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Abstract: Turbulence is one of the ubiquitous aspects of aquatic systems and affects many physical
and biological processes. Based on direct velocity measurements and a computational fluid dynamics
(CFD) simulation, we characterized the distribution of the turbulent kinetic dissipations rates (¢)
in an orbital shaker system within a range of rotation frequencies. CFD was able to estimate the ¢
distribution in containers accurately, which was confirmed by other two methods and was indepen-
dent of velocity measurement. The results showed that & was linearly correlated with the rotational
frequencies. Despite the existence of gradients of € and the fact that a mean circular horizontal flow
was formed within the tank, the energy levels of the whole tank varied spatially within an order of
magnitude and the ¢ distributions at different rotational frequencies were similar, suggesting that the
¢ distribution in the whole tank could be seen as quasi-homogeneous. To investigate the influence
of turbulence on algae growth, culture experiments of a typical diatom—Skeletonema costatum were
carried out under different turbulence conditions. Our results suggested turbulence mixing promoted
nutrient uptake and growth of Skeletonema costatum, which could be attributed to the break of the
diffusion-limited resource concentration boundary layer surrounding phytoplankton.

Keywords: turbulence; orbital shaker; phytoplankton culture

1. Introduction

Turbulence is prevalent in aquatic systems and plays a vital role in many processes for
numerous planktonic organisms [1]. As first conceptualized in Margalef’s Mandala, there
has been an ongoing interest in the interactions of water motion and the microorganisms
living in aquatic ecosystems [2]. It is hard to conclude whether the effect of turbulence on
plankton is favorable or not. The influence is generally regarded as a two-edged sword [3].
Shear forces formed by turbulence can cause cell disruption, inhibit cell division, or dam-
age organelles [4,5]. Meanwhile, turbulence can be beneficial for phytoplankton through
changing diffusive sublayers [6], regulating light accessibility in the water column [7,8],
influencing nutrient fluxes of cells [9,10], and affecting the possibility of encounters between
phytoplankton and predators [11,12]. Phytoplankton living, or at least part of the time, in a
turbulent environment have evolved a variety of functional traits (chlorophyll concentra-
tion, lipid content, and buoyancy) [13] and morphological characteristics (flagella, cell, size,
and shape) [14,15] to cope with, thereby exploiting or avoiding the different hydrodynamic
regimes they encounter. Therefore, different species of phytoplankton may exhibit distinct
tolerance and specific adaptive strategies for complex turbulent environments [5,10,16]
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and thus influence the phytoplankton community structure, marine food web dynamics,
and the biogeochemical cycling of carbon and bio-limiting elements in the sea [17-19].
A few in situ evidences of the link between turbulence and phytoplankton community
compositions, especially during blooms, were reported [20]. Comparing the pre-blooming
physical conditions and biological assemblages of two sites in the North Atlantic, several
studies reported that completely different situation of phytoplankton blooms with/without
intermittent turbulence. Where turbulence intermittently acted before and after the bloom,
mini-blooms of mainly diatoms occurred and the community structure would remain
dominated diatoms. In contrast, in the area where no turbulence pulses occurred, the
situation was completely different.

The reasons that hamper understanding of the response of aquatic ecosystems to small-
scale turbulence include the lack of a framework blending together physics and biology [11]
and the fact that turbulence is still referred as one of the unsolved problems in physics [21].
Evidence for the response of phytoplankton to turbulence has remained limited, which
could be primarily attributed to the difficulty of discriminating the effects of turbulence
from other variables, such as light intensity, temperature, and nutrient concentration, which
often covary [22].

