make 

meaningful measurements on a ship hull. 

 

A similar instrument was constructed by Flack et al. (2012). Their instrument 

was more technically rigorous and was capable of measuring the departure 

from the hydrodynamically smooth condition in a laboratory setting.  They 

observed asymmetry in the flow field during the transitionally rough regime 

that resulted in overestimation of the roughness function. 

 

The present study builds on the work done by both Flack et al. (2012) and 

Worley (1990) by designing an instrument capable of measuring the local 

frictional drag on a ship hull in situ.  The basic concept is that an instrument 

can be placed at select locations on the hull using magnetism and/or negative 

pressure. A pump will pull water through a channel that has three sides, with 
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the fourth side formed by the ship’s hull surface.  Two wall mounted pressure 

taps are located on top of the channel and are connected to a differential 

pressure transducer.  A flowmeter is used to determine the bulk mean 

velocity.  The wall shear stress can then be determined from the pressure 

gradient.   

 

Pressure gradient has been used by numerous authors to determine the wall 

shear stress of a ‘rough’ surface (Nikuradse 1933, Schlichting 1936, Schultz 

et al. 2015).  Some of the most basic and comprehensive data sets for rough 

surface effects on turbulent flow are from the experiments of Nikuradse 

(1933) and Schlichting (1936) (Coleman et al. 1984).   

 

For use in fully developed internal flows, the integral momentum balance 

relation applied to a control volume results in Equation 52 (Townsend 1976).   

The local frictional drag coefficient can then be determined using the wall 

shear stress, bulk mean velocity and the density of the fluid. 

τW = −
H

2

dp

dx
 

(52) 

Cf =
τw

1
2 ρU

2
 

(53) 

 

The integral momentum balance states that there are two major components 

acting on the control volume:  
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 Pressure gradient driving the fluid motion.  

 Shear stress in opposition retarding the flow.  

 

The shear stress and pressure gradient are balanced when the flow is fully 

developed (Figure 5-1).  Zanoun et al. (2009) found that a length of 30 times 

the channel height (30H) was sufficient for the flow to become fully developed 

in terms of pressure gradient.   

 

Figure 5-1: Control volume for integral momentum balance relation. 

 

The channel also needs to be sufficiently wide so that the sidewalls do not 

affect the pressure measurements along the centerline of the flow.  Dean 

(1978) suggested this width to be a minimum of 7 times the channel height.    

 

A field deployable instrument needs to be small enough to be practically 

deployed and used on a ship hull, but large enough for the pressure gradient 

to become fully developed and for two-dimensional flow along the centerline. 
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The size of most experimental channels/pipes are prohibitively large to be 

deployed practically on a ship hull (Table 5-1).    

 

Table 5-1: Channel and pipe flow experimental sizes. 

Author(s) 
Channel Length Channel Height Channel Width 

(cm) (cm) (cm) 

Schlichting 1936 640 4 17 

Worley 1990 76.2 2 2 

Zanoun et al. 2003 650 60 5 

Leer-Andersen 
and Larsson 2003 

500 6.7 6.7 

Flack et al. 2012 160 1 8 

Schultz et al. 2015 310 2.5 20 

 

The footprint of the channel is therefore directly proportional to the channel 

height.  The instrument is designed to measure ‘roughness elements’ on a 

ship’s hull.  If the ratio of roughness element height to channel height is too 

large, then the instrument will yield incorrect values due to the roughness 

heights adding additional changes in the pressure gradient not directly 

attributable to changes in frictional drag.  

 

This research investigated the influence of channel geometries on the 

resulting pressure gradient and local frictional drag coefficient to determine 

the minimum channel length and footprint required to obtain reliable 

measurements of the local frictional drag coefficient.   
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5.3 Methodology 

The relationships between channel length and pressure gradient were 

investigated using both rectangular and semi-circular channels.   

