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Three Models to Relate Detachment of Low Form
Fouling at Laboratory and Ship Scale

M P SCHULTZa,*, J A FINLAYb, M E CALLOWb and J A CALLOWb

aDepartment of Naval Architecture and Ocean Engineering, United States Naval Academy, Annapolis, MD 21402, USA; bSchool of Biosciences,
The University of Birmingham, Birmingham B15 2TT, UK

(Received 11 April 2002; in final form 22 May 2002)

Since fouling-release coating systems do not prevent
settlement, various methods to quantify the tenacity of
adhesion of fouling organisms on these systems have been
offered. One such method is the turbulent channel flow
apparatus. The question remains how the results from
laboratory scale tests relate to the self-cleaning of a ship
coated with a fouling-release surface. This paper relates the
detachment strength of low form fouling determined in the
laboratory using a turbulent channel flow to the conditions
necessary for detachment of these organisms in a turbulent
boundary layer at ship scale. A power-law formula, the
ITTC-57 formula, and a computational fluid dynamics
(CFD) model are used to predict the skin-friction at ship
scale. The results from all three methods show good
agreement and are illustrated using turbulent channel flow
data for sporelings of the green macrofouling alga
Enteromorpha growing on a fouling-release coating.

Keywords: adhesion strength; turbulent channel flow; shear stress;
microfouling; fouling-release coatings; Enteromorpha; biofouling

NOMENCLATURE

A surface area
a,b channel flow calibration constants
CF friction resistance coefficient ¼ FD

1
2rU2

1S

cf local skin–friction coefficient ¼ tw
1
2rU2

e

Cp coefficient of pressure ¼
ðp2p1Þ

1
2rU2

1
f channel friction factor
FD frictional drag
!
FCV forces on control volume
H channel height
k roughness or organism height
k þ roughness Reynolds number ¼ kUt

n

L length of plate or ship

!
n unit normal vector
p static pressure
p1 static pressure upstream of body
ReH channel Reynolds number ¼

�UH
n

ReL plate or ship Reynolds number ¼ U1L
n

Rex local Reynolds number ¼ U1x
n

S wetted surface area
U local mean velocity
Ū bulk mean velocity in channel
Ue velocity at the boundary layer edge
Ut friction velocity ¼

ffiffiffiffi
tw

r

q
U1 freestream velocity
U þ non-dimensional velocity ¼ U

Ut!
V fluid velocity vector
; control volume
x distance from leading edge
y distance from the wall
y þ non-dimensional distance from the wall ¼ yUt

n

k von Kármán constant ¼ 0.41
n fluid kinematic viscosity
r fluid density
tw wall shear stress

INTRODUCTION

The introduction of non-toxic, fouling-release coat-
ing systems as alternatives to traditional biocide
based antifoulings has necessitated a change in
coating evaluation protocol. Since fouling-release
systems do not prevent settlement per se (Swain et al.,
1998), various methods to quantify the tenacity of
adhesion of fouling organisms on these systems have
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been offered. Among these are the hard fouling
adhesion test (ASTM D5618, 1994), the water jet
cleaning method (Swain & Schultz, 1996; Finlay et al.,
2002), the towed foil technique (Kovach & Swain,
1998) and the turbulent channel flow apparatus
(Schultz et al., 2000). Data from these tests are of
particular importance because fouling-release sur-
faces that cannot “self clean” due to hydrodynamic
forces or be mechanically cleaned without significant
damage will be likely to suffer large drag penalties.

The question remains as to how the results from
laboratory scale tests relate to the self-cleaning of a
ship coated with a fouling-release surface. The goal
of the present research was to relate the detachment
strength of low form fouling determined by the
turbulent channel flow apparatus to the conditions
necessary for detachment of these organisms in a
turbulent boundary layer at ship scale. First, the
fundamentals of turbulent channel and boundary
layer flows are reviewed and their similarities and
differences discussed. Three methods for the
determination of ship scale skin-friction are then
presented. These are related to the conditions in a
laboratory turbulent channel flow apparatus using
boundary layer similarity laws. Finally, the three
models are used to predict detachment at ship scale
based on turbulent channel flow data obtained using
biofilms of different ages of the green fouling alga
Enteromorpha growing on a fouling–release coating.

MATERIALS AND METHODS

In this section turbulent channel flows and boundary
layers will be briefly discussed. The purpose is to
provide the fundamentals that will be used to relate
the two in the subsequent analysis. For a more
extensive review, the reader is asked to consult
Schlichting (1979) or Schetz (1993). The three
methods to relate the results from the turbulent
channel flow apparatus to ship scale are then
presented. Finally the models are used to predict
ship scale detachment of Enteromorpha from a
fouling-release surface based on laboratory
experiments.

Turbulent Channel Flow and Boundary Layer
Background

A turbulent channel flow apparatus was designed
and constructed to accurately determine the wall
shear stress necessary to detach low form fouling
from fouling-release surfaces. Details of this design
and some preliminary data for the marine diatom
Amphora settled on glass are given in Schultz et al.
(2000). There were several reasons why turbulent
channel flow was chosen. First, boundary layers
around ships and submarines are turbulent. Second,
fully-developed channel flows allow accurate deter-
mination of the wall shear stress from a relatively
simple pressure gradient measurement, as will be
subsequently shown. Also, the rectangular cross-
section of the channel facilitates the mounting of
several replicate microscope slides in the test section.

In order to relate the flow in this device to a ship
scale boundary layer, the fundamentals of a fully-
developed turbulent channel flow must be under-
stood. Figure 1 shows the development of the
boundary layers on the opposite walls of a channel.
Fully-developed channel flow occurs downstream of
the point where the boundary layers from the
opposite walls merge after they have reached a
thickness of H/2 (,3.5 mm for the channel of Schultz
et al., 2000). For turbulent flow ðReH $ 2; 700Þ; the
development length is ,60H from the start of
the channel (Durst et al., 1998). Downstream of this
point, the mean velocity profile and wall shear stress
becomes invariant. This condition is termed fully-
developed and is illustrated in the control volume
shown in Figure 2.

The Reynolds transport theorem for momentum,
as given in Equation 1, can be applied to this control
volume (Munson et al., 1994).

I

›

›t
cv

ð
r
!
Vd;þ

II
cs

ð
!
Vrð

!
V·

!
nÞdA ¼

III

X!
FCV ð1Þ

Term I in Equation 1, represents the rate of change
of momentum in the control volume. Since the
flow in the channel is steady, this is identically zero.
Term II represents the net momentum flux through

FIGURE 1 Diagram of boundary layer development on the opposite walls of a channel. The flow moves from left to right. A detailed view
of the control volume is shown in Figure 2.
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the control surface. Since the flow is fully-developed,
the momentum flux into and out of the control
volume are equal. Therefore, this term is zero. The
result is that the sum of the external forces on the
control volume (term III ) is zero. The external forces
acting on the control volume are due to the
streamwise pressure gradient and the wall shear
stress. Equation 2 shows the balance of these two
forces (Hussain & Reynolds, 1975).

tw ¼ 2
H

2

dp

dx
ð2Þ

Using this relationship and a set of calibration runs
Schultz et al. (2000) derived a formula for the friction
factor in their channel (Eqn 3).

f ¼
a

Reb
H

¼
0:331

Re0:264
H

ð3Þ

This friction factor can then be related to the friction
velocity and the bulk mean velocity in the channel
using Equation (4).ffiffiffi

8

f

s
¼

�U

Ut

) Ut ¼ �U

ffiffiffi
f

8

r
ð4Þ

The flow around a ship is marked by a boundary
layer that becomes turbulent nearly at the bow and
grows in thickness downstream. The boundary layer
thickness on a ship may range from q (mm) near the
bow to q (m) towards the stern. This is unlike the
fully-developed channel flow which has wall shear
layers which are a constant thickness of H/2 and
have a constant wall shear stress at a given flow
velocity. Figure 3 shows a typical mean velocity
profile in log-normal axes for a turbulent boundary
layer. The profile can broadly be divided into two
regions, the inner layer and the outer layer. The inner
layer occupies the inner 15% of the boundary layer
and the outer layer makes up the remainder. Figure 4

compares the ship and laboratory scale shear layer
profiles. The profile for the ship scale boundary layer
was calculated assuming a zero pressure gradient
(i.e. a flat plate). Of note is the matching of the mean
velocity profiles in the inner layer for the two cases
despite the large difference in the overall shear layer
thickness. This is because the growth of the
boundary layer along a ship occurs primarily in the
log-law and outer layer.

Roughness Reynolds Number

For dynamically similar conditions for low form
fouling in the channel and on the ship to occur, the
ratio of the roughness height, k, to the viscous length
scale (n/Ut) must be equal for both cases. This
parameter is called the roughness Reynolds number
and is given by Equation (5).

kþ ¼
kUt

n
ð5Þ

Since the fluid in the channel and for the ship are the
same and the height of the fouling organism can be
assumed to be the same, n and k are equal for the ship
and channel. Assuming the effects of other flow
parameters such as freestream turbulence are
negligible, the only parameter that must be matched
for dynamic similarity is Ut. If Ut is matched, the
fouling organism will be exposed to the same mean
velocity field and forces in the channel and at ship
scale. For the above argument to be valid, the fouling
organism must be considered a surface roughness
element. This is true if the organism is within the
inner layer for both the channel and the ship. Since
the boundary layer thickness can reach q (m) on a
ship and the inner layer is ,15% of this, macro-
fouling organisms like adult barnacles can in many
cases be considered surface roughness. In the
channel flow device of Schultz et al. (2000), the
inner layer thickness is ,0.53 mm. Organisms larger

FIGURE 2 Diagram of the control volume in a fully-developed channel flow. Forces act on the top and bottom of the control volume as
a result of wall shear stress. Forces act on the right and left sides due to pressure.
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than this will extend into the outer layer where the
velocity profiles and subsequently the forces will
become different from that at ship scale. This can be
seen in Figure 4 where the velocity profiles do not
match in the outer layer. However, as long as the

organism is less than the inner layer height of the
channel, dynamic similarity with ship scale can be
achieved. Since this involves matching Ut, three
methods of calculating this parameter at ship scale
will be presented.

FIGURE 4 Comparison of the mean velocity profiles in a ship scale boundary layer and a turbulent channel flow. Note the overlap of the
two that extends to the outer edge of the inner layer of the channel flow.

FIGURE 3 Normalized mean velocity profile in a turbulent boundary layer in semi-log coordinates. Illustrated are the various layers that
make up the boundary layer.
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Power Law Model

One of the simplest calculation methods to predict Ut

at ship scale is to use a power law formula. In this
case the ship is modelled as a smooth planar surface.
While ships are strictly neither smooth nor planar,
this analysis should provide a reasonable approxi-
mation. The local skin–friction coefficient can be
calculated using the power law formula given by
Schlichting (1979).

cf ¼
0:02296

Re0:139
x

ð6Þ

The friction velocity at ship scale can then be related
to the local skin friction coefficient and the free-
stream velocity using Equation 7.

ffiffiffiffi
2

cf

s
¼

U1

Ut

) Ut ¼ U1

ffiffiffiffi
cf

2

r
ð7Þ

ITTC-57 Model

Another calculation method to predict Ut at ship
scale is to use the ITTC-57 ship-model correlation
formula for the frictional resistance coefficient
(Lewis, 1988). Again the ship is modelled as a
smooth planar surface. The ITTC-57 formula is given
as:

CF ¼
0:075

ðlog10ReL 2 2Þ2
ð8Þ

The local skin–friction coefficient at a position x ¼ L
can be found using the similarity analysis formula of
Granville (1958) as:ffiffiffiffi

cf

2

r
¼

Ut

U1

¼

ffiffiffiffiffiffi
CF

2

r
1 2

1

k

ffiffiffiffiffiffi
CF

2

r !
ð9Þ

Equations 8 and 9 can then be iteratively solved to
obtain Ut at ship scale.

Computational Fluid Dynamics (CFD) Model

The final calculation method used in the present
investigation to predict Ut at ship scale is a
computational fluid dynamics (CFD) model. The
CFD program used is a two-dimensional, implicit,
incompressible, turbulent boundary layer code to
solve the Reynolds-averaged Navier – Stokes
equations (RANS). The turbulence model is a Van
Driest mixing length model. Details of the compu-
tational code and the turbulence model are given in
Schetz (1993). In order to incorporate the effect of
streamwise pressure gradient (i.e. hull curvature)
into the calculation, the pressure distribution around
the Lucy Ashton, a modified British paddle steamer
on which a great deal of hydrodynamic data have
been collected, is used. The ship measures 58 m in
length and has a displacement of 397 metric tons.
Further details of the ship are given in Anon (1952).

Experimental results for the static pressure
distribution on a scale model of the Lucy Ashton
collected by Smits (1982) and Smits and Joubert
(1982) along the mid streamline were used. The
variation of the pressure coefficient along the length
of the model is shown in Figure 5. A total of 105 points

FIGURE 5 Coefficient of pressure vs streamwise distance for the Lucy Ashton from Smits (1982) and Smits and Joubert (1982). Data were
collected on a scale model on the mid-streamline.
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in the wall-normal direction and 2000 streamwise
locations were used for the CFD calculation (2 £ 108

total grid points). The results were checked to ensure
that the solution was grid independent. The
boundary layer was assumed to be turbulent from
the leading edge and no transition model was used.
The CFD calculation was made for 1 m s21 # U1 #

13 m s21:

Algal Experiments

Zoospores were released from fertile Enteromorpha
plants as described in Callow et al. (1997). Spore
suspensions (10 ml, 1.5 £ 106 spores ml21) were
added to individual compartments of polystyrene
culture dishes (In Vitro Systems & Services, GmbH)
each containing a test surface. The spores were
allowed to settle in the dark for 2 h before being
washed gently to remove unattached spores. The
slides were transferred to clean dishes and incubated
in Provasoli’s ES enriched seawater (Starr & Zeikus,
1987) that was changed after 3 d, in a growth cabinet
(Sanyo MLR-350) at 188C with a 16:8 light:dark cycle
(photon flux density 330mmol m22 s21). Biomass was
quantified by extraction of chl a into dimethyl
sulphoxide (DMSO) as described by Jeffrey and
Humphrey (1975).

Test surfaces were acid-washed glass microscope
slides and glass slides coated with Veridian (Inter-
national Paint fouling-release yacht product). Spores
were settled onto 18 replicates of each surface. At each
time point, 3 replicate slides were treated as follows.
The algal biofilm was scraped from half of the area of
each slide into a tube for extraction of chlorophyll.
The strength of adhesion of the remaining algal
biofilm was examined using the turbulent channel
flow apparatus described in Schultz et al. (2000), fitted
with a higher capacity pump. Colonised surfaces
were challenged at the highest flow rate of 212 l min21

ð �U ¼ 4:7 ms21Þ; equivalent to a wall shear stress of
56 Pa, for 5 min. The slides were positioned such that
the biofilmed area was at the leading edge of flow.
Biomass remaining was determined as described
above. The percentage of biofilm remaining after flow
was calculated for each time point. Measurement of
the length of the algal filaments was made on the 6 d
samples.

RESULTS AND DISCUSSION

By substituting the power law formula for a flat plate
boundary layer (Eqn 6) into Equation 7 and
rearranging, the following formula relating U1 to
U.t at ship scale results:

U1 ¼ 9:333Ut

x

n

	 
0:0695
� �1:0747

ð10Þ

Equation 10 can be solved to find the ship speed (U1)
at which there is dynamic similarity with the channel
flow apparatus at an equivalent value of Ut for any
downstream distance (x ).

In a similar way, substituting the ITTC-57 formula
for frictional resistance coefficient (Eqn 8) into
Equation 9 and rearranging, a formula relating U1

to Ut at ship scale may also be obtained:

U1 ¼ Ut

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

0:075= log10
U1x
n

 �
2 2

 �2
	 


vuut

£ 1 2
1

k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:075= log10

U1x
n

 �
2 2

 �2
	 


2

vuut
0
BB@

1
CCA

21

ð11Þ

Equation 11 can be solved iteratively to find the value
of U1 at which there is dynamic similarity with the
channel flow apparatus at an equivalent value of Ut

for any x.
The CFD model was also used to calculate Ut as a

function of U1 and x for the Lucy Ashton. The results
of all three models at various downstream distances
are presented in Figures 6–10. For these results,
the working fluid was assumed to be seawater
at 158C ðn ¼ 1:188 £ 1026 m2 s21; r ¼ 1026 kg m23Þ;
and calculations were made using the calibration
constants for the channel flow device at the University
of Birmingham (Eqn 3) of a ¼ 0:331 and b ¼ 0:264: It
should be noted that the maximum value of Ū for the
Birmingham channel is 4.7 m s21. However, the
calculations presented in Figures 6–10 were carried
out for Ū up to 7.0 m s21. This corresponds to the
maximum Ū for a newer version of the turbulent
channel flow apparatus presently in use at the
University of Hawaii.

Of note is the excellent agreement between the
results for the power law and the ITTC-57 formulae.
The predictions are within ^1% throughout the
entire velocity range for all downstream distances.
The CFD results for x ¼ 1 m agree with the other two
methods within 2%. For the downstream distances
x ¼ 5; 10, and 25 m the agreement gets systematically
worse. This can be explained by looking at Figure 5.
The value of Cp in this range is dropping, indicating a
favorable pressure gradient. This leads to an increase
in Ut at a given value of U1 compared to a zero
pressure gradient flow (i.e. a flat plate). The results
are in better agreement at x ¼ 50 m: By this location
the value of Cp is increasing, indicating an adverse
pressure gradient. This leads to a decrease in U.t and
better agreement with the flat plate results. It is of
note that the results for all the methods agree
within 15% over the entire range of x and U1, and
the agreement is generally much better than this.
The differences observed between CFD model and

M P SCHULTZ et al.22
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the other two are primarily a result of the streamwise
pressure gradient applied in the CFD model, which
is absent in the flat plate models. It should be noted
that streamwise pressure gradient can vary consi-
derably for one hull form to another.

Algal Experiments

The number of spores that attached on the two types
of test surface had been found in a number of
experiments not to be significantly different (data not
shown). Growth of sporelings on glass and the
Veridian coating was not significantly different

except at 4 and 5 days (Figure 11), when a higher
amount of biomass was recovered from the Veridian
coatings. After 6 d, most of the spores had
germinated on both types of surface with a mean
filament length of 85.0 ^ 8.8mm on glass. In other
experiments, the length of sporelings on glass and
Veridian has been shown not to be significantly
different. It should be stated that after 6 d of growth
the length of the sporelings remained less than the
inner layer thickness (0.53 mm) in the channel. This
means that the sporelings can be considered a
surface roughness and similarity scaling can be used.
This is not to say that the attached spores will not

FIGURE 7 Ship velocity vs bulk velocity mean to achieve equivalent friction velocity. Results for 5 m downstream of the leading edge.

FIGURE 6 Ship velocity vs bulk velocity mean to achieve equivalent friction velocity. Results for 1 m downstream of the leading edge.
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affect the wall shear stress in the channel. They most
certainly will increase it, and the increase will be
likely to be greater as the sporelings grow. However,
a concomitant increase in wall shear stress should
also occur in the turbulent boundary layer on a ship
due to the attached sporelings.

On glass, 30% or less of the biofilm was removed at
all time points over the 6 d of the experiment, and an
age-related trend was not apparent (Figure 12). In
contrast, the percentage removal of the biofilm from
the Veridian coating increased with biofilm age, and
after 5 d growth approximately 80% was removed.
Since the length of sporelings on glass and Veridian

was not significantly different, the enhanced removal
from Veridian is attributed to its fouling-release
properties. These results indicate that while the shear
stress on the biofilm most likely increases as it grows
on both substrata, the adhesion strength must also
increase at a similar rate on glass, while on the
Veridian it stays the same or decreases, leading to
increased removal over time. Using these experi-
mental results as inputs to the three models
developed here, .60% removal of a 4–6 d old
Enteromorpha biofilm from a ship coated with
Veridian could be expected at downstream distance
of 50 m at a ship velocity of 9.1 m s21 (17.7 knots),

FIGURE 9 Ship velocity vs bulk mean velocity to achieve equivalent friction velocity. Results for 25 m downstream of the leading edge.

FIGURE 8 Ship velocity vs bulk mean velocity to achieve equivalent friction velocity. Results for 10 m downstream of the leading edge.
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9.0 m s21 (17.5 knots), and 8.4 m s21 (16.4 knots)
using the power law, ITTC-57, and CFD models
respectively. Less than 30% removal of the same age
biofilm can be expected on a glass surface at the same
velocities.

CONCLUSIONS

Three models to relate the detachment of low form
fouling at laboratory and ship scale have been
developed. The overall agreement between the three
methods is good. These models provide a framework
from which to relate the performance of fouling-
release surfaces in laboratory assays to the actual self

cleaning of a ship. The results indicate that
significant removal of 4– 6 d old Enteromorpha
biofilms can be expected at operationally relevant
ship velocities on the Veridian fouling-release
surface. While the present models were produced
to relate results from the turbulent channel flow
apparatus of Schultz et al. (2000) to ship boundary
layers, a similar procedure could be used for other
hydrodynamic assays. Further research including
full scale ship trials is needed to better assess the
accuracy of the models and to allow better prediction
of the performance of fouling-release surfaces.

FIGURE 11 Growth of Enteromorpha biofilm on glass (W) and
Veridian (X). Biomass was measured by extraction of chl a. Points
are the mean of 3 replicates; bars ¼ 95% confidence limits.

FIGURE 12 Percentage removal of Enteromorpha biofilm from
glass (W) and Veridian (X) at a wall shear stress of 56 Pa. Biomass
was measured as chl a. Percentage removal was calculated from 3
replicate slides exposed to flow compared to control slides not
exposed to flow. Bars ¼ 95% confidence limits from arcsine
transformed data.

FIGURE 10 Ship velocity vs bulk mean velocity to achieve equivalent friction velocity. Results for 50 m downstream of the leading edge.
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