Therefore, straightforward simulating natural, small-scale turbulence, and its effects in
experimental enclosures allow for measuring the impact on any biological variable of inter-
est and can establish the mechanical interaction between turbulence and some component
of plankton. However, it is not easy to achieve fine-turbulence. Turbulent kinetic energy
transmits from large overturning motions down to smaller eddies and ultimately dissipates
by the action of viscosity. The whole process is of primary importance in controlling the
mixing rate [23]. Dissipation of turbulent kinetic energy (¢) is an essential characteristic,
most widely used to describe turbulence intensity in biological experiments. Various
methods can measure ¢ in various turbulence closure schemes [24]. On the methodological
side, the turbulent flow generated in a laboratory or enclosed system should conform to
several requirements in order to assess the response of phytoplankton to a certain level of
turbulence in natural aquatic systems. However, it is impossible to mimic natural turbulent
mixing in experimental enclosures completely. For example, the turbulence should be
controllable, replicable, stationary in time, and homogeneous in space. The controlled level
should be comparable, both in intensity and quality, to that observed in natural systems,
and no other changes should be induced other than caused by water motion.

Various approaches have been applied to generate controlled small-scale turbulence
conditions in the laboratory or enclosed systems [20,24-28]. Paddles, oscillating grids, and
shakers have been prevalently used for biological experiments among diverse turbulence
generating devices in the laboratory due to their mature techniques and customizability
(Table 1) [27,29]. Although paddles and oscillating grids could generate more spatially
homogeneous, stationary, and isotropic small-scale turbulence than orbital shaker systems,
both are bound to introduce exotic mediums in the water environment, which can cause the
death of plankton due to mechanical damage or other unknown effects. Furthermore, as far
as intensity is concerned, turbulence levels that have been used in the laboratory are skewed
to high levels compared to naturally occurring turbulence. Orbital shakers have been
prevalently used in biology and environmental engineering experiments to study biological
processes or evaluate dispersant effectiveness in oil spills [30,31]. However, various shapes
of containers and the difficulty of turbulence measurements make it challenging to give
a quantitative estimate of turbulence in every biological experiment. Although some of
the recent experimental studies do quantify turbulence levels, there are still many studies,
especially those using orbital shaker systems, that simply estimate turbulence levels based
on theoretical calculations rather than accurate measurements [22]. The intensity and
characteristics of small-scale turbulence in laboratory containers seriously affect the course
of an experiment [29]. The lack of adequate quantitative estimates of turbulence levels
interferes with the reproducibility and accuracy of biological experiments, especially in
earlier experiments [21]. Therefore, research on hydrodynamics in orbital shaker systems,
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including establishing links between distribution parameters and the turbulent intensity,
is necessary for better understanding the physiological responses of the organisms in
natural conditions.

Table 1. Recent literatures on effects of turbulence on algae.

Algae Turbulence Generator g (m2:573) Reference
diatom Paddles 10-3-101 [32]
cyanobacterium Paddles 10-2-101 [33]
cyanobacterium Paddles 10—3-102 [34]
ha(;ltf;}rg/ te oscillating grids 1076-107* [35]
natural communities oscillating grids 10-3-102 [36]
diatom oscillating grids 105 [37]
Zygnematophyceae
BaCi}l)arl;;ﬁ?Zeczze oscillating grids 107°-1073 [15]
Prasinophyceae
prymnesiophyceae oscillating grids 1076-10~* [16]
dinoflagellates oscillating grids 10-8-10—* [5]
diatom orbital shaker - [38]
dinoflagellates orbital shaker 10-5-102 [39]
dinoflagellates orbital shaker 104 [3]
diatom orbital shaker 10~3 [9]
dinoflagellates orbital shaker 10-5-10~* [40]
dinoflagellates orbital shaker 10-3-10~* [41]

In this article, the turbulent velocity inside the orbital shaker was measured by acoustic
Doppler technology and simulated by the computational fluid dynamics (CFD) method to
map the intensity and distribution of small-scale turbulence. Comparisons between the
experimental observations and the simulated results were made to validate each other. The
verified CFD method would be used to calculate the turbulence dissipation rate (¢) in the
orbital oscillator for algae culture, which is of much smaller size but similar shape. Three
different levels of rotation rates were applied to test how Skeletonema costatum, a common
cosmopolitan chain-forming marine diatom, known as a major component of most red
tides in eutrophic regions, would respond to different turbulence conditions.

