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ABSTRACT

Predicting drag penalties due to biofouling on marine ve-
hicles remains a significant challenge. Several factors, such as
types and distributions (coverage) of species, the growth dura-
tion, the nature of the resulting fouling morphology (presence
of streamers, compliance, etc.), and sloughing with time, make
prediction challenging. Studying the individual contribution
of such factors using a live fouling in a controlled laboratory
setting, is challenging. In this study, the effect of coverage, ar-
rangement, and mechanical properties of synthetic biofilm-like
surfaces on skin-friction drag is studied in a turbulent channel
flow. The study is informed based on growth and drag pro-
duced by live bacterial films observed in the Naval Research
Laboratory (NRL) in Key West, Florida, USA. The main ob-
jective is to compare the relationship between the measured
drag of synthetic heterogeneous surfaces with live fouling and
quantify the effect of parameters such as coverage, arrange-
ment, and mechanical properties on the drag measured in a
channel flow.

INTRODUCTION

Soft and hard biofilms that form in marine vessels and ve-
hicles produce undesirable effects such as increased skin fric-
tion drag, and degradation of material and performance, as re-
ported in previous studies (Schultz & Swain, 2000; Harten-
berger et al., 2020). Predicting the drag produced by soft foul-
ing is challenging due to heterogeneity in growth, lack of ma-
terial properties to develop models, and sloughing, to name
a few. Several studies such as Hutchins et al. (2023); Monty
et al. (2016); Neuhauser et al. (2025), etc have addressed drag
of heterogeneous roughness distribution. Most of such studies
rely on using roughness parameters, such as equivalent sand
grain roughness, of constituent elemental roughness to pre-
dict the drag of a given distribution. However, using such a
methodology to predict the drag of soft fouling is challenging
not only due to accurate estimation of roughness parameters of
fouling surfaces needed for drag prediction, but also a frame-
work essential to predict the drag of such complex surfaces
taking into account distribution and material properties.

Several factors contribute to the lack of availability of
roughness parameters of soft fouling. Non-uniform growth
and its dependence on flow shear can result in distributions
that can be significantly different for the same growth dura-
tion. Growth can also result in the presence of protrusions at
different spots, as shown in Hartenberger et al. (2020), result-
ing in locally increased form drag, which can skew drag mea-
surements. In addition, not knowing the mechanical properties
of such films makes it challenging to develop a model based
on distribution characteristics. Finally, sloughing of soft films
(Hartenberger et al., 2020) during testing results in drag char-
acteristics that are not consistent in each trial, making repeata-
bility and estimation of skin-friction with Re difficult. Given
such complications, the use of classical estimates of rough-
ness, such as equivalent sand grain roughness, for a soft foul-
ing colony needs to be revisited in the context of drag predic-
tion.

In this study, we explore the effects of roughness hetero-
geneity in the drag production of flat plates informed by distri-
butions observed on live fouling, for both hard and compliant
synthetic surfaces. We start by detailing the experimental setup
in Approach. Next, we introduce the steps followed to gener-
ate compliant and rigid synthetic fouling. Next, we present the
initial set of heterogeneous roughness distributions, from nor-
mal to the flow strips to patchy elements in both hard (sandpa-
per) and compliant forms (PDMS). The results section intro-
duces the effects on drag of various parameters such as area
coverage, surface arrangement or material properties. Finally,
we explore the future work to be conducted and presented at
the conference.

APPROACH

The main objective of the present study is to identify the
role of factors that contribute to the observed drag measure-
ment spread of live fouling (Hartenberger et al. (2020)) by
considering three aspects of the problem. To address the vari-
ation in drag measurements due to coverage and distribution,
we vary the arrangement of synthetic biofouling test substrates
and study the effect of the total coverage area and distribu-
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tion. We leverage our current collaboration with NRL-Key
West to perform growth studies and corresponding drag of
live biofilms at various conditions to understand the relation-
ship between growth properties (distribution, coverage, com-
pliance) and drag. All the results involving live fouling will
be included in the final presentation. To eliminate the problem
associated with lack of repeatability in experiments involving
live fouling, the use of synthetic materials , such as Alginate,
and PDMS are used in known distribution and coverage. By
using these materials, the effect of material properties (com-
pliance) is studied.

Drag measurements

A recirculating turbulent channel flow setup (Skin Fric-
tion Flow Facility (SF3) at University of Michigan) is used
to assess the drag characteristics of rough surfaces. The SF3
measures the pressure drop along the channel at ten loca-
tions in the streamwise direction Hartenberger et al. (2020).
The SF3 estimates Cy (skin-friction coefficient) of surfaces
mounted on both the top and bottom sides of the fully devel-
oped channel flow.

The SF3, which follows a similar approach as the simpli-
fied schematics displayed at in Figure 1 is a high-aspect ratio,
closed-loop channel flow facility with fully developed turbu-
lent flow in the test-section with a channel height 6 mm, capa-
ble of reaching Reyy ~150,000. The SF3 channel gap height,
Hy, is nominally 7 mm, span is 101.6 mm, and has a down-
stream length of 1.14 m. The flow is tripped after passing
through honeycombs and mesh screens at the entrance of the
channel using an 80-grit sandpaper strip in both facilities. The
BSFV measures the skin-friction Cy of surfaces based on the
pressure drop across the 10 pressure ports (located at 20H,
30H, 50H, 70H, 84H, 98H, 112H, 126H, 140H, and 150H)
along the test-section as shown in figure 1 below. The mea-
surements at each step are averaged after trimming 5 seconds
post and pre-transition to another step. The averaged measure-
ments along with the known streamwise port location are used
to estimate the pressure gradient dp/dx used in the estimation
of the shear stress at the wall. Only measurements acquired
in the fully developed turbulent flow region (between 70H and
150H) are used for the pressure gradient estimation. An ac-
curate estimation of the shear stress relies upon the correct
dp/dx, and height measurements. The volumetric flow rate,
0, was measured using an ultrasonic flow meter (Omega FDT-
25) at the BSFV and a Siemens Sitrans FM MAG5100 mag-
netic flow meter in the SF3. The temperature is also measured
using a Resistance Temperature Detectors (RTD) and logged
during data acquisition. Density and kinematic viscosity are
obtained as functions of the logged temperature following the
ITTC freshwater tables. The bottom window of the SF3 used
in conjunction with the rough surfaces is a hydro-dynamically
smooth panel with an optically clear fused quartz insert for
PIV laser illumination. Simultaneous PIV measurements can
be acquired during the pressure data acquisition. All synthetic
surfaces, including sandpaper studies, were performed in an
asymmetric configuration (rough-smooth) in the SF3. Using
the pressure drop measurement, channel height, and mean ve-
locity, the wall shear stress and the skin friction are estimated
as follows:

In a fully developed turbulent channel flow like the SF3,
the wall shear stress (7,,s), of either of the two identical top
and bottom plates (smooth or rough) is related to the pressure

drop (%) as,

Hdp
Tis =3 dx )
Here H is the average channel height between the plates,
and the pressure drop dp/dx is obtained using a set of pres-
sure taps equally distributed across the streamwise axis of the
test section. The suffix ’s’ denotes a symmetric configuration.
The pressure drop was recorded using three different pressure
transducers of varying range and resolution. If the top and bot-
tom plates used have similar hydrodynamic roughness charac-
teristics (symmetric roughness about the channel mid-plane),
the above relationship can be used to estimate wall shear stress
T,,. In the event of two dissimilar surfaces, one smooth and one
rough, asymmetric in wall shear stresses, result in the follow-
ing relationship for wall shear stress estimation,

d
Twa =H dP — Tw,smooth 2
X

Several approaches can be performed to acquire Tg spoorh-
A common methodology relies on flow measurements con-
ducted with Particle Image Velocimetry techniques (PIV) to
assess the characteristics of the smooth wall and reconstruct
Tw,smooth With a Clauser approach Hartenberger et al. (2020);
Walker (2014). In our case, the lack of PIV techniques
implies that a secondary method must be followed. Using
the well-known experimental equation presented by Zanoun
et al. (2009), we obtain Ty gneorn by assuming a Cf,mwo,h =
O.O74Re1;0'25. Here, Rep is the Reynolds number based on
height and can be defined as Reyy = HU}, /v, with v represent-
ing the dynamic viscosity of the fluid, and U, representing the
bulk velocity.

Upon estimating the wall shear stress, the skin-friction co-
efficient Cy is calculated using,

Tw

Cr= (3)
! 1pU,?

where p is the density of the fluid. The density values
were adjusted to account for the water type (fresh or saline)
and temperature. Upon estimation of 7, the overall perfor-
mance of the plates in terms of drag production is presented
as a relative increase or decrease compared to a smooth plate
under similar flow conditions (Rep), and calculated using Za-
noun et al. (2009). All the results presented as ACy (%) is
calculated as follows:

¢ -C
ACH(%) = 100 x —Lroush — =T .smooth

f,smooth

@

Drag measurements from the SF3 have been validated
against the expected drag of a smooth plate in a turbulent chan-
nel flow reported from the literature.

Developing synthetic configurations to repli-
cate biofouling

To study the effect of arrangement and coverage, the skin-
friction drag of rigid-rough and synthetic compliant biofilm-
like elements placed on a flat plate was measured.
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Test section

Figure 1. Schematics of a turbulent channel flow facility,
similar to the Skin Friction Flow Facility (SF3) used in this
study.

Table 1. Test subjects configurations for synthetic fouling ex-
periments.

Plate  Coverage Material Protrusion
LA 0-100% 80 grid 0.9 mm
ILA 5,and 10% 80 grid 0 and 0.9 mm
II,B 5% 80 grid, PDMS 0 mm

11, B 10% PDMS 0 mm

IV, A 5% 80 grid 0 mm

IV, B 5% 80 grid 0 mm

v, C 5% 80 grid 0 mm

Rigid roughness elements were constructed from 80-grit
sandpaper strips glued to a flat PVC window. The length of
the strips is equal to the width (W) of the flow channel, and the
width is kept as 5 mm, or 0.7H. Table 1 details the characteris-
tics of each of the configurations. Synthetic surfaces were de-
veloped in collaboration with Professor Jon Estrada’s research
group at the University of Michigan. Two candidates, alginate,
and PDMS, were used to prepare compliant synthetic surfaces,
including hydrogels that can interact with water. All synthetic
surfaces can be carefully formulated to achieve a range of me-
chanical properties. The formulation and characterization of
these artificial synthetic surfaces are discussed next.

PDMS The first artificial component developed is
based on Polydimethylsiloxane (PDMS). This type of compo-
nent has been used to replicate flexible and compliant materi-
als, and by adequately tuning its components, a vast range of
mechanical properties can be achieved Palchesko et al. (2012);
Wang et al. (2020). Due to its compliant nature and tunable
mechanical properties, we believe it can be a good candidate
to reproduce the properties of live boifilms. Although this el-
ement does not have an organic base, its compliant-like prop-
erties allow us to use it for our study, and its robustness un-
der flow conditions is beneficial to study compliance in a con-
trolled manner. The PDMS used for the results presented here
follows the same conditions presented at Wang et al. (2020)
(1:7.5 gel to mass ratio with a static storage modulus of
Eo = 158kPa). In future work, we will explore several blends
to analyse the impact of compliance on the drag performance.
This manuscript discusses the drag measurements for PDMS
surfaces. The authors expect to share results using carrageenan
and alginate in the presentation.
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Figure 2. Plates roughness configuration followed in this
study.

Roughness configurations

To study the effects of area coverage and surface distribu-
tion on the drag of biofilms, we develop several testing plates
with varying characteristics, as show at Figure 2. We start by
performing drag measurements of plates with heterogeneous
roughness made with strips of sand paper. The second ap-
proach consists of circular samples made of synthetic foul-
ing on the surface of a flat plate, both in heterogeneous and
homogeneous configurations, to replicate the growth of live
biofilms.

RESULTS
Drag studies of synthetic surfaces: Effect of
surface distribution, area coverage, and mate-
rial properties

Motivated by appreciable spread observed in drag mea-
surements of live fouling (Hartenberger et al. (2020)), the
effect of area coverage, including surface arrangement and
mechanical properties were investigated using compliant and
rigid synthetic surfaces using the SF3 at the University of
Michigan to understand how integrated measurements based
on pressure drop compare for various configurations. The
main motivation was to isolate the effect of the heterogene-
ity of morphology and topography on the inferred roughness
quantities such as k;. Here, we start by conducting drag mea-
surements on flat plates with streamwise heterogeneity made
of strips of sandpaper and PDMS. We analyze the effects of
varying the area coverage and the distribution arrangement
around the plate. The effect of material compliance on a given
area coverage and distribution will be discussed next. The
following subsections discuss the synthetic surfaces study for
rigid roughness and PDMS.

Testing configurations The configuration of the
plates followed here is presented in Figure 2 and shown in Ta-
ble 1

Plate I presents equally spaced streamwise roughness for
different coverage ratios. To increase the coverage, an extra
roughness strip is placed in between two existing ones. Plate IT
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follows the same approach, but the roughness bands are twice
as wide as for Plate I, and the spacing is also doubled. Plate III
consists of equally spaced circles in a streamwise arrangement.
In configuration A, the roughness bands are protruding into
the flow, and in arrangement B, the elements are flush with
the surface. Plate IV A, B and C cover a second approach
involving patchy distributions for a similar coverage at three
different configurations, from normal to the flow rows, to a
quasi-random arrangement at Plate IV, C. The details can be
found at Table 1

Effect of area coverage: Rigid roughness
The effects of area coverage are presented in the top-left panel
of Figure 3. The roughness distribution of Plate I, A is in-
creased by adding extra roughness strips in between existing
ones, while keeping the streamwise distance between lines
constant for a given area coverage. As expected, the drag
penalty increases with area coverage, but not linearly. While
100% coverage yields maximum drag penalties, we observe
that a mere 5% is producing almost half the drag of the fully
covered case. The extra form drag added by the encounters
between the flow and the spanwise obstacles can be responsi-
ble for this. A 10% coverage area (Plate I, A, as depicted at
Figure 2) provides almost 80% drag penalty compared to the
100% plate.

Effect of surface distribution: Rigid rough-
ness with and without protrusion To evaluate the
arrangement effects, we prepare a second plate, where the
width of the strips, when compared to Plate I, A is doubled.
Plate II, A presents the same coverage area, but the distance
between obstacles doubles. The results are introduced in the
top-right panel of Figure 3. For this new case, we observe
that the drag penalty increase when the coverage area goes
from 5 to 10% is not as prominent as with Plate I, A, further
highlighting the importance of form drag, number of obsta-
cles, and roughness strip width. When comparing Plate I and
II at equivalent coverage ratios, we observe that Plate II pro-
motes a drag increase for a comparable coverage ratio of 30%
less than Plate I, highlighting the relevance of distribution on
drag performance. Area coverage alone can not be used as a
predictive parameter for overall drag when other aspects (het-
erogeneity, protrusion height) are present. To further explore
this, we prepare a new plate, Plate II, B. The distribution of
the rough elements is similar to Plate II, A, but the roughness
strips are flush with the surface. The results are shown in the
bottom-left panel of Figure 3 As expected, and for a coverage
of 5%, reducing the protrusion height has an immediate effect
on the drag and lowers the penalty considerably. Still, this sce-
nario of a "flush roughness” is unrealistic for actual biofouling
approaches, and is explored here just for validation purposes.

Effect of mechanical properties and distri-
bution for a compliant material (PDMS) To fur-
ther explore the effects of mechanical properties on fouling,
we prepared a compliant version of Plate II, B. In this case,
the sandpaper strips are replaced by PDMS with a 7.5:1 mix-
ture ratio (see methodology for more details). The results, in-
troduced in the bottom-right panel of Figure 3 suggests that
replacing synthetic hard biofouling with a soft, compliant al-
ternative reduces the drag penalty by almost 50%. This result
further reinforces the idea that the mechanical properties and
topology of biofouling are major players in explaining and pre-
dicting the drag associated with fouled surfaces.

To summarize the preliminary findings presented before,
we prepare Plate III. In this case, the streamwise strips are re-
placed by circular clusters, following an approach more con-
sistent with the way biofouling forms, although in a highly
simplified way. Plate III (PDMS) B follows an area cover-
age of 10%, while Plate II, B (PDMS) coverage is reduced to
5%. Still, as seen at the bottom-right panel of Figure 3, the
latter shows a higher drag penalty value. With this simpli-
fied study, evidence point towards factors to be incorporated
for predicting the drag produced by biofouling. A better un-
derstanding needs to be achieved on how each of the roles
explored here (area coverage, surface distribution, protrusion
height, and mechanical properties) interacts with the others,
since taking them as isolated contributors will yield unreliable
predictive models.

Effect of patchy roughness distributions on
drag production In this final section, the roughness tex-
ture are built following a patchy heterogeneous distribution
over the surface of the flat plate. As shown at figure 2, we
place circular elements made of sandpaper in several distribu-
tions along the surface. The diameter of the elements corre-
sponds to two times the empty height of the flow tunnel (2H).
We start with two plates where the elements are arranged in
rows normal to the flow. In this case, similar to the plates
with strips presented before, no noticeable differences in the
drag penalty are observed. It will be a matter of further stud-
ies to analyse if this similar drag production remains when
the samples are protruding into the flow. Still, when a new
quasi-random distribution is incorporated, the variance starts
to display again, as the new configuration, Plate I'V, C produces
roughly 10% less drag penalty than the other two plates. This
finding highlights the importance of area arrangement when
analysing roughness textures. For comparison, we present an
equivalent drag penalty by calculating the 5% drag generation
of a plate fully covered by 80 grit sand paper, showing that,
when roughness is heterogeneous and patchy, a linear inter-
polation based on area coverage % is not enough to properly
predict drag, as seen by the larger penalty developed by Plates
VI in all three configurations.

Biologically derived synthetic materials un-
der consideration. Carrageenan is a component ex-
tracted from seaweed that can produce water-based hydrogels
Therkelsen (1993). By controlling the concentration of the ma-
terial in the dissolution and immersion time in water, hydrogels
with various strengths can be extracted. Figure 5(a) presents a
set of mechanical properties tests conducted for carrageenan-
based hydrogels of concentration ranging from 1 to 2.5% and
submersion time ranging from 0 to 48h. The samples are made
by mixing water and carrageenan at constant stirring (300 rpm)
and 90 ° C for 3 hours, with an extra hour under no stirring for
the mixture to set (while keeping the temperature). Then, the
samples are cast into molds and left for a day at 4 © C. The
mechanical properties measurements are obtained using a Dy-
namic Mechanical Analysis (DMA) tool, and consist of steady
and dynamic cases. The steady set involves compression at a
constant velocity, where the deformation is recorded (left col-
umn, Figure 5 (a)). The second set corresponds to a dynamic
amplitude sweep test, where the deformation is applied in a
sinusoidal form (compression-relaxation), and the amplitude
is increased under a constant frequency. The results suggest
that larger concentrations of the sample provide stronger hy-
drogels, as observed by the steepness of the deformation vs
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Figure 3.

Drag increase (compared with a smooth plate) vs Rey (x1073) for plates with synthetic roughness. Top-left panel: area

coverage study. Top-right panel: surface arrangement analysis. Bottom-left panel: protrusion height and mechanical properties com-

parison. Bottom-right: compliant material under various arrangements.
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stress curve. Water submersion time weakens the samples and
reduces their mechanical strength. Although preliminary test-
ing shows that carrageenan samples are largely degraded under
water shear, preventing us from using them as reliable candi-
dates for live fouling replicas, the possibility of controlling that
degradation make them suitable choices for sloughing analy-
sis, and it will be considered in future work.

Alginates are polysaccharides isolated from brown algae
such as Laminaria hyperborea andlessonia found in coastal
waters around the globe Augst ef al. (2006). Our samples are
developed using the double crosslinking method proposed by
Jietal. (2022). First, a weak hydrogel is formed with a mixture
of sodium alginate with a total weight concentration of 2% and
a CaS04 solution of 0.3%. The mixture is stirred at 300 rpm
at room temperature for a duration of 3 hours and then placed
in vacuum to remove the air. This procedure helps to hold
the shape of the hydrogel, and creates an initial weak speci-
men, with a semi-transparent appearance. After curing at 4°

C for one day, the samples are immersed in a CaCl, bath with
a molarity of 0.1M for another day to enhance the mechanical
strength of the samples. The differences after the cross-linking
method are highlighted by the amount of calcium in the over-
all hydrogel, represented by the white color, in contrast to the
transparent appearance of the original surface (figure 5 (b)).
The external crosslinking bath greatly enhances the mechan-
ical capabilities of the hydrogel Ji et al. (2022). Preliminary
testing show that alginate-based hydrogels are able to with-
stand water shear forces for 30 minutes under Sm/s. Hence,
their use as replicas for live fouling will be explore further. As
shown next, we have been able to develop compliant equiva-
lents of 80 grit sandpaper, which will further complement the
analysis presented in this paper.
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CONCLUSIONS AND FUTURE WORK

In this work, we have analysed how parameter such as
area coverage, surface arrangement, protrusion height, and
texture properties play an important role of the drag produced
by a flat plate in a turbulent channel flow. By systematically
varying the mentioned parameters, it has been discussed how
discrepancies in drag production, when assessed with respect
to a smooth plate, arise, even for test subjects where some of
those aspects are equal. As future work, we’ll take one step
further and study the impact of compliant rough elements that
better describe the unsteady nature of soft biofouling in terms
of protrusion height. Replicas of sandpaper are developed us-
ing PDMS and alginate, and their drag impact for several cov-
erage ratios, surface distributions, and mechanical properties
will be analysed. We will use the results obtained during the
live fouling testing at NRL Key West to inspire distributions
around the plate that mimic the growth of real biofouling. The
final presentation will show how, under certain conditions, live
seawater biofilms follow the heterogeneous patchy arrange-
ment prescribed here, and will present its effects on drag pro-
duction and spread.
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