 

5.3.1 Rectangular and Semi-circular Channel Testing 

The purpose of the testing was to compare the use of different cross sections 

and to determine the pressure gradient and resulting length required for the 

pressure gradient to become fully developed.  The rectangular conduit was 

made from acrylic and the semi-circular conduit was an axially split PVC pipe 

(Figure 5-2).  The dimensions of the two conduits are shown in Table 5-2.   

 

Table 5-2: Geometry of first experimental prototypes. 

Quantity Rectangular Semi-circular 

Channel height (cm) 0.95 1.33 

Channel width (cm) 7.62 2.66 

Distance to first tap (cm) 28.6 20 

Tap spacing (cm) 14.3 20 
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Figure 5-2: Semi-circular and rectangular prototypes. 

 

A testing facility consisted of a rectangular tank filled with fresh water, a 

centrifugal pump and a settling tank (Figure 5-3).  The conduits were placed 

at a depth of 0.38 m on a smooth acrylic test surface.  A 12 gpm pump pulled 

water through the conduit discharging through flex tubing into an elevated 

settling tank.  Dye injections were used to look for leakage and/or signs of 
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circulations; none were observed.  The conduit was secured to the test 

surface using spring-loaded clamps.   

 

 

Figure 5-3: Experimental testing facility for first prototypes. 

 

Seven 2.3 mm diameter wall taps were used to measure the pressure drop 

along the conduit.  Swagelok fittings were used to connect the wall taps to a 

Honeywell differential pressure transducer (max PSID=35 kPa; accuracy 

±0.25% FS).  Each tap pair was tested three times with a 1-minute duration 

at a sampling rate of 5 Hz.  Velocity was increased after all tap pairs were 

tested.  The velocity was controlled by adjusting a ball valve between 1/4, 

1/2, 3/4 and fully open. 
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The discharge line from the pump drained into the top of the settling tank so 

that changes in the fluid level of the settling tank would not affect the 

discharge head and resulting flow rate of the pump.  A standpipe inserted 

into the settling tank was used to record the flow rate by timing the fluid as it 

passed two marks, 13.34 cm apart, on the standpipe.   

 

A 60-grit piece of sandpaper, 4 cm wide, was used to trip the flow 

(~Rex,cr=1.5*105) for the semi-circular conduit.  The rectangular conduit used 

a 0.79 mm diameter wire at the entrance. 

 

The average pressure drop of the three measurements for each tap pair 

determined the cumulative pressure drop for each velocity.  Pressure 

gradient was determined from the slope of the cumulative pressure drop.  

Coefficient of determination (R2) values for a linear best-fit line were 

examined to determine if the pressure gradient was fully developed. 

 

The determination of the wall shear stress from the pressure gradient was 

calculated differently for the first round of experiments.  The energy equation, 

taken from Munson et al. (1998) was used to determine the head loss term 

(hL) as a function of pressure gradient (Equation 54).   

p1

γ
+ α1

U1
2

2g
+ z1 =

p2

γ
+ α2

U2
2

2g
+ z2 + hL 

(54) 
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The energy equation (Equation 54) was not used during the subsequent 

round of experimental testing.  The integral momentum balance relation 

(Equation 52) was used instead.  This was done because the energy 

equation is primarily used for piping systems and because of the prevalent 

use of the integral momentum balance (Equation 52) by other authors with 

similar experimental arrangements.   

  

5.3.1.i Uncertainty Estimates 

Uncertainty estimates for the pressure measurements were made using bias 

error of the pressure transducer (± 0.25% FS) and repeat measurements of 

the tap pairs at each of the four different velocities.  

 

A ± 5% error was assumed for the velocity calculations.  This uncertainty 

estimation was based on the error in determining the volumetric flow rate in 

the settling tank.  This includes uncertainties in the cross sectional area of 

the settling tank and timing the fluid level as it passed two marks on the 

standpipe.  

 

Density and kinematic viscosity were determined from temperature 

measurements using an analog glass thermometer and empirical relations 

found in Sharqawy et al. (2010).  The uncertainty in the temperature was 

estimated as ± 0.5 ⁰C, as this was half of the smallest scale labeled on the 
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thermometer.  Sharqawy et al. (2010) gives the uncertainty for density 

formulation as ± 0.1% of the measured value. 

 

The uncertainty estimates were propagated through to the Cf values using 

the methodology described in Moffat (1988).  The overall uncertainty in the 

determination of Cf ranged from ± 10-15% for the first round of testing. 

 

5.3.1.ii Results  

The velocities for the semi-circular conduit were larger than the rectangular 

channel.  The Reynolds number based on radius for the semi-circular conduit 

ranged from 1.3x104 to 4x104, while the Reynolds number based on channel 

height for the rectangular conduit ranged from 0.6x104 to 1.2x104.  The 

cumulative pressure drop was linear for both conduits at all four testing 

speeds.  The results of the rectangular channel were in agreement with those 

of Zanoun et al. (2009) that show that 30H is sufficient entrance region for 

the pressure gradient to become fully developed.   The semi-circular pressure 

gradient was linear at a distance of 30 times the radius.  
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Figure 5-4: Pressure drop measurements for the first prototypes, square 

markers are for rectangular channel, circular makers are for semi-circular 

conduit. 

 

The slope of cumulative pressure drop was used to determine the wall shear 

stress and resulting frictional drag coefficients for the two instruments (Figure 

5-5).   
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Figure 5-5: Frictional drag coefficient versus Reynolds number based on 

channel height or radius for the semi-circular and rectangular conduit. 

 

The results of Dean (1978) and Zanoun et al. (2003) are plotted with the 

experimental results to show the trends were quite similar to the results of 

other authors.  The large uncertainties in Cf were mostly attributable to the 

coarse methods used to determine the flow rates.   

 

Several conclusions were made: 

 Local drag coefficients for the semi-circular pipe were systematically 

larger than Dean (1978), Zanoun et al. (2003) and the rectangular 
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channel.  This disparity was attributed to the influence of secondary 

flow in the corners. 

 The accuracy in determining the flow rate needed to be improved. 

 The flow rates and Reynolds number needed to be increased. 

 

5.3.2  Development of Rectangular Conduit 

The data obtained for the rectangular and semicircular sections 

demonstrated that the rectangular section would provide a more reliable 

geometry for evaluating local frictional drag coefficient on a ship hull surface.  

Further testing of the rectangular section was implemented using the 

following changes. 

 Smaller diameter wall taps with closer tap spacing. 

 High precision flow meter. 

 Larger pump and increased flowrate. 

 

A three-sided rectangular conduit was constructed of acrylic with the 

following dimensions: 0.95 cm channel height, 7.6 cm channel width and 120 

cm channel length. 

 

The diameter of the wall taps was decreased to 0.8 mm.  Care was taken to 

ensure that the drilled holes were free of burs.  The number of taps was 

increased to 10.  The distance to the first tap was decreased to 15H (~14 cm) 
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from the entrance.  This was done to determine if the pressure drop was 

linear near the channel entrance.  A trip wire of 0.9 mm diameter was used 

trip the flow.  The experimental prototype used in the second round of testing 

is shown in Figure 5-6. 

 

 

Figure 5-6: Second experimental prototype. 

 

The experimental process was very similar to the first round of experimental 

testing, with the exception of some minor changes to the facility layout (Figure 

5-7).  The experimental facility was modified to include a Yokogowa AXF 
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Magnetic Flowmeter (± 0.35% reading accuracy).   The flowmeter measured 

the bulk flow rate downstream of a Danner mag-drive 36 gpm pump.   

 

 

Figure 5-7: Experimental facility for rectangular channel testing. 

 

The water density, bulk mean velocity and wall shear stress were used to 

determine the local frictional drag coefficient. Density and kinematic viscosity 

values were determined from temperature measurements using an analog 

glass thermometer and empirical relations found in Sharqawy et al. (2010). 
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5.3.2.i Uncertainty Estimates 

Uncertainty estimates for the pressure measurements were made using bias 

error of the pressure transducer (± 0.25% FS) and repeat measurements of 

the tap pairs at each of the four different velocities.  The uncertainty in the 

bulk mean velocity was estimated using the bias error given by the 

manufacturer of the flowmeter (± 0.35% of reading) and the precision error 

determined using repeat runs.  The uncertainty in the temperature was 

estimated as ± 0.5 C, as this was half of the smallest scale labeled on the 

thermometer.  Sharqawy et al. (2010) gives the uncertainty for density 

formulation as ± 0.1% of the determined value. 

 

The uncertainty estimates were propagated through to the Cf values using 

the methodology described in Moffat (1988).  The uncertainty in the local 

frictional drag coefficient ranged from ± 4.3-9.0%.  The slowest testing 

velocity had the largest uncertainties.  The systematic error of the differential 

pressure transducer was found to be the main source of error. 
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5.4 Results 

The differential pressure measurements at ten different tap pairings were 

combined to form a cumulative pressure drop reference ambient pressure at 

the entrance of the channel.  A linear best-fit line was used to determine the 

linearity and pressure gradient.  The wall shear stress and local frictional drag 

coefficient were determined for the four different testing speeds.  

 

5.4.1 Experimental Testing 

Examination of the coefficient of determination (R2) shows that the pressure 

drop was linear from the first to the last tap (Figure 5-8).  This indicates that 

the pressure gradient was fully developed as close as 15H to the channel 

entrance.  This length is 15H closer to the entrance than what was used by 

Zanoun et al. (2009).  They did indicate, however, that the streamwise 

pressure gradient exhibited homogeneity at approximately 20H.  The 

pressure gradient may become fully developed closer to the entrance, as 

15H was the closest pressure tap used during these measurements.    

 



 

195 

 

 

Figure 5-8: Pressure drop and streamwise distance for the four different 

testing speeds. 

 

The local frictional drag coefficient, determined from the pressure gradient, 

bulk mean velocity and density, was compared with the works of Dean (1978) 

and Zanoun et al. (2003).   

 

 



 

196 

 

 

Figure 5-9: Frictional drag coefficient versus Reynolds number based on 

channel height. 

 

The present results are within experimental uncertainty of the works of Dean 

(1978).  They are systematically higher than those of Zanoun et al. (2003).  

The results of Flack et al. (2012) showed similar trends across comparable 

Reynolds number.   
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5.4.2 Discussion 

The purpose of this research was to investigate the limiting factors in the 

design of a field deployable instrument capable of determining the local 

frictional drag coefficient on a ship hull.  These factors include:   

 Length required to obtain a fully developed pressure gradient. 

 Instrument dimensions- length, height and width. 

 

The limiting criteria in the original design was thought to be the length 

required to obtain a fully developed pressure gradient.  An entrance length of 

15H was found to be sufficient for a fully developed pressure gradient to 

occur.  This suggests that the length required for a fully developed pressure 

gradient will not be the limiting factor in the dimensions of the instrument.  

 

Since the instrument dimensions are directly proportion to channel height, a 

minimum channel height was estimated as 1 cm. This channel height was 

chosen because the maximum thickness of the biofilms measured on a ship 

hull should be less than 1 mm, meaning that the roughness heights would be 

at most 10% of the channel height.     

 

In addition to entrance length, the instrument needs to be long enough for 

appreciable pressure drop to occur.  The static pressure measurements in 

the field could be somewhat inhibited by environmental noise due to an 
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oscillating free surface.  The anticipated pressure gradients were estimated 

to determine the appropriate tap spacing needed to minimize the 

environmental noise.  The work of Lewthwaite et al. (1985) was used to 

estimate the change in local frictional drag coefficient for light and heavy 

slime.  They observed a 25% increase in Cf for light slime and an 80% 

increase for heavy slime on the hull of a ship.  These results combined with 

the works of Dean (1978), were used to estimate the pressure gradient for 

the smooth, light slime and heavy slime condition (Table 5-3).  The 

estimations were made assuming a constant bulk flow rate of 35 gpm and a 

channel height of 0.9 cm.   

 

Table 5-3: Estimated pressure gradient for final design. 

Surface Type Anticipated dp/dx (Pa/m) 

Smooth -5600 

Light slime -6300 

Heavy slime -7800 

 

 

For reference, a 10 cm change in free surface of sea water is approximately 

a 1000 Pa change in static pressure (p=ρgz).  Assuming a constant bulk flow 

rate of 35 gpm, a tap spacing of 50 cm would have a differential pressure of 

2800 Pa for the smooth condition, 3150 Pa for light slime and 3900 Pa for 

heavy slime.  These differences in pressure are of sufficient magnitude to be 
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detected in a marine field setting.  The Validyne’s P55 differential pressure 

transducer has been identified as being suitable for this application. 

 

In addition to the length required to develop measurable pressure drop, the 

instrument must be able to work within the hull plate deviations (oil canning) 

which is present on a ship hull. The effects of hull plate deviation may be 

mitigated by constructing the channel out of a ductile material such as acetal 

resin (Delrin®) and minimizing the length of the instrument. The sides of the 

channel must also form a seal on a rough surface.  Experimental testing in 

the lab showed that high-strength oil resistant Buna-N rubber strips from 

McMaster-Carr were sufficient to form a seal over a surface covered with 60-

grit sandpaper.  The gasket should be recessed into the instrument so there 

is resistance to compression from the body of the instrument.  The accuracy 

of the instrument is highly sensitive to changes in channel height.  Any 

changes in channel height due to compression of the gasket will have a cubic 

effect on the local frictional drag coefficient.    
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5.5 Conclusion 

Data generated by this research suggest that a field deployable instrument 

may be designed to measure the local frictional drag of a ship hull due to hull 

roughness and biofilms. Experimental testing of several prototype channels 

demonstrated that a channel could be designed where the pressure gradient 

was fully developed by at least 15H from the entrance for a smooth surface.   

This indicated that the length required for fully developed pressure gradient 

will not dominate the limitations on instrument length.  Rather, the length 

required for appreciable pressure drop and mitigation of hull plate deviations 

will likely dictate the size of the instrument.  

    

The recommended final dimensions and material for a field prototype are: 

 Channel length- 90 cm. 

 Channel height- 0.95 cm. 

 Channel width- 7.62 cm. 

 Distance from entrance to first tap- 19.0 cm. 

 Tap spacing- 50.0 cm. 

 Instrument material- acetal resin (Delrin®). 

 Gasket material- high-strength oil resistant Buna-N rubber strips. 
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5.6 Future Work 

Further work is required to finalize the design, construction and scientific 

validity of the instrument.  The accuracy in the height of the channel will have 

a cubic effect of the determination of the local frictional drag coefficient.  This 

is because the local frictional drag coefficient is a function of the bulk mean 

velocity squared and the wall shear stress.  Both of which are a direct function 

of the channel height.  Tolerances of the dimensions and surface roughness 

of the channel need to be within acceptable ranges. 

 

Sources of error need to be identified.  These include flow asymmetry for 

rough surfaces.  This was suggested by the results of Flack et al. (2012) and 

would likely preclude the accurate determination of the local frictional drag 

coefficient in the fully rough regime.  Accurate determination of Cf in the fully 

rough regime enable the results to be standardized into an equivalent sand 

grain roughness.  However, this scientific limitation is not likely to preclude 

the tool from being of use to the industry.  Even relative values can still be of 

significant use to the ship owner/operators, especially when considering the 

uncertainty and limitations in the current powering penalty determination 

methods.    
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The next phase of experimental testing should be designed to address the 

following questions: 

 Will the hull plate deviations inhibit the instrument from forming a seal 

with the ship’s hull? 

 Is negative pressure sufficient to maintain a proper seal over a ‘rough’ 

surface? 

 Will the environmental noise inhibit the accurate determination of 

pressure gradient? 

 What are the variance in measurements, i.e. how many 

measurements are needed to accurately quantify the condition of a 

ship hull? 

 Can the results be reliably calibrated to form equivalent sand grain 

roughness values? 
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6 Conclusions 

This research improved the quantification of frictional drag due to biofouling 

on in-service ships by advancing the knowledge and methodology used to 

study the interactions between fouling communities and the surrounding 

environment.  Three linked, but distinct topics were examined:  

i) Influence of hydrodynamic stress on the development and frictional 

drag of fouling communities on a fouling release coating.  

ii) Reliability of using a KPI formed from ship and metocean data to 

detect changes in ship hull and propeller condition.  

iii) Feasibility of developing a field deployable instrument capable of 

measuring the local frictional on the ship hull in situ.  

 

The research found that the coverage and composition of fouling that became 

established on a fouling release coating was a function of the hydrodynamic 

condition in which the fouling community was developed.  The frictional drag 

in these experiments, however, was influenced by the differences in the 

fouling communities that developed on the individual panels and not by the 

hydrodynamic condition in which the coatings were immersed.  The fouling 

communities that developed on the static panels consisted of arborescent 

bryozoans, hydroids and small hard (incipient) fouling organisms.  These 

communities are common to ships that spend long periods of time pier side 
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and were markedly different from the fouling communities that developed on 

the dynamic panels. The biofilms and green algae found on the dynamic 

panels are common to in-service ships.  The drag forces for the panels 

exposed to static and dynamic conditions were remarkably similar throughout 

the testing interval. These results show that the frictional drag of soft and low 

form fouling with different community structure are similar and that there may 

be a more stepwise relationship between the biofouling structure and drag.  

It is hypothesized that a stepwise increase in drag would have been observed 

if the fouling of the static panels had been allowed to grow to maturity. 

 

A KPI developed using ship and metocean data detected changes in the hull 

and propeller condition similar to that which were observed in the diver 

inspection reports and reported by the shipping company.  The correction 

and filtering of ship power and speed using ship data and metocean models 

were insufficient to remove short-term fluctuations in the KPI.  The KPI 

required averaging over a 60-day interval for consistent trends to be 

identified. The limiting factor in reducing the time interval to average the KPI 

is the accurate determination of speed. The results showed speed has the 

most influence on the KPI and that the speed through the water data used in 

these analyses were not sufficiently accurate to be used in the determination 

of the KPI.   
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Results from the experimental laboratory testing suggest that a field 

deployable instrument capable of measuring the local frictional drag on ship 

hull in situ is feasible.  The instrument used a pump to draw ambient water 

through a three-sided channel affixed to a surface and measured the 

pressure gradient that developed along channel.  The recommended final 

dimensions and material for a field prototype are: channel length- 90 cm; 

channel height- 0.95 cm; channel width- 7.62 cm; distance from entrance to 

first tap- 19.0 cm; tap spacing- 50.0 cm; instrument material- acetal resin 

(Delrin®); gasket material- high-strength oil resistant Buna-N rubber strips.    

 

This research has demonstrated that the quantification of frictional drag due 

to biofouling can be improved through research that includes dynamic testing 

to develop fouling communities representative of those that are typically 

observed on in-service ship hulls and through the use of a KPI to detect 

trends in the hull and propeller condition.  While these methods allow a 

general perspective of the hull and propeller fouling condition, an instrument 

is needed to accurately quantify the frictional drag through direct physical 

measurement.  Data obtained during this research suggest that it is feasible 

to develop such an instrument. 
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Appendix A: Wind Resistance 

Estimation 

The estimated resistance increase due to relative wind was calculated using 

the expression below from ITTC (2014b). 

 RAA =
1

2
ρaVwr

2 CAAAvs (55) 

 

The air resistance coefficient from ITTC (2014b) is based on the work of 

Fujiwara et al. (2005) and presented in the following equations. Note that the 

CAA used in Equation 55 is the negative value of CAA determined from 

Equation 56.  

 

CAA = CLF cos θwr + CXLI (sin θwr −

1

2
sin θwr cos2 θwr) sin θwr cos θwr + CALF sin θwr cos3 θwr  

(56) 

 For 0° ≤ θwr < 90°  

 CLF = β10 + β11

AYV

LOAB
+ β12

CMC

LOA
 (57) 

 CXLI = δ10 + δ11

AYV

LOAhBR
+ δ12

AVS

BhBR
 (58) 

 CALF = ε10 + ε11

AOD

AYV
+ ε12

B

LOA
 (59) 

 For 90° < θwr ≤ 180°  
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 CLF = β20 + β21

B

LOA
+ β22

hC

LOA
+ β23

AOD

LOA
2 + β24

AVS

B2
 (60) 

 CXLI = δ20 + δ21

AYV

LOAhBR
+ δ22

AVS

AYV
+ δ23

B

LOA
+ δ24

AVS

BhBR
 (61) 

 CALF = ε20 + ε21

AOD

AYV
 (62) 

 For θwr = 90° (63) 

 CAA =
1

2
( CAA|θwr=80° + CAA|θwr=100°) (64) 

 

Where,  

AOD: Lateral projected area of superstructures on deck (5000 m2). 

AVS: Area of maximum transverse section exposed to the winds (1075 m2). 

AYV: Projected lateral area above the waterline (9248 m2). 

B: Ship’s breadth (32.2 m). 

CMC: Horizontal distance from midship section to center of lateral projected 

area AYV (10 m). 

hBR: Height to the top of the superstructure (40 m). 

hC: Height from waterline to center of lateral projected area AYV (15 m). 

LOA: Length overall (293.25 m). 

θwr: Relative wind direction at 10 m (0⁰ means heading winds, 180⁰ is 

following winds).  
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The non-dimensional parameters used in the formulae from ITTC (2014b) 

are shown in Table A-1. 

 

Table A-1: Coefficients of non-dimensional parameters in wind load 

estimating equations. 

j 0 1 2 3 4 

β1j 0.922 -0.507 -1.162 -- -- 

β2j -0.018 5.091 -10.37 3.011 0.341 

δ1j -0.458 -3.245 2.313 -- -- 

δ2j 1.901 -12.73 -24.41 40.31 5.481 

ε1j 0.585 0.906 -3.239 -- -- 

ε2j 0.314 1.117 -- -- -- 

 

The resulting air resistance coefficient based off these formulations is 

presented in Figure A-1 as a function of 10 m relative wind direction.  The air 

resistance coefficient for Ship A and Ship B is similar to the those shown in 

ITTC (2014b) and Fujiwara et al. (2006).   
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Figure A-1: Air resistance coefficient calculated from ITTC (2014b) as a 

function of 10 m relative wind direction (θwr). 
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Appendix B: Holtrop and Mennen 

Method 

The residuary resistance calculated from the Holtrop and Mennen (1982) 

method was taken as the summation of the wave making and wave breaking 

(RW), bulbous bow (RB) and immersed transom (RTR) terms.  The input 

parameters for the Holtrop and Mennen (1982) method were determined 

using the hydrostatic tables, metocean data or were assumed if no other data 

were available.  Table 4-5 lists the origin or assumed value for each of the 

parameters used in the Holtrop and Mennen (1982) method.  The following 

formulations, including the choice of significant figures, are taken from 

Holtrop and Mennen (1982).   

 

The wave resistance is determined from the equations below. 

 RW = c1c2c5∇ρg exp{m1Fn
−0.9 + m2 cos(λFn

−2)} (65) 

 c1 = 2223105c7
3.78613(T

B⁄ )
1.07961

(90 − iE)−1.37565 (66) 

 For B/LWL <0.11  

 c7 = 0.229577 (
B

LWL
)

0.33333

 (67) 

 For 0.11< B/LWL <0.25  
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 c7 =
B

LWL
 (68) 

 For B/LWL >0.25  

 c7 = 0.5 − 0.0625
LWL

B
 (69) 

 

If the half angle of the waterline entrance at the bow with reference to the 

center plane is unknown, the following formula can be used to estimate iE.  

 

iE = 1 + 89 exp {− (
LWL

B⁄ )
0.80856

(1 − CWP)0.30484(1 − CP

− 0.0225LCB)0.6367 (
LR

B
)

0.34574

(
100∇

LWL
3 )

0.16302

} 

(70) 

 LR = LWL [1 − CP +
0.06CPLCB

4CP − 1
] (71) 

 

The longitudinal center of buoyancy (LCB) is given as a percentage of LWL 

forward of 0.5LWL. The parameter c2 accounts for the reduction in wave 

resistance due to the presence of a bulbous bow.   The influence of a transom 

stern on the wave resistance is represented by c5.  Where hB is the center of 

the bulbous bow transverse area (ABT) above the keel and TF is the forward 

draft of the shift. The immersed transverse area of the transom at zero speed 

is given by AT.  

 c2 = exp (−1.89√c3) (72) 
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 c3 =
0.56ABT

1.5

BT(0.31√ABT + TF − hB)
 (73) 

 c5 = 1 −
0.8AT

BTCM
 (74) 

 

The other parameters can be determined below, where Fn is the Froude 

number based on waterline length. 

 For LWL/B<12  

 λ = 1.446CP − 0.03
LWL

B
 (75) 

 For LWL/B>12 (76) 

 λ = 1.446CP − 0.36 (77) 

 m1 = 0.0140407
LWL

T
− 1.75254

∇1 3⁄

LWL
− 4.79323

B

LWL
− c16 (78) 

 For CP < 0.80  

 c16 = 8.07981CP − 13.8673Cp
2 + 6.984388CP

3 (79) 

 For CP > 0.80  

 c16 = 1.73014 − 0.7067CP (80) 

 m2 = c15CP
2 exp(−0.1Fn

−2) (81) 

 For 
LWL

3

∇
⁄ < 512  

 c15 = −1.69385 (82) 

 For 512 <
LWL

3

∇
⁄ < 1727  
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 c15 = −1.69385 +
(

LWL

∇1 3⁄⁄ − 8.0)

2.36
 

(83) 

 For 
LWL

3

∇
⁄ > 1727  

 c15 = 0 (84) 

 

The resistance due to the presence of a bulbous bow is determined using the 

equation below. 

 RB =
0.11 exp (−3PBB

−2)Fni
3 ABT

1.5ρg

1 + Fni
2  (85) 

 

Where PBB accounts for the emergence of the bow and Fni is the Froude 

number based on immersion.   

 PBB =
0.56√ABT

TF − 1.5hB
 (86) 

 Fni =
Vs

[g(TF − hB − 0.25√ABT) + 0.15Vs
2]

1
2⁄
 (87) 

 

The additional resistance from transom immersion can be determined from 

the expression below. 

 RTR = 0.5ρVs
2ATc6 (88) 

 

Where c6 is related to the Froude based on transom immersion (FnT).   
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 FnT =
Vs

[2gAT (B + BCW)⁄ ]
1

2⁄
 (89) 

 For FnT < 5  

 c6 = 0.2(1 − 0.2FnT) (90) 

 For FnT ≥ 5  

 c6 = 0 (91) 

 