2. Materials and Methods
2.1. Turbulence Simulation
2.1.1. Setup of Orbital Shaker

The turbulence generating system consisted of a customized cylindrical container sit-
ting on an orbital oscillator (GUOHUA HY-8) with an orbital diameter of 2.0 cm (Figure 1a).
The height and internal diameter of the container were 17.5 cm and 39 cm, respectively.
The water level in the container was 14 cm giving a volume of approximately 16.7 L. The
container revolved together with the orbital oscillator following:

X =0.01 x sin(27w x % X t) 1)

where X is the displacement, T is the orbital period, and t is the operation time of the
orbital oscillator. The horizontal coordinate of the container could thus be expressed as

X,y = (0.01 X sin (27 X % x t), 0.01 x cos(27 x % X t))
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Figure 1. The sketches of the container and experimental devices. (a) The side view of oscillation and
measuring device. ¥ marks the sampling points, corresponding to the horizontal (A, B, C, and D)
and vertical (1, 2, and 3) indices. (b) The top view of the container. The coordinate system refers
to velocity components (u in the x-direction, v in the y-direction, and w in the vertical direction,
positively upwards). The arc arrow indicates the rotation direction of the container.

2.1.2. Velocity Measurement

A Nortek Vectrino Plus acoustic Doppler velocimeter (ADV, Nortek 6 MHz Vector;
Nortek A.S., Vangkroken, Norway) was fixed on a lab-made bracket to directly measure
the in situ velocities at 12 sampling points, which were evenly distributed on the vertical
section of the diameter of the container (Figure la). A rectangular shelf was attached
to the orbital oscillator to fasten and mount the ADV probe. The part used to connect
the ferrule and shelf was designed as a triangular structure, ensuring the stability of the
detector when it rotated. The probe was positioned vertically and placed at least 0.5 cm
from the nearest boundary to minimize boundary effects on the measured data. Titanium
dioxide (TiO,) was added to water with a suitable concentration to increase signal strength
and reduce noise. Three Cartesian flow velocity components could be measured by ADV,
with the resolution to be 0.1 mm/s and a velocity bias of £0.5%. Experimental data for
each group were acquired within 15 min at a sampling frequency of 200 Hz. To improve
the measurement accuracy, the minimum speed range that met the requirement of speed
measurement was adopted.

In this experiment, the range of oscillation frequencies is between 1 and 2 Hz (60-120 rpm),
where different rotating speeds, i.e., 60, 80, 85, 90, 100, and 120 rpm, were studied. Three
replicated experiments were performed at 90 rpm at a time interval of one week to verify
the reproducibility of the device. Each measurement was taken after 10 min of operation
when the turbulent motion in the container had reached a steady state. The initial data was
then evaluated with the software WinADV (Sontek, San Diego, CA, USA). Correlation and
signal-to-noise ratio (SNR) were used to assess the quality of the data. The velocity-time
series were used when correlations were >60% and SNR was >20 [42]. In order to reduce
the deviation of the Doppler noise of the instrument and manipulate error, the root-mean-
square velocity of each component is derived from an average of 15 min velocity data.

2.1.3. Estimation of the Turbulent Kinetic Energy Dissipation Rate

To characterize the turbulence generated in the cylindrical container, we calculated the
turbulence dissipation rate (¢) using the following three methods: the energy dissipation
law method and the linear regression method based on the measured data of velocity-time
series, and the CFD numerical simulation independent of the measured data.

The first method followed the formula described by Taylor [43], assuming that turbu-
lence energy is primarily produced in the largest scales and transferred from large to small
eddies until it dissipates around the Kolmogorov microscale. The & could be described as:

€= Auramsl_1 2)
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where A is a dimensional constant of order 1 [44], and [ is the characteristic size of the
largest eddy, commonly assumed to be the length between the orbital diameter and the
container diameter in an orbital shaker system [22]. Here, the container diameter was
used as [ since a vortex with the same diameter as the container was observed during
measurement. The root-mean-square velocity (Uy;s) which helps define the characteristic
speed of the turbulence, was calculated using the following formula:

Urms = \/u%ms + z]%ms + w%ms 3)
where
2
Z 2 _ M
Urms = .uxn 1 = 4)
Zﬂy)
£
Urms = yn 1 z (5)
2
yoy2 (L)
Wrms = 4]/[2” 1 " (6)

where U5, Urms, and wyys are the flow fluctuations for Cartesian vectors x, y, and z. n is
the number of samples per measurement.

In the second approach, ¢ was estimated from the energy spectrum, which could be
calculated following the linear regression method [45]:

3/2
10°

rms

where the intersection coefficient b is calculated by fitting a least square regression line
with a —5/3 slope to the inertial subrange in a log-log Eulerian energy spectrum, and

Upms = (W’ )2 is the root-mean-square of the turbulent component of velocity (1”). B
is a non-dimensional universal undetermined constant and was assumed to be 1. The
integrated estimate of € was computed from the logarithmic mean of the dissipation of
the three velocity components. The linear regression model used in this study was based
on the inertial-advective subrange theory [46], which allows the calculation of turbulence
in systems whether or not a net mean flow is larger than the turbulent fluctuations. The
model can also filter out the white noise within the instrument and allows the method to
estimate dissipation rates in conditions where part of the inertial subrange in the spectrum
is below the white noise level. Energy density spectra were derived from 15 min velocity
data using the fast Fourier transform (FFT) in the analysis software MatLab®. After that,
the energy spectra were smoothed and folded according to the actual situation.

The third method was CFD numerical simulation. All of the equations (Appendix A)
in the CFD model were solved by STAR-CCM+ (STAR-CCM+11.02, CD-adapco, Melville,
NY, USA), an entire engineering process for solving problems involving fluids or solids,
heat transfer, and stress. The RANS (Reynolds Averaged Navier-Stokes equations) k-¢
turbulence model was used to simulate the fluid flow and map the distribution of the
turbulent dissipation rate (¢) in the orbital oscillation. All of the boundaries are non-slip.
The water level, the shape of the orbital shaker, and the temperature were set to be the
same as in the laboratory measuring experiment. After comparing the number of meshes
(1.06 mil., 0.77 mil., and 0.63 mil.), the asymptotic range of convergence was close to 1 by
the GCI method and the final mesh was thus chosen to be 0.63 mil. The time step and inner
iterations were set to be 0.01 s and 20, respectively, which assure residual convergence.
The solver would run at least 50 s, ensuring the fluid reaches a steady state. To compare
with the measuring results, ¢ that corresponded to the 12 monitoring points in the direct
measuring procedure was calculated.
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2.2. Application of Orbital Shaker in Biological Culture
2.2.1. Organism and Culture Conditions

Skeletonema costatum is a chain-forming diatom, serving as one of the most impor-
tant components of coastal phytoplankton communities in temperate and boreal wa-
ters. Our experiment obtained Skeletonema costatum from Shanghai Guangyu Biological
Technology Co., Ltd., Shanghai, China. (GY-H69, Skeletonema costatum). Using the orbital
turbulence generating system, culture experiments of Skeletonema costatum were carried
out under three different turbulence conditions at 0 rpm, 60 rpm, and 120 rpm. Other
environmental conditions remained the same: in the 0.22 um-filtered artificial seawater
(salinity = 30.5) with /2 medium at 20 °C, with a light/dark cycle of 12 h/12 h. It should
be noted that the volumes of containers used in the culture experiments were smaller (1 L)
than the one used for turbulence characterization (~20 L) as described in Section 2.1, which
allowed each culture condition to be conducted in triplicate. All of the culture medium and
the experimental instruments were sterilized by autoclave (121 °C, 30 min).

2.2.2. Physiological Parameters of Diatom

The culture experiment lasted 13 days, and 120 mL samples were taken every two
days to monitor cell density and the chemical composition of the medium. Samples for cell
density fixed by Lugol’s iodine solution were pipetted into the planktonic counting plate
and counted by an optical microscope. 3 mL of algal liquid solution was filtered through
a 0.45 pm glass fiber filter membrane, and the membrane was placed in a 15 mL glass
centrifuge tube with an addition of 5 mL of 90% acetone solution. After refrigeration for
24 h, the solution was centrifugated at 3500 r-min~! for 10 min to obtain the supernatant,
and then determined the concentration of Chl. a by fluorospectrophotometry. 15 mL algal
liquid solution was poured into a centrifuge tube wrapped with foil and settled in the
dark for 2 h to measure Fv/Fm (Mini-PAM-II; WALZ, Effeltrich, German). After filtering
through a 0.45 um cellulose acetate membrane, samples for pH were sealed to minimize
the effect of gas-liquid CO, exchange and determined within 5 h. Samples of [NO;~]
were sealed and stored under —4 °C, then determined by ion chromatography (ICS-5000+,
Thermo, Waltham, MA, USA).

2.2.3. Calculation of the Batchelor Length Scale

The stirring effect of turbulence will stretch the nutrient patches in the water into fine
filaments, which will affect the diffusion of nutrients. The smallest length scale of nutrient
variation, called Batchelor length scale (1) could be estimated as followed:

m— (v 1)! ®)

where v is the kinematic viscosity of water, and D is the molecular diffusivity of the
nutrients [10,47].

2.2.4. Statistical Analysis

Three parallel samples were set under each experimental condition. The mean and
standard error of the dependent variable were presented in the results. Statistical analysis
of the experimental data was conducted using SPSS statistical software (SPSS Statistics 22.0,
IBM, Armonk, NY, USA). We first subjected the data for each group to the Kolmogorov-
Smirnov test to verify that they were normally distributed (p > 0.05). Then, to estimate
the effect of investigated factors on the analyzed parameters, multifactorial analysis of
variance (ANOVA, San Francisco, CA, USA) was applied combined with Tukey’s multiple
comparison tests, where statistical significance was set at a 0.05 level.



J. Mar. Sci. Eng. 2022, 10, 1053

7 of 16

3. Results and Discussion
3.1. The Exploration of Orbital Oscillator
3.1.1. Turbulent Dissipation Rate Distribution

After a fully developed turbulence status had been established, velocity-time series
were measured at 12 selected locations at rotation rates from 60 to 120 rpm. The first two
mentioned methods could calculate € at sampling points based on the measured data and
compare with the CFD results. According to the CFD simulation results, the turbulence
intensity on a cross-section of the container is distributed symmetrically along the axis. We
chose position 2B (Figure 1a) as an example to compare the calculation results of the three
methods (Table 2), and other points showed a similar trend.

Table 2. Comparisons of the turbulent dissipation rates (e, m?s~2 ) at different rotation frequencies
at position 2B using three methods.

Rotation Rate Frequence The Energy Dissipation The Linear Regression . .
(rpm) q La wgi/le thog Me thog The Simulation Method

60 1.000 1.90 x 104
70 1.167 1.83 x 1073 435 x 1074
80 1.333 2.72 x 1073 1.07 x 1073
85 1.417 7.16 x 1073 397 x 1073 1.31 x 1073
90 1.500 1.63 x 1072 6.86 x 1073 2.04 x 1073
95 1.583 228 x 1072 7.38 x 1073

100 1.667 241 x 1072 1.33 x 1072 2.85 x 1073
110 1.833 468 x 1072 3.65 x 1073
120 2.000 420 x 10~2 494 x 1073

Visual observations of the tank revealed a mean circulation in the tank. The U rms/ U x rms
ratios of all measured data were in the range of 0.3 to 0.8, with a mean of 0.57 and a
median of 0.56, which confirms the existