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a b s t r a c t

The laminar-flow viscosity of ocean and other natural waters consists of a Newtonian aqueous
component contributed by water and salts, and a non-Newtonian one contributed mainly by exopoly-
meric polymers (EPS) derived largely from planktonic algae and bacteria. Phytoplankton and EPS form
thin layers in stratified waters, often associated with density discontinuities. A recent model (Jenkinson
and Sun, 2011. J. Plankton Res., 33, 373–383) investigated possible thalassorheological control of
pycnocline thickness (PT) by EPS secreted by the harmful dinoflagellate Karenia mikimotoi. The model,
based on published measurements of viscosity increase by this species, found that whether it can
influence PT depends on the relationship between increased viscosity, deformation rates/stresses and
length scale, which the present work has investigated. To do this, flow rate vs. hydrostatic pressure (and
hence wall stress) was measured in cultures (relative to that in reference water) in capillaries of 5 radii
0.35–1.5 mm, close to oceanic-turbulence Kolmogorov length. We compared cultures of the potentially
harmful algae, K. mikimotoi, Alexandrium catenella, Prorocentrum donghaiense, Skeletonema costatum,
Phaeodactylum tricornutum and the bacterium Escherichia coli. Drag increase, ascribed to rheological
thickening by EPS, occurred in the smallest capillaries, but drag reduction (DR) occurred in the largest
ones. Since this occurred at Reynolds numbers Re too small for turbulence (or turbulent DR) to occur, this
was laminar-flow DR. It may have been superhydrophobic DR (SDR), associated with the surfaces of the
plankton and bacteria. SDR is associated with the self-cleaning Lotus-leaf Effect, in which water and dirt
are repelled from surfaces bearing nm- to mm-sized irregularities coated with hydrophobic polymers.
Because DR decreased measured viscosity and EPS thickening increased it, we could not validate the
model. DR, however, represents hitherto unknown phenomenon in the oceans. Along with rheological
thickening, Laminar-Flow DR may represent a new tool for plankton to manage ambient flow fields.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Dissolved organic carbon (DOC), here taken to include colloidal
organic carbon, constitutes ∼662�109 t of carbon in the oceans,
4200 times the living biomass, and 4100 times the dead
particulate organic carbon (POC) (Hansell et al., 2009). DOC is
produced mainly by phytoplankton and bacterioplankton, and
includes much exopolymeric substance (EPS). As reviewed by
Jenkinson and Sun (2010), the abundance of phytoplankton DOC,

and particularly EPS, is positively related to excess non-Newtonian
laminar viscosity and elasticity in the bulk phase of the oceans
[here the word, “ocean” loosely refers to all natural waters], as
measured in laminar flow at ambient shear rates.

As well as affecting the bulk phase of the ocean, phytoplankton
EPS adds viscosity and elasticity to the surface film (Jenkinson and
Sun, 2010) and reduces air–sea gas exchange (Calleja et al., 2009).
Since EPS accumulates also at internal interfaces by a variety of
mechanisms, similar, if less marked, effects would be expected at
these interfaces too.

Polymers, surfactants, bubbles and fibres in suspension or
solution can produce turbulent drag reduction (TDR) in turbulent
flow (Wei et al., 2011) measured at much higher-than-ocean-
ambient shear. Toms (1949) discovered this effect and ascribed it
to elastic effects acting on the turbulent eddies. Algal EPS can
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produce the Toms Effect (Gasljevic, 2008). Although these molecules
and structures generally show elasticity, however, the mechanisms
of TDR are being increasingly questioned. Existing TDR models
frequently do not fit observations, the TDR can be produced
by irregularities on surfaces, bubble production and mechanically
compliant surfaces (Semenov, 2011).

In the last decade or so, drag reduction (DR) has also been found
in laminar flow. This DR was first found on leaves of the lotus, an
aquatic flowering plant, and is associated with self-cleaning. It seems
to require surfaces with nm- to mm-sized irregularities bearing
superhydrophobic coating. It is thus termed, superhydrophobic
drag reduction (SDR), or the Lotus Effect. See Rothstein (2010) for
a review.

The justification for the present research was the questions
asked in recommendations by GEOHAB (2011), “How can we
quantify modifications in turbulence by phytoplankton through
changes in the viscosity of its physical environment?”. GEOHAB
also recommended that the length scales to be targeted should be
those of the Kolmogorov length and pycnocline thickness, while
recent work has uncovering awareness of the importance of
processes occurring at sub-mm scales, particularly the surfaces
of plankton and EPS particles (Prairie et al., 2011; Doubell et al.,
2014). We set out to experimentally test a model (Jenkinson and
Sun, 2011) that the EPS from the dinoflagellate Karenia mikimotoi
may change pycnocline dynamics and thickness through increase
in viscosity acting on the Richardson number, thereby influencing
pycnocline dynamics and thickness, and hence engineering its
environment. The model finds that whether this EPS does influ-
ence thickness depends on how polymeric excess viscosity due to
the EPS varies with length scale. Other phytoplankton and bacteria
(Jenkinson and Sun, 2010; Seuront and Vincent, 2008; Seuront
et al., 2010) increase viscosity in the ocean. We thus studied how
viscosity in cultures of seven potentially harmful phytoplankton
species and a bacterium, measured by flow in capillaries of five
radii, from 0.35 to 1.5 mm, varied at measured values of hydro-
static pressure (allowing calculation of wall shear stress and hence
shear rate). The capillary radii are close to Kolmogorov length
scales, but small compared to pycnocline thickness. As concen-
trated cultures of marine bacteria were not available in large

volumes, we used cultures Escherichia coli, which is found wide-
spread in the aquatic environment and in organisms. Flow by the
cultures was compared to that in reference seawater or
MilliQ water.

In the capillaries of smallest radius, we found flow reduction
that we ascribe to polymeric thickening. In the larger-radius
capillaries, however, drag reduction (DR) occurred, even at Reynolds
numbers far too small to allow turbulence to occur. We will discuss
whether this may be SDR, associated with the surfaces of EPS,
phytoplankton, bacteria or all three.

As studies with ichthyoviscometers have shown yield stress in
the organic “fluff” on tidal mud flats (Jenkinson et al., 2007a)
(henceforth, JCG) as well in culture of harmful raphidophycean
alga (Jenkinson, 2007b), we used the apparatus also to measure
yield stress. However we will show that none was statistically
discernible. The DR observed at large (1–1.5 mm) radius interfered
with the measurement of drag increase (polymeric excess viscosity)
observed at small radius. Thus the two effects of tube radius: firstly
on excess viscosity; secondly on DR could not be fully resolved.
To do this, viscosity needs to be measured by different means.
The DR we found needs to be investigated thoroughly as it may a
part of the methods by which phytoplankton and bacterioplankton
engineer their environment (Wyatt and Ribera d’Alcalà, 2006),
perhaps through the Lotus-leaf Effect. Further investigation at
nm- to mm-scales may uncover these and other processes likely
to cascade up to and interact with global-scale processes (Doubell
et al., 2014).

2. Methods

2.1. Materials

Table 1 describes the phytoplankton and bacterial cultures used
the measure viscosity. Milli-Q water produced by a Millipore, USA
Direct-Q 3 system (Type 1) was used as reference against which to
measure the bacterial culture.

Fig. 1 illustrates the viscometer. It is based on the principle of
the Ostwald capillary viscometer (Wilke et al., 2000). Originally

Table 1
Material used for measurements of apparent relative viscosity.

Species Strain Origin of
cultures

Provided
by

Concentration
(cells.mL−1)

Mean nearest-
neighbour
distance (lm)

Cell biovolume/
(volume
fraction of
cells)

Culture
temperature
(1C)

Culture
salinity
(psu)

Control
water
origin

Control
water
temperature
(1C)

Control
water
salinity
(psu)

Phaeodactylum
tricornutum

PT IOCAS Ming-
Jiang.
Zhou

8,850,000 27 45 mm3

(3.98�10−4)
17.5 35 Jiaozhou

Bay
seawater

17.5 32

Skeletonema
costatum
(s.l.)

SC IOCAS Ming-
Jiang.
Zhou

2,200,000 42 196 mm3

(4.31�10−4)
19 35 Jiaozhou

Bay
seawater

19 32

Prorocentrum
donghaiense

PDDH 973
Programme

Ming-
Jiang.
Zhou

240,000 89 1800 mm3

(4.32�10−4)
19 35 Jiaozhou

Bay
seawater

19 32

Alexandrium
catenella

ACDH 973
Programme

Ming-
Jiang.
Zhou

3341 370 14,130 mm3

(4.72�10−5)
21, 22 35 Jiaozhou

Bay
seawater

21, 22 32

Karenia
mikimotoi

KM Ji’an
University

Ming-
Jiang.
Zhou

6323 300 1250 mm3

(2.48�10−5)
21 35 Jiaozhou

Bay
seawater

21 32

Escherichia coli Non-
toxic
strain

Ocean
University of
China,
Qingdao

Min
Wang

1.6�108 0.10 0.05 mm3

(8.00�10−6)
20 0 Milli-Q

water
20 0

Assuming a Poisson distribution, nearest-neighbour cell–cell distance D at cell concentration C is calculated as D¼ 0:55� C−1=3(Gentien et al., 2007). For S. costatum, cells
were in chains, which would invalidate the Poisson distribution, but numbers per chain were not counted. Cell biovolumes are taken from values used by Ou et al. (2008) for
S. costatum, A. catenella, P. donghaiense, by Van Wambeke (1995) for P. tricornutum, from measurements in Algaebase (Guiry and Guiry 2012) for K. mikimotoi.
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the Ostwald viscometer was used to measure the viscosity of
Newtonian liquids. Therefore the flow rate could simply be
compared between a test liquid and a reference liquid of known
viscosity. For Newtonian liquids, and provided that turbulence is
avoided (sufficiently low Reynolds number Re), flow time is simply
proportional to the viscosity. In order to be able to determine
how the viscosity varies with flow rate (and hence with shear
rate and with shear stress), the change in hydrostatic pressure
was recorded during the flow by means of a Honeywell, USA
DC010NDC4, high-sensitivity pressure probe. Each side of the
probe was connected to one arm of the viscometer by means of
a fine tube inserted into the liquid in each arm. The analogue
voltage output from the pressure probe was digitised and recorded
by an ADS 1062C oscilloscope (Atten, P.R. China), and the data
transferred to a computer via a USB link using manufacturers’
software. For all the present measurements, the oscilloscope was
set to acquire 3000 lines of data over a period of 60 s (50 Hz). The
pressure probe-oscilloscope system was calibrated in the appara-
tus by comparing the voltage output shown with measured height
differences of pure water between the two arms of the viscometer.

The viscometer was fitted by a large-internal radius in-line tap,
while a flexible tube of internal radius 1.5 mm, the Yield-stress
tube (YST), connected the viscometer’s two arms to each other.
This tube was normally kept closed by a thumb clamp. The YST
was developed following the finding the yield stress in sewage
sludge was negatively related to capillary radius (Spinosa and
Lotito, 2003). It was considered there was a high probability that

any yield stress would be highest in the smallest capillaries. Such
yield stress would be thus detectable by using a YST of the same
radius as the largest capillary.

The two arms of the viscometer were vertical, room tempera-
ture was controlled, and cultures and reference liquids were
allowed to equilibrate to room temperature before measurements.

The three smallest classes of capillary tubes, i¼0 … 2, were of
internal radius, ri of 0.35, 0.5 and 0.75 mm, were made of
hydrophobic polyvinylidene difluoride (PVDF), originally designed
for direct-contact membrane distillation at high pressure (Hou
et al., 2009). At the low pressures used in the present work,
however, they proved impervious. The largest tubes, with i¼3 …

4, ri was 1.05 and 1.5 mm, were of semiflexible plastic (SFP). All
capillaries were 25 cm long. In order to keep the flow rates
sufficiently low, and so avoid turbulence as far as possible, while
avoiding measurement times too long, the capillaries were bundled
into a sealed PVC tube to make a module. Capillaries of class i¼0, 1,
2, 3, 4 were assembled into modules containing ni¼50, 25, 10, 5 and
1 capillaries in parallel.

Microscopes and a digital camera were used to examine the
cultures, and determine cell concentrations.

2.2. Experimental procedure

Hydrostatic pressure P was calibrated against voltage output by
the pressure probe by measuring height difference between the
menisci in each of the arms. All materials were temperature-
equilibrated overnight in a temperature-controlled lab (70.5 1C).
Before use, each capillary module (CM) was rinsed thoroughly
with tap water then with test or reference material, then inserted
in-line in the viscometer (Fig. 1). With the tap open, test or control
liquid was gently added to the input arm of the viscometer and
allowed to rinse through the apparatus including the CM, and
homogenise the liquid in the viscometer. Using a syringe, excess
liquid was withdrawn always from the output arm, thus avoiding
reverse flow and any possible contamination of newly added
liquid. After rinsing the viscometer, and making sure any bubbles
had escaped, the tap and YST were closed and further liquid was
added to produce a value of P of 5–6 kPa (equivalent to roughly
5–6 cm water).

Data recording on the oscilloscope was activated and the tap
was opened smartly, allowing liquid to flow and P to decrease
roughly exponentially towards the yield stress τY. After 45 s of
flow, the YST was opened, and any reduction in P was conserva-
tively assumed to represent the residual hold-up pressure PY due
to yield stress in the culture (Spinosa and Lotito, 2003). As far as
we are aware this is the first time that capacity to measure yield
stress has been incorporated in an Ostwald- or Ubbelohde capil-
lary viscometer. Flow-curve measurements were replicated mostly
10, but occasionally 7–11 times (as data recording sometimes
failed).

Flow measurements for each species were done on the same
day or on two consecutive days, except in the case of A. catenella,
in which 3 days elapsed between the trials using tubes of radius
0.35–0.5 mm and those using tubes of 0.75–1.5 mm.

Files of data, digitised in ASCII by the recording oscilloscope,
were transferred to a computer and processed by routines written
in Mathcad 14.

3. Theory

3.1. Geometry of the viscometer

In capillary tubes arranged vertically in an Ostwald- or Ubbe-
lohde viscometer (Fig. 1, insert) subject to gravity g, with fluid

Fig. 1. Sketch of viscometer (not to scale). Insert shows photo of end of capillary
module, with an arbitrary number of capillaries in the module. YST – Yield
stress tube.
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flowing at low Re, and neglecting entry and exit effects, flow rate Q
[m3.s−1] is proportional to liquid density ρ and inversely propor-
tional to kinematic viscosity, η. Since kinematic viscosity ν¼η/ρ,
flow rate is then conveniently inversely proportional to ρ. Correc-
tions due to entry and exit effects are presented in Section 3.4.2.

3.2. Density of reference fluids

For illustration, we represent the five types of CM, i¼0 … 4. In
this section, unless mentioned otherwise, temperature T is set to
20 1C, salinity S to 32 psu and the pressure differential forcing the
flow, P is 40 Pa.

From Millero (1984), chlorinity,

Chl¼ ðS−0:159Þ
1:7996

; ð3:1Þ

This gives Chl¼17.693.
Here we set the differential hydrostatic pressure, between the

two ends of the CM, P¼40 Pa (roughly 4 mm water). The density
of the seawater ρ is derived from the International Equation of
State for Seawater, EUOS 80 (reported by Fofonoff, 1985, his
Table 3). Here ρ¼1.022�103 kg m−3.

3.3. Viscosity of organics-free seawater

We assume that dynamic viscosity of the reference liquid,
seawater or Milli-Q water (assumed to free of viscosity-changing
organics), is a function only of temperature and chlorinity. Miyake
and Koizumi (1948) found that the viscosity of seawater varies
with T and Chl, α and β, where α and β are coefficients they
determined experimentally. Here we take this viscosity to be that
of organics-free water phase, ηW. The water-phase viscosity at 0 1C
ηW0 is shown in Fig. 2a, while Fig. 2b shows α and Fig. 2c shows β.
From Miyake and Koizumi (1948),

ηW ¼ ηW0

1þ α:T þ β:T2 ð3:2Þ

here, ηW¼1.074 Pa.s. The height difference in the water levels in
the two arms,

H ¼ P
ρ:g

ð3:3Þ

here, as P¼40 Pa, H¼3.989 mm.

3.4. Calculated characteristics of the capillary flow

3.4.1. With entry and exit effects neglected
Recalling that the internal radius of the capillaries, ri¼(0.35,

0.5, 0.75, 1.05, 1.5) mm, the number of capillaries in each module,
was ni¼(50, 25, 10, 5, 1). The length of the capillaries in all the
CMs, L¼25 cm. Neglecting entry and exit effects (but see Section

3.4.2, below), from Poiseuille’s Law (Morrison, 2006), the flow rate
for each capillary,

QPoisi ¼
π:r4i :P
8:ηW :L

ð3:4Þ

This gives Qpoisi¼(8.78�10–10, 3.66�10–9, 1.85�10–8, 7.11�10–8,
2.96�10−7) m3.s−1.

The flow rate for each CM, is then

QpoisMi ¼Qpoisi:ni: ð3:5Þ

This gives QpoisMi¼(4.39�10–8, 9.14�10–8, 1.85�10–7, 3.56�
10–7, 2.96�10−7) m3.s−1.

Dividing by the cross-sectional area of each tube in the five
CMs, the flow speed in each CM,

UPoisi ¼
QPoisi
π:r2i

ð3:6Þ

This gives Upoisi¼(2.28, 4.65, 10.5, 20.5, 41.9) mm.s−1.
A characteristic bulk Reynolds number for each CM,

RePoisi ¼
ρ:UPoisi:ð2:riÞ

ηW
: ð3:7Þ

In the standard case with P¼40 Pa, RePoisi¼(1.52, 4.43, 15.0,
41.0, 120), that is 4100 in the widest capillary, where flow might
be influenced by turbulence. However, when P is increased to
500 Pa (as at the beginning of our flow experiments, RePoisi
becomes (19.0, 55.4, 187, 513, 1500), that is 4100 in the three
widest capillaries, and even 41000 in the widest, clearly in the
flow regime expected to be turbulent.

3.4.2. With entry and exit effects taken into account
The calculation of entry and exit effects, especially for non-

Newtonian fluids, seems still far from resolved. However, accord-
ing to Philippoff and Gaskins (1958), citing Schiller (1932), the
entry–exit length necessary to accelerate a Newtonian liquid of
viscosity ηW at the entrance and exit of a cylindrical tube so as to
obtain laminar flow,

LLi ¼
0:037:QPoisi::ρ

ηW
ð3:8Þ

Recalling that P is set to 40 Pa, LLi¼(0.0309, 0.129, 0.652, 2.51,
10.0) mm. These entry–exit lengths are small compared to tube
length, 250 mm, but when P is increased to 500 Pa, the entry–exit
length becomes then LLi¼(0.387, 1.61, 8.15, 30.1, 130) mm, which
for the widest capillaries starts to become comparable to capillary
length L.

To allow for entry and exit effects, we have added the value LL
to both ends of the capillary, so that the corrected capillary length
becomes (L+2.LL).

Fig. 2. Graphs of three constants, calculated from tables in Miyake and Koizumi (1948), used to calculate ηW in the present study. Fig. 2a shows viscosity of water at zero
chlorinity ηW0, Fig. 2b shows α and Fig. 2c shows β.
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Flow rate per capillary, modified to allow for entry and exit
effects,

QPoisi mod¼ π:r4i :P
8:ηW :ðLþ 2:LLiÞ

m3:s−1
� �

; ð3:9Þ

while the mean velocity of flow in the tubes,

UPoisi mod¼ QPoisimod
π:r2i

m:s−1
� � ð3:10Þ

and the capillary Reynolds number, modified for entry–exit effects,

RePoisimod¼ ρ:U:Poisimod:ð2:riÞ
ηW

ð3:11Þ

With P still set to 40 Pa, RePoisimod¼(1.52, 4.43, 14.9, 40.2, 110),
lower than RePoisi, but by o10%. But when P¼500 Pa, Re
Poisimod¼(18.9, 54.7, 176, 410, 732), now lower than RePoisi by
up to 50%.

3.5. Viscometer characteristics

The internal radius of each of the viscometer arms, rint¼
9.0 mm. Into each arm protruded a pressure probe capillary of
external radius, rext¼7.5 mm. The cross sectional area of each arm,
A¼π. (rint2−rext2). Here, A¼2.103�10−4 m2.

For height H, since the level of liquid in one arm falls as that in
the other arm rises, the volume of liquid having flowed from one
reservoir to the other,

V ¼H:A=2: ð3:12Þ
Recalling that P is set to 40 Pa, H is then 3.989 mm (Eq. 3.3), so

V¼5.245 mL.
JCG derived a quantity J corresponding to the volume of liquid

that flows per unit change in P. J¼V/P. For the present viscometer,
J¼1.049�10−8 m4.s2.kg−1 (or 0.01049 mL.Pa−1). By comparison,
the value of J for JCG’s ichthyoviscometer was 300 times larger,
3.14 mL.Pa−1. The value of J would be of importance in the case
where colloidal or suspended matter carried by the flowing fluid
were being deposited or adsorbed in the capillaries during a
measurement, thus gradually changing the effective capillary
cross-section. We do not know if this may have happened in the
present study, except that cysts of Alexandrium catenella were
observed to stick to the walls (Section 4.4, below).

In the following respects, our capillary viscometer resembles
ichthyoviscometers (JCG; Jenkinson et al., 2007b). All allow test
fluid under gravity to transit a system of conduits with high
resistance to flow, a CM in the present viscometer, but fish gills in
ichthyoviscometers. For each of the five CMs, this resistance to
flow may be expressed as Ri¼P/(QPoisi.J). Ri¼(8.69, 4.17, 2.06, 1.07,
1.29 )�1016 kg2.m−8.s−3.

As for the experimental JCG’s experimental fish, for polymer-
free Newtonian seawater, Ri may be decomposed into ηW multi-
plied by a flow-geometry resistance,

Ri ¼ KiηW ð3:13Þ
For each module, assuming low Re and neglecting entry–exit

effects, Ki¼(8.09�1019, 3.89�1019, 1.92�1019, 9.99�1018, 1.20�
1019) kg.m−7.s−2. In summary, Ki is specific for each CM, indepen-
dent of viscosity, and may be derived from Poiseuille’s Law.

3.6. Shear stress in the capillaries

It is important to be able to extract information on the
rheological properties of EPS-rich materials determined by capil-
lary rheology, with their properties determined in viscometers and
rheometers of other geometries. By these means the effects of EPS
on flow can be modelled in the ocean in situ, in pycnoclines and

thin layers. Hence this section explores shear stress τ in the
capillaries during flow.

The pressure held in equilibrium inside the capillary (Philippoff
and Gaskins, 1958),

Pc¼ P–m:ρ:U2½Pa� ð3:14Þ
where m is a coefficient. Both Hagenbach (1860) and Boussinesq
(1890a, 1890b, 1890c, 1891a, 1891b), all cited and summarised by
Philippoff and Gaskins (1958), calculated the value of m for the
normal parabolic distribution of velocity across the capillary
radius. The value now generally accepted is m¼1.12 (Philippoff
and Gaskins, 1958, citing Rieman, 1928) instead of the value of l/2
which would be the case were velocity to be uniform across the
capillary.

Since entry–exit effects are important in determining U,
we have used the value of UPoismod, from Eq. (3.10), which is
calculated using entry–exit effects, to determine the calculated
value of Pc,

PcPoismod¼ P–m:ρ:Upoismod2 ð3:15Þ
when P¼40 Pa, PcPoisimod is only slightly less than P, (40.0, 40.0,
39.9, 39.5, 38.3) Pa, but when P¼500 Pa, the differences between
PcPoisimod and P become relatively more important, (499, 496,
482, 451, 425) Pa.

According to Thomas et al. (1968), the stress at the rim (i.e.
wall) of the capillary, i.e. wall stress,

τWALL ¼ P:r=ð2:LÞ: ð3:16Þ
Morrison (2006), citing Morrison (2000), however, pointed out

that P in the preceding equation should be replaced by Pc. There-
fore, using Morrison’s correction, we correct the value of wall
stress by combining Eqs. (3.15) and (3.16),

τWALL ¼ PcPoismod:r=ð2:LÞ ð3:17Þ
Recalling that P is set to 40 Pa, this gives τWALL−i¼(28.0, 40.0,

59.8, 83.0, 115) mPa, and values of τWALL−i/P¼(0.700, 1.00, 1.50,
2.08, 2.87)�10−3, almost exactly proportional to r. When P is
increased to 500 Pa, however, because of the relatively higher
entry–exit effects, τWALL−i/P¼(0.699, 0.992, 1.45, 1.90, 2.55)�10−3.
The highest relative departure from proportionality to r occurs
when P¼500 Pa and capillary radius is 1.5 mm, but remains
o15%, in the range of parameters considered here. The discre-
pancy, however, will increase with increasing P and r, but decrease
with increasing L.

Table 2 gives the calculated values of τWALL, from Eq. (3.17), for
measurements in this study. Table 3 then gives the corresponding
values for shear rate _γWALL in the laminar part of the boundary
layer next to the wall. This is for control trials with organics-free
seawater assumed to have Newtonian viscosity ηW (Eq. 3.2). The
shear rate at the wall,

_γWALL ¼ τWALLηW ð3:18Þ

3.7. Reported values of yield stress and its dependence on length
scale

Using flow under gravity in a capillary viscometer Spinosa and
Lotito (2003) measured the suspension (or “hold-up”) height, h, of
sewage sludge, that is the height in a vertical arm at which the
sludge stopped flowing because of its rheological property yield
stress τY. Their data indicate that for different sludges and capillary
radii, h was proportional to r−2. JCG, Jenkinson and Wyatt (2008),
Jenkinson and Sun (2010, 2011) wrongly understood Spinosa and
Lotito’s reported values of h, converted into held-up pressure,

Py ¼ ρ:gh
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to mean yield stress τY. In fact, from Spinosa and Lotito (2003),

τY ¼ ð3=8Þ:ρ:g:h:r=L½Pa� ð3:19Þ

Our previous conclusion that yield stress in Spinosa and Lotito’s
data indicated a measured effect of the length scale r on τY is
therefore still correct but the relationship is linear rather than
power-law (τY∼r−1 instead of τY∼r−2).

3.8. Checking how well our measurements correspond to Poiseuille’s
Law

The object of this section is to calculate r from the measured
flow curves, to check that the measurements are consistent with
accepted physical laws, particularly Poiseuille’s Law. For each of
the 5 CMs, the mean slope for log(P) vs. t was for the range of P
from 100 to 20 Pa for the three seawater species Skeletonema
costatum, Karenia mikimotoi and Alexandrium catenella was slope¼
(−0.057, −0.058, −0.128, −0.336, −0.325). This corresponds to an
exponential decrease, δV/V.δt¼10−slope s−1. Note that δP/P.δt equals
δV/V.δt, and they both have the units, s−1. Multiplying by J, the
volume flowed for unit change in P, we obtain the measured
flow rate per unit pressure difference per CM of n capillaries, J.
δV/V.δt, found to be (1.20, 1.20, 1.41, 2.28, 2.22)�10−8 m4.kg−1.s
or m3.Pa−1.s−1. Using Poiseuille’s Law, the tube radius can thus be
estimated as

rPois¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðδV=V :δtÞ:8:ηW :L:J

3:n:π
4

r
ð3:20Þ

here, rPois¼(0.479, 0.570, 0.747, 1.00, 1.49) mm. Dividing by the
nominal value of r, rPois/r gives (1.37, 1.14, 0.996, 0.953, 0.992). So
this gives very good agreement with Poiseuille’s Law for the three
CM types with the widest capillaries, but larger radii (i.e. higher
measured flow) than predicted for the two smallest radii. Radii
larger than the specifications, the difficulty of zeroing or both
might explain these discrepancies. As viscosities of the plankton
and bacterial cultures were determined by comparison with sea-
water or Milli-Q water, however, these discrepancies should have
no incidence on the viscosities we have measured.

3.9. A note on Reynolds numbers

The Reynolds number Re is a dimensionless number that gives
a measure of the ratio of inertial forces to viscous forces. In flow
through pipes of circular cross-section, such as the capillaries used

Table 2
Shear stress at capillary wall τWALL [mPa] for different values of hydrostatic pressure
difference P and capillary radius r. Allowance is made for entry–exit effects. Values
in italics represent geometric means of the values of both P and τWALL in each
measurement range.

r [mm] P [Pa] 0.35 0.5 0.75 1.05 1.5

1000 690 960 1300 1200 840
500 350 490 680 760 620
224 156 221 319 380 369
100 70.0 100 150 190 220
44.7 31.3 44.7 67.1 88.2 111
20 14.0 20.0 30.0 41.0 56.0

Table 3
Shear rate at capillary wall _γWALL [s−1] for different values of hydrostatic pressure
difference P and capillary radius r. Newtonian viscosity ηW of seawater without
organics (T¼21.0 1C, S¼32.0), is 1.049 mPa.s. Allowance is made for entry–exit
effects. Values in italics represent geometric means of the values of both P and
_γWALL in each measurement range.

r [mm] P [Pa] 0.35 0.5 0.75 1.05 1.5

1000 657 915 1240 1140 801
500 334 467 648 725 591
224 149 211 305 362 352
100 66.7 95.3 143 181 210
44.7 29.9 42.6 64.0 84.1 106
20 13.3 19.1 28.6 39.1 53.4

Table 4
Comparison of viscosities and scales of measurement in Karenia mikimotoi bloom and cultures.

Measurement geometry Concentration
(cells mL−1)

Length scale (mm)
(1)

Rem (max–Gmean–min)
(2)

τWALL

(mPa)
Reτ (Gmean)
(3)

_γ (s−1) ηE (mPa.s) G″E
(mPa) (4)

Notes

Bubbles in red tide (Jenkinson,
1989)

2700 0.05 to 0.25 ≤0.025-≤4.8�10−3-
≤9.3�10−4

90 to 600 ≤30 to ≤3 ≥3 to
≥200

∼90 to
∼600

(5)

Couette rheometry (Jenkinson,
1993b)

4400 0.5 0.65-5.4�10−3-4.5�10−5 0.02 to 3 ∼2�10−3 to
∼3

∼10 to
∼0.16

0.02 to
0.48

(6)

Capillaries low P 6300 0.35 1.9-0.85-0.38 31.3 0.0198 23.0 0.3 6.9 (7,8)
P¼100 to 20 Pa 0.5 5.5-2.5-1.1 44.7 0.0338 38.7 0.1 3.9
Gmean(P)¼44.7 Pa 0.75 19-8.4-3.7 67.1 0.0621 52.0 0.23 12
(Present work) 1.05 50-22-10 88.2 0.103 84.1 0.0 0.0

1.5 180-61-29 111 0.176 136 −0.2 −27

Capillaries high P 6300 0.35 9-4.1-1.9 156 0.0431 135 0.1 14 (7,8)
P¼500 to 100 Pa 0.5 28-12-5.5 221 0.0756 176 0.2 35
Gmean(P) ¼224 Pa 0.75 91-42-19 319 0.139 299 0.02 6.0
(Present work) 1.05 230-107-50 380 0.230 362 0.0 0.0

1.5 490-252-130 369 0.393 352 0.0 0.0

Abbreviation: Gmean – geometrical mean.
Notes:
1. Length scale is, respectively: radius of bubbles; measuring gap in Couette rheometry; radius of capillaries.
2. Calculated using ηW and taking entry–exit effects into account (Section 3.4.2).
3. The friction Reynolds number Reτ¼ρ.uτ.r/ηW, where uτ is friction velocity¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τWALL=ρ

p
(Kawamura et al., 2007).

4. G” is the excess viscous modulus; G″¼ η:_γ [mPa]. So G”E is the excess viscous modulus; G″E ¼ ηE :_γ.
5. Here, Rem calculated as w.rBUBBLE.ρ/η, where w is bubble rising velocity, ≤1 mm.s−1, rBUBBLE is rubble radius, estimated at 0.05 to 0.25 mm, ρ is seawater density, assumed

to be 1000 kg.m−3, and η is total viscosity, ηW+ηE (Jenkinson, 1989).
6. Here, Rem calculated as _γ:gap2ρ=η, where gap is measuring-gap size. Other values taken from Jenkinson (1993a) and Jenkinson and Sun (2010).
7. Values of τWALL, and _γ are geometrical means of the ranges of values used in measurements, derived using entry–exit effects calculated assuming viscosity is ηW.
8. Cultures have values of total viscosity η equal to ηW+ηE where ηE is excess viscosity caused by EPS, up to plus or minus 30% of ηW. Measured viscosity in the capillaries is

believed to comprise both laminar and turbulent components each of ηW and ηE, negative values of ηE (which have been estimated relative to measured ηW) representing
decrease in turbulent viscosity by turbulent drag reduction.
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here, the “average” value of Re in the bulk or mass of the fluid. We
have derived it from Poiseuille flow parameters, referring to it as
Poiseuille Reynolds number RePois (Eqs. (3.11) and (3.17)). This is
thus an estimate of Bulk Reynolds Number.

In Sections 4 and 5, we distinguish Bulk Reynolds Number, Rem
from a different concept, the Friction Reynolds Number, Reτ,
defined in Note 3 of Table 4. Reτ is used in Fluid Mechanics to
characterise flow in boundary layers, such as that at a capillary
wall.

Where we use the term Reynolds number without qualifica-
tion, Re, it means a Bulk Reynolds Number.

4. Results

4.1. Examples of flow curves

Fig. 3a–j shows some semi-log plots of flow curves for hydro-
static pressure P from 1000 to 20 Pa. The curves are for seawater
(SW) control (a–e) and corresponding Karenia mikimotoi culture
(f–j) for each of the five capillary radii used.

For r¼0.35 mm (ID¼0.7 mm) (Rem¼18 to 0.38, τw¼0.69 to
0.014 Pa), little difference is apparent between seawater (SW)
(Fig. 3a) and K. mikimotoi culture (Kmik) (Fig. 3f): both curves
are slightly concave, possibly an artefact of the zeroing technique.

For r¼0.5 mm (Rem¼55 to 1.1, τw¼0.98 to 0.020 Pa), the SW
curve (Fig. 3b) is slightly convex, while the Kmik curve (Fig. 3g) is
slightly concave, perhaps indicating higher molecular viscosity at
low values of τw. Furthermore, flow was slower in Kmik than in
SW, indicating an overall increase in viscosity, relative to that in
SW, caused by Kmik exopolymeric substances (EPS).

For r¼0.75 mm (Rem¼180 to 3.7, τw¼1.3 to 0.030 Pa), the flow
curves for SW (Fig. 3c) is concave but that for Kmik (Fig. 3h) is
more so, indicating increased molecular viscosity at low values of
τw for the Kmik culture, probably due to shear thinning (inverse
relationship between viscosity and shear stress).

For r¼2.1 mm ( Rem¼410 to 10, τw¼1.2 to 0.04 Pa), both curves
(Fig. 3d and i) were convex, suggesting increased contribution of
turbulence to total viscosity at high shear rate. The concavity,
however, is seen to be less marked in Kmik than in SW, indicating
decreased total viscosity in Kmik relative to SW at high shear rate.
This suggests damping of turbulence and turbulent viscosity in
Kmik relative to those in SW due to the elastic effects of algal EPS.
The lower slope at low values of τw in Kmik likely indicates higher
laminar viscosity here. The overall slope was similar in the two
curves, as the increased total viscosity at low τw counterbalanced
decreased total viscosity at high τw.

Finally for r¼1.5 mm ( Rem¼730 to 29, τw¼0.84 to 0.056),
convexity in the flow curve of log P vs time was much greater in
SW (Fig. 3e) than in Kmik (Fig. 3j), again suggesting strong
turbulence damping and drag reduction (DR) by algal EPS. At this
high value of r and in this range of high Re values, the Kmik culture
flowed much faster than in the SW, indicating that DR effects
dominated those of increased laminar viscosity.

4.2. Parts of flow curves used for data processing

For data processing of flow curves, slopes of log (P) vs time
were determined (Fig. 4a–d) for those ranges of the zeroed data
series for P values from 500 to 100 Pa, and from 100 to 20 Pa.

We always calculated relative apparent viscosity by comparing
flow rate for cultures with that for control filtered SW or MilliQ
water (with corrections made for the slight differences in salinity
between cultures and seawater. We have conservatively assumed
SW to be Newtonian (viscosity independent of both length scale
and shear stress).

At r¼0.35 mm, the curve for SW (Fig. 4b) showed a lower
slope (higher viscosity) for the low-P part of the curve (red) than
for the high-P part (blue). This difference in slope at Re o21
(Fig. 3) could have been caused effects such as hydrophobicity of
the capillary PVDF wall, but seems more likely to represent an
artefact caused by the zeroing technique. In Kmik culture (Fig. 4a),
the slope was smaller (higher viscosity) in both parts of the
curve than for SW. Additionally, the difference between the
low-P and the high-P parts of the curves was relatively greater
for Kmik culture than for SW, indicating an extra shear-thinning
viscosity (higher viscosity at low shear stress and shear rate) in the
culture.

At r¼1.5 mm, given the much higher calculated Rem values,
1700–340 in the high-P part of the curve and 340–68 in the low-P
part (Fig. 4c), the effects of turbulence are expected to have been
far greater. Indeed, in both Kmik culture and SW (Fig. 4c, d), slopes
were greater (lower viscosity) in the low-P part of each curve than
in the high-P part. This indicates that for each curve increased
turbulent viscosity (added to laminar viscosity) was important in
the high-P part, but less important in the low-P part. Close
inspection of the curves reveals that the change with time in the
slope of both curves was progressive. This suggests that change
from turbulent to laminar flow was also progressive, not abrupt.
That the slope was steeper (lower viscosity) in the low-P part of
the curve for Kmik than for SW suggests that turbulent DR by
dinoflagellate EPS dominated any effect of increase laminar visc-
osity. (These results are also reflected in the relative viscosities
shown in Fig. 5.)

4.3. Measured hold-up pressure PY

Using capillaries of all the r values from 0.35 to 1.5 mm and for all
the cultures, measured values of yield stress in both culture and
control medium varied from 0 to +12 Pa (data not shown), with no
significant difference between values for the cultures and the control
media (“t test”). Negative values of PY were not found. It is not clear to
what extent the measured values of PY were produced by yield stress
of EPS in the water, or by unevenness in surface tension in the two
arms of the viscometer due wetting and de-wetting effects (Bingham
and Young, 1922; van Oene, 1968).

4.4. Measured viscosity

Fig. 5a–f shows the total (laminar+turbulent) viscosity of
different cultures relative to SW (Milli-Q water in Fig. 5d), cor-
rected for the small difference in salinity between the cultures and
the SW. Standard deviation relative to measured SW viscosity (SD)
was everywhere greater in the low-P (100–20 Pa) part of the curve.
This higher SD reflects the lower relative precision in the pressure
probe at low P, but may also include a higher contribution from
zeroing error also at low P.

Fig. 5e shows that the relative viscosity (RV) of P. dentatum
culture differed significantly but only slightly from 1 in the high-P
(500–100 Pa) part of the measurements, but larger positive and
negative differences from 1 occurred in the low-P (100–20 Pa) part
of the measurements. The RV of the P. tricornutum culture (Fig. 5f)
differed significantly but only slightly from 1 in the high-P part
of the measurements, and differences from 1 at low P showed
a similar trend with r, but here differences from 1 were not
significant. As the variations in RV in these two cultures seemed
rather inconclusive for r 0.35–0.75 mm, measurements were not
made using tubes of larger radii.

Fig. 5a–d shows RV vs r (as ID) for cultures of the dinoflag-
ellates Karenia mikimotoi and Alexandrium catenella, the diatom
Skeletonema costatum and the bacterium Escherichia coli. For high
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P, K. mikimotoi showed RV significantly 41 at r values of 0.35 and
0.5 mm, but values close to 1 at r values from 0.75 to 1.5 mm. Both
A. catenella and S. costatum, by contrast, showed high-P RV values

41 or close to 1 for all r values. E. coli also showed high-P RV
values just above 1 at low r values, but close to 1 at r values from
0.75 to 1.5 mm.

Fig. 3. Flow curves of log(P) vs time in K. mikimotoi culture (f–j) and corresponding seawater reference (a–e). In Figs a–e, the bulk Reynolds number Rem is shown for different
capillary radius and hold-up pressure PY. This illustrates how turbulent viscosity (i.e. higher drag, lower flow rate) becomes progressively more important with increasing
value of Rem. This is particularly marked in the K. mikimotoi culture (j), compared to seawater (e), where the lower flow at high P and the higher flow at low P may represent,
respectively, rheological thickening and laminar drag reduction (DR), discussed in Section 5.4. The straight, thick grey bands are to help the reader discern the shape of the
graphs.
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For low values of P, K. mikimotoi culture showed RV considerably
greater than 1 at r values from 0.35 to 0.75 mm, but significantly
reduced RV at an r value of 1.5 mm, indicating strong DR. S. costatum
showed RV values close to 1 at r values from 0.35 to 0.75, but
significantly and strongly decreased RV at r values of 1.05 and 1.5 mm.
Rather similarly, A. catenella showed RV values o1 or close to 1 at all r
values, except for at 0.75 mm, where the RV was 41, but not
significantly so. The abundant encystment taking place and sticking
of cysts to the walls of the capillaries during measurements made at r
values from 0.75 to 1.5 mm are likely to have increased measured RV.
E. coli culture showed RV not significantly different from 1, except for
at an r value of 1.5 mm, where it was markedly o1.

In summary, for the four cultures measured at r values from
0.35 to 1.5 mm (IDs from 0.7 to 3 mm), high-P values of RV were
41 or close to 1 at low r and close to 1 at high r. They also tended
to show a weak negative relationship between RV and r. At high P
values, K. mikimotoi and S. costatum showed a strong negative
relationship between RV and r, with RV 41 or close to 1 at low r
and strongly o1 at high r. Both A. catenella and E. coli cultures
showed an unclear relationship between RV and r at r values from
0.35 to 1.05 mm, but showed RV significantly o1 at an r value of
1.5 mm. At low P, all four cultures showed significantly reduced RV
at the highest value of r, indicating strong consistent DR.

5. Discussion

5.1. Hold-up pressure PY and yield stress τY

Hold-up pressure PY and the residual hydrostatic pressure
difference between the entrance and exit of a capillary that

remains when flow has stopped. This may be caused by the yield
stress τY of the experimental material. It has been reported in
sewage sludge flowing through capillary tubes (Spinosa and Lotito,
2003), and in intertidal organic fluff (JCG) or harmful alga culture
(Jenkinson et al., 2007b) flowing through fish gills. The relation-
ship between PY and τY in capillaries is explained in Section 3.7
(Eq. 3.19).

PY in the present measurements ranged from 0 to +12 Pa., and
were never negative. That in none of the measurements was PY in
the phytoplankton or bacterial cultures significantly different from
that in control water suggests that the algae did not cause the
measured values, and may have been due to wetting and de-
wetting effects (Section, 4.3). This indicates that yield stress was
not significant, at least at the scales used in this study, in marked
contrast to both flow of intertidal organic fluff through fish gills, in
which PY was measured up to 200 Pa (JCG), and flow of dense, old
culture of the harmful raphidophyte alga Chattonella antiqua,
where values of 17 Pa were found (Jenkinson et al., 2007b), in a
Karenia mikimotoi bloom (Jenkinson and Connors, 1980; Jenkinson,
1989) and in sewage sludge (Spinosa and Lotito, 2003).

In short, the dominant rheological parameters in the present
measurements appear to have been thickening due to intertangled
polymers and drag reduction (DR). DR is further discussed in
Section 5.4.

5.2. Comparison of rheological properties of Karenia mikimotoi
culture with published values for a bloom and another culture

A major aim of the present work has been to validate Jenkinson
and Sun’s (2011) model of EPS biorheological control of pycnocline

Fig. 4. Flow curves of log(P) vs time in K. mikimotoi culture (A, C) and its corresponding reference water (B, D) in capillaries of radius 0.35 mm (A, B) and 1.5 mm (C, D). This
figure illustrates the ranges of data used to calculate total viscosity relative to seawater (relative viscosity) shown in Fig. 5. The straight, thick light grey (blue online) in and
dark grey (red online) bands are to help the reader discern the distribution (concave, straight, concave) of the data points. (For interpretation of the references to colour in
this figure caption, the reader is referred to the web version of this article.)
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dynamics, particularly by K. mikimotoi-rich TLs. This model, was
based on measured viscosity the of a K. mikimotoi culture by
Couette rheometry at a length scale (Couette-system measuring
gap) of 0.5 mm, indicated that whether K. mikimotoi EPS would
control pycnocline dynamics and thickness would depend strongly
on the length-scale dependence of EPS-produced excess viscosity
ηE. This is why this study has investigated length scale. The object
was to target capillary flow at Reynolds numbers as low as
possible, but due to the limits of sensitivity of current pressure
probes the window of availability bounded by length scales was
(capillary radius) oO(1 mm) and hydrostatic pressure difference
P oO(100 Pa). Even then we strayed into an area we believe
influenced by turbulence in the widest capillaries, and we have
now shown turbulent viscosity at these surprisingly low Reynolds
numbers in control seawater. Corresponding phytoplankton-
mediated turbulent or laminar DR (Section 5.4.3) is also shown
in cultures, not only by K. mikimotoi but also by another dino-
flagellate Alexandrium catenella, by the diatom Skeletonema costatum
and, in relation to flow in control MilliQ water, by the bacterium
Escherichia coli (Fig. 5d).

Because in capillary flow, the shearing occurs symmetrically
between maximum speed in the tube centre and (assuming no
slip) zero speed at the walls, we have taken the relevant length
scale to be capillary radius r. Similarly, for bubbles trapped in a red
tide, presumably by EPS, we have taken length scale to equal
bubble radius. In narrow-gap Couette rheometry, that was used by
Jenkinson (1993b), shearing takes place roughly uniformly across
the measurement gap, so length scale is taken as equal to the gap
size (Jenkinson and Sun, 2010).

In a red tide of 2700 cells mL−1 K. mikimotoi, at length scale of
0.05–0.25 mm and τWALL in the range 90–600 mPa excess viscous
modulus G″E ¼ ηE:_γ, indicating a yield stress of the same magni-
tude. This yield stress acting at the walls of the bubbles served to
anchor them without motion, as far as could be seen (Jenkinson
and Connors, 1980; Jenkinson, 1989; reviewed by Jenkinson and
Sun, 2010). In an old culture of K. mikimotoi of 4400 cells L−1,
measured by Couette rheometry with length scale of 0.5 mm and
τWALL of 0.02–3 mPa, G″E varied from 0.02 to 48 mPa during
imposed deformation but after the culture had been left to stand
for 6 h, G″E reached 2000 mPa when deformation was re-started

Fig. 5. Total (laminar+turbulent) viscosity η in different cultures (a–f) relative to corresponding reference water. It is shown for the high P (500–100 Pa) and low-P (100–
20 Pa) ranges of hydrostatic pressure difference. A relative viscosity of 1 indicates no difference from reference water. Error bars are 7SD. O – no sig. diff;+ – sig. diff. Po0.1; * – sig.
diff. Po0.05. No. of replicates mostly 10 (7–11) for both experimental samples and reference water.
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(Jenkinson, 1993a). This suggested that the high values calculated
from bubble-trapping in the red tide may have been realistic, if at
least parts of the red-tide water column, on a calm sunny after-
noon, had not been markedly sheared for some hours. In the
present capillary-tube work, with length scale 0.35–1.5 mm and
τWALL of 31–380 mPa, G″E varied from 35 to –27 mPa, with a
generally inverse relationship between length scale and G″E

5.3. Rheological properties in the other cultures

As shown in Fig. 5, inverse relationships between capillary
radius (shown as diameter) and measured relative viscosity (RV)
were shown not only in K. mikimotoi but also in Skeletonema
costatum and Escherichia coli cultures. The relationship was less
clear for Alexandrium catenella culture, perhaps reflecting compli-
cations due to sticking of cysts to the capillary walls in some
measurements (Section 3.4). In Prorocentrum dentatum and Phaeo-
dactylum tricornutum cultures, the measurements were carried out
over a range of length scales narrower than for the other species,
and it may have been too narrow to allow a relationship to become
apparent.

Fig. 5 shows that measured RV significantly (po0.05) less than
1 was found in A. catenella, S. costatum and E. coli cultures in the low-
P range of measurements. Values of RV o1, occurred also in some
high-P measurements, but were significant only at 0.05opo0.1.

5.4. Drag reduction (DR)

DR is known to take place by two mechanisms. The first,
turbulent drag reduction (TDR), can be produced by dissolved or
colloidal polymers or suspended fibres, acting through the elasti-
city of molecules and larger particles, although other mechanisms
may also act (Tsukahara et al., 2011). The second, superhydropho-
bic drag reduction (SDR), is produced by irregularities in surfaces
in contact with the flow, and may act on turbulent or laminar flow,
or on both.

5.4.1. Turbulent drag reduction (TDR)
The total viscosity of flowing Newtonian fluid ηW (as the control

water in this study is conservatively considered to be) can be
decomposed into two components, such that

ηW ¼ ηW ;MOL þ ηTURB ð5:1Þ
where ηW,MOL is the molecular component of viscosity due to the
aqueous phase and ηTURB is the turbulent component of viscosity.
In perfectly laminar flow, ηTURB¼0, but as turbulence appears with
increasing bulk Reynolds number Rem, ηTURB appears and may
come to ⪢ηW,MOL. Extending this convention to EPS-enriched water,
the viscosity may be considered to comprise three components,

η¼ ηW ;MOL þ ηE;MOL þ ηTURB ð5:2Þ
where ηE,MOL is the molecular component of viscosity due to the
EPS phase and depends in general on shear rate and length scale
and must always be 0 or positive (Jenkinson and Sun, 2010). ηW,MOL

is independent of shear rate and depends only on temperature and
salinity (Section 3.3). When ηTURB40, many EPSs can decrease
ηTURB by DR. In this way, the total viscosity in EPS-containing
water, η, (Eq. 5.2) may come to be less than that in the corresponding
EPS-free water, ηW (Eq. 5.1). Turbulent drag reduction (TDR) may
approach the asymptote of ∼60% reduction of what η is in identical
conditions the absence of the drag-reducing polymer (Gasljevic et al.,
2008). TDR is induced both by fish slime (rich in fish EPS) (Daniel,
1981; Parrish and Kroen, 1988; Bernadsky et al., 1993), by algal
cultures (Hoyt and Soli, 1965; Hoyt, 1970; Ramus and Kenney, 1989;
Ramus et al., 1989; Gasljevic et al., 2008), by marine bacteria (Kenis
and Hoyt, 1971) and most powerfully by certain surfactant polymers

such as polyethylene oxide (Polyox) (White, 1967; Parrish and
Kroen, 1988). TDR is considered to promote more efficient swimming
by fish and to reduce damage to macroalgal fronds in turbulent
conditions.

Within what range does the Reynolds number lie that divides
laminar from turbulent flow, particularly in pipe flow? Flow in
pipes is suddenly tripped from laminar to turbulent when the bulk
Reynolds number Rem is increased. This sudden transition results
in the addition of much “turbulent viscosity”, that is added to the
molecular viscosity (Eqs. (5.1) and (5.2)). The transition to turbu-
lence generally takes place when Rem¼1000 to 3000. At values of
Remo1000, however, flow, while not being “fully turbulent”, may
be sinuous, and so may add turbulent viscosity (Kawamura et al.,
2007; Kim et al., 2008). These and other authors report DR
principally in terms of the friction Reynolds number, to which
DR scales better.

Reτ ¼Uτ :2:r:ρ=η ð5:3Þ
where Uτ is the friction velocity, Uτ¼[(r/ρ).(P/L)]1/2 (Kawamura
et al., 2007). Using a new form of Direct Numerical Simulation that
incorporates elastic molecular effects, Kawamura et al. (2007) and
Tsukahara et al. (2011) found that ηTURB started to be important
relative to ηMOL at values of Reτ as low as 30 or 40. Table 4 shows,
however, that geometric mean values of Reτ in our measurements
with control seawater were much lower than this. For the high-P
and low-P ranges, they ranged from 0.04 to 0.4 and from 0.02 to
0.2 respectively. Fig. 5 shows that we detected DR, but whether
this was TDR or not is discussed in Section 5.4.3.

At first it was thought that elastic effects of polymer molecules
were the sole cause of TDR, but recent consensus (Wei et al., 2011;
Semenov, 2011; Gu et al., 2011) acknowledges that other mechan-
isms also cause TDR, which remains poorly understood.)

5.4.2. Superhydrophobic drag reduction (SDR)
Rothstein (2010) and Reyssat et al. (2010) review SDR.

Discovered only about 15 years ago, SDR is a hot topic because
of its high-value industrial applications. It is associated with the
Lotus effect (Barthlott and Neinhuis, 1997), so called because Lotus
leaves remain surprisingly clean, and are almost impossible to
wet: the water runs off the leaves as droplets, scavenging any dirt
as they go. This mechanism is due to nm- to mm-sized irregula-
rities on the leaf surface that bear a hydrophobic coating. Similar
irregularities on surfaces, such as grooves, protruding posts or
hairs, result in DR up to 90% in flow of Newtonian liquid in tubes.
The greatest SDR is obtained when gas occupies the spaces
between the irregularities, but SDR can still occur when the
ambient liquid occupies these spaces. Little or no research appears
to have been published yet for SDR interacting with TDR in
solutions of elastic polymers.

SDR has been found in many aquatic (Barthlott and Neinhuis,
1997) and terrestrial (Koch et al., 2009; Shirtcliffe et al., 2006)
plants, some of which bear surface irregularities with a hierarchy
of sizes. Many phytoplankton and bacteria, including those we
investigated, also have nm- or mm irregularities. Skeletonema
bears long fibres (Castellví, 1969; Sarno et al., 2005), the fresh-
water cyanobacterium Microcystis can have fibres several mm long
(Harel et al., 2012), Escherichia coli has multiple long flagella, and
the dinoflagellates Karenia and Alexandrium have indentations,
flagella and, at a smaller length scale, secrete mucous fibrils
(Honsell and Talarico, 2004). Furthermore, a variable but some-
times large proportion (∼90%) of the dissolved organic carbon
secreted by phytoplankton in situ has been found to be hydro-
phobic, and to adsorb at surfaces (Vojvodić and Ćosović, 1992,
1996). Hydrophobic DOM may coat external irregularities, from
mm-sized setae and cell sculpture to nm-sized fibrils associated
with glycocalyxes on phytoplankton (Yokote and Honjo, 1985) and
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bacteria (Biddanda, 1986), as well as detrital particles (Liss et al.,
1996), marine organic aggregates (Biddanda, 1986), marine snow
(Alldredge et al., 1993), transparent EPS (TEP) (Passow, 2002),
marine microgels (Orellana et al., 2007) and the interior walls of
the capillaries used in measurement.

In normal fluids, velocity at the wall is zero relative to the wall,
but in SDR slippage of the fluid occurs at the wall resulting in a
finite velocity, “slip”. A slip length,

b¼ u0:ðδu=δxÞ ð5:4Þ
where u0 is fluid velocity at the wall, and (δu/δx) is the shear rate
relative to the wall (Rothstein, 2010) Slip lengths over 25 mm have
been found (Ou and Rothstein, 2005; Rothstein, 2010). For com-
parison, and although geometrical and flow conditions in these
measurements may have been different from those in ours, in
Table 1 we give the mean cell–cell distances in our cultures. This
indicates distances between cells in our cultures, shearing in the
capillary, from 0.1 to 370 mm. However, the distance between
transparent exopolymeric particles would be smaller, and they
may also contribute to SDR.

Finally, SDR can be produced by surfaces in two different states.
The Cassie state and the Wenzel state. In the Cassie state, super-
hydrophic nano- or micro- posts and ridges are de-wetted,
allowing gas to occur in the spaces between nano- or micro-
structure such as posts or ridges. In the Wenzel state, the spaces
between the structures are wetted. The Cassie state generally
produces stronger SDR than the Wenzel state, but surfaces in the
Wenzel state can also produce SDR (Rothstein, 2010). Cassie-state
SDR is normally reduced when hydrodynamic pressure increases,
thus compressing the gas and also forcing it into solution. The
more marked SDR that we observed at low P values could suggest
Cassie-state modulated SDR. However, Wenzel-state SDR (with
wetted surfaces) cannot be excluded. More work is required.

5.4.3. Conclusions about DR
EPS secretion can produce one or more of three effects. Firstly,

it sometimes increases viscosity by polymeric thickening, reviewed
by Jenkinson and Sun (2010) and found again in the present work.
Secondly, as found by Hoyt and Soli (1965), Hawkridge and Gadd
(1971) and Gasljevic et al. (2008), algal EPS can decrease turbulent-
flow viscosity by TDR. Thirdly, as shown by the present work, the
presence of phytoplankton, perhaps in synergy with its EPS, can
decrease laminar-flow viscosity, perhaps by SDR mediated by
surfaces in contact with the flow. It also reveals that bio-
modulated DR may be acting in the ocean at the scales we have
studied, of shear rate, shear stress and length scale. (We tried to
study scales characteristic of many ocean processes, but turbu-
lence in the capillaries prevented us going to higher length scales.)
Whether any of these or other DR mechanisms act in the ocean at
any particular combination of phytoplankton and/or bacterial
composition and concentration, flow geometry and scales, requires
further investigation, particularly in algal blooms and thin layers.
Such investigation should visualise and model flow at the
low Reynolds numbers, say, Remo100, Reτo1, required in these
studies, since most existing studies have targeted the higher
values of Rem (4∼10) and shear rate (4∼1 s−1) applicable to
industrial processes. If such future studies confirm that plankton
do indeed engineer flow by DR, and particularly by SDR, their
findings need to be incorporated into conceptual models of traits,
form and function, including EPS, in plankton (Margalef, 1978;
Sournia, 1982; Smayda and Reynolds, 2001; Reynolds et al., 2002)
and in environmental engineering by plankton by polymeric
thickening already proposed (Jenkinson and Wyatt, 1992, 1995;
Wyatt et al., 1993; Wyatt and Ribera d’Alcalà, 2006).

In the present study, the flow, under gravity, progressively
decreased with time, along with Rem and Reτ. Therefore it might be

expected that some of the turbulence was historical, generated at
relatively high Re and then persisting at lower Re. Future studies
using capillaries, would do well to adopt the method of Hoyt and
Soli (1965), in which flow is increased stepwise by pumping
(rather than decreased progressively as in the present study) and
monitored by high-frequency continuous pressure measurements
(as in the present study), to ensure that drag becomes constant
before progressing to each next step. Temperature control of
higher precision would also improve the quality of the results,
while complementary measurement using a diversity of scales and
geometries in rheological characterisation of the same cultures, in
particular using high-sensitivity Couette rheometry (Jenkinson,
1986, 1993b) would be very useful.

Study and debate may be required on the concept(s) of Re to be
applied to aquatic systems with fuzzy boundaries, such as in ocean
pycnoclines and thin layers, and both around and within soft
physical, biological and polymeric surfaces, with their aqueous,
particulate, polymeric and dissolved components.

Secretion of TDR-producing EPS may also protect phytoplank-
ton from extreme turbulence associated with storms, tide races
and surf zones. In addition to stabilisation by increased viscosity
such secretion could stabilise pycnoclines by damping production
of Kelvin–Helmholtz billows (Thorpe, 1974), as well as the turbu-
lence they generate when breaking.

5.5. Validation of our model of bio-control of pycnocline thickness

“A model of pycnocline thickness modified by the rheological
properties of phytoplankton exopolymeric substances” (Jenkinson
and Sun, 2011) was based on measurements of shear-rate-
dependent non-Newtonian excess viscosity imparted to the water
by EPS secreted by the dinoflagellate Karenia mikimotoi. These
measurements were done in a Couette system with a length scale
(measurement gap) of 0.5 mm. Based on the findings of Spinosa
and Lotito (2003) that yield stress in the bacterial EPS of sewage
sludge was highly dependent on the length scale (capillary radius)
at which the authors measured it, we modelled the effect of such
dependence on modulation of pycnocline thickness. We found that
the effect was very large: a small dependence of excess viscosity
on length scale would result in a big effect on pycnocline thick-
ness, and vice versa. Although we had measured elastic effects in
K. mikimotoi culture (Jenkinson, 1993a), because of the difficulty of
incorporating all parameters related to elasticity, we incorporated
only viscosity in our model.

We sometimes found increase in drag (slower flow by culture of
K. mikimotoi and other plankton than in control seawater or MilliQ
water) in the smallest capillaries. We had expected this, and we
ascribe it to increase in molecular viscosity caused by rheological
thickening by secreted EPS as measured previously. Unexpectedly,
however, in the wider capillaries we found drag reduction (DR),
meaning that the cultures flowed faster than the control water. This
happened at low Reynolds number, which appears to rule out
turbulent DR (TDR) due the elastic effects of polymers.

The present results clearly show this Laminar-Flow DR (LFDR) at
low Re. We suggest that it may be caused by superhydrophobic drag
reduction (SDR), discussed in Section 5.4, but confirmation of this
cause is required. This LFDR unfortunately interfered with the mea-
surement of rheological thickening, in capillaries of different radii, so
that our model (Jenkinson and Sun, 2011) of how the length-scale
dependence of exopolymeric viscosity in Karenia. mikimotoi blooms
modulates pycnocline thickness has still not been validated.

5.6. Future perspectives

Complementing improvement of methods to investigate both
the rheological thickening and the DR induced by plankton EPS, is
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the need to improve and invent methods to follow the movement of
water and all other substances and properties in the ocean as far as
possible at all relevant scales and geometries in 3D+t. Some simple but
excellent techniques have furthermore not been followed up, such as
those of observing dye movement in pycnoclines (Woods, 1968).
Modern underwater imaging (Nimmo Smith, 2008; Roberts et al.,
2009; Kreizer and Liberzon, 2011) also needs further development to
characterise multi-scale 3-D turbulent motions and forces in oceans,
lakes and rivers, and, using rheometrical techniques, to investigate
how EPS changes them.

Similarly at the sea surface, variation in air–sea CO2 exchange is
largely modulated by turbulence, and in a similar vein, Calleja
et al. (2009) found a significant role of surface organic matter
concentration [SOM], in suppressing open-ocean air–sea gas
exchange at low and intermediate winds. The effects of [SOM],
previously largely ignored, had thus previously been confounded
with those of wind speed. [SOM] is positively linked to phyto-
plankton concentration and productivity, as well as to surface
physical properties (Ćosović, 2005) including the 2-D compressive
viscous and elastic moduli in the surface film (Frew et al., 2006).

In the bulk phase of the ocean, as at the surface film and at
internal surfaces, it is very difficult to characterise turbulence
adequately, and far more care is required to separate the compli-
cations of turbulence in Newtonian water (Osborn, 2007; Burchard
et al., 2008) from modifications induced in situ by rheology and
biology. To separate rheological thickening from LFDR, further
measurements of both (as functions of length scale, shear rate and
plankton) should be designed. New work to investigate how they
modify laminar flow and turbulence is also required.
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Appendix. Nomenclature

Latin letters

A cross-section area of each viscometer arm [m2]
Chl chlorinity [Parts per thousand] (Eq. 3.1)
g acceleration due to gravity [m.s−2]
h hold-up height corresponding to hold-up pressure, PY

[m] (Eq. 3.19)
H the height difference in the water levels in the two arms

[m] (Eq. 3.3)
J the volume of liquid that flows for unit change in P [m4.

s2.kg−1 or 0.01049 mL.Pa−1]

Ki flow resistance of CM of class i per unit dynamic viscosity
[kg.m−7.s−2]

L length of the capillaries, 0.25 m.
LLi the entry–exit characteristic length for capillary class i

[m] (Eq.3.8)
i used as subscript to indicate reference to the 5 classes of

capillaries used, i¼0 … 4.
n number of capillaries of class i bundled in a capillary

module.
P hydrostatic pressure difference between the fluid in the

two arms of the viscometer [Pa]
PY hold-up pressure in the viscometer arm, due to yield

stress [Pa]
Pc the pressure held in equilibrium inside the capillary [Pa]

(Eq. 3.14)
PcPoismod calculated value of Pc, allowing for entry–exit effects

[Pa] (3.15)
Q flow rate through capillary [m3.s−1]
QPoisi the flow rate for each capillary calculated from Poi-

seuille’s Law [m3.s−1] (Eq. 3.4)
QPoisimod QPoisi corrected for entry–exit effects [m3.s−1]

(Eq. 3.9)
QPoisMi the flow rate for each module, calculated from Poi-

seuille’s Law [m3.s−1] (Eq. 3.5)
r capillary internal radius [m]
ri internal radius of the capillaries of class i [m]
Ri resistance to flow for CM of class i. [kg2.m−8.s−3] (Eq. 3.13)
Re Reynolds number (general)
RePoisi the bulk Reynolds number for each capillary class calcu-

lated from Poiseuille’s Law (Eq. 3.7)
RePoisimod RePoisi corrected for entry–exit effects
Rem bulk Reynolds number
rint internal radius of each viscometer arm [m]
rext external radius of the probe capillaries projecting into

the liquid of each viscometer arm [m]
rPois capillary radius estimated from flow characteristics by

Poiseuille’s Law [m] (Eq. 3.20)
S salinity [practical salinity units]
T time [s]
T temperature [1C]
Ur friction velocity [m.s−1]
UPoisi the flow speed for each capillary, calculated from Poi-

seuille’s Law [m3.s−1] (Eq. 3.6)
UPoisimod UPoisi corrected for entry–exit effects [m3.s−1] (Eq.

3.10)
V the volume of water having flowed from one viscometer

arm to the other [m3] (Eq. 3.12)

Greek letters

α empirical coefficient determined by Miyake and Koizumi
(1948) (our Fig. 2)

β empirical coefficient determined by Miyake and Koizumi
(1948) (our Fig. 2)

η dynamic viscosity [Pa.s]
_γWALL shear rate at a capillary wall (laminar part of the

boundary layer) [s−1] (Eq. 3.18)
ηw dynamic viscosity of aquatic component of seawater, due

to water and salts. (Eq. 3.2)
ηw0 dynamic viscosity of the aquatic component of seawater

at T¼0 1C.
ν kinematic viscosity
ρ fluid density [kg.m−3]
τWALL wall stress, the shear stress at a capillary wall [Pa] (Eqs.

(3.16) and (3.17))
τY yield stress [Pa]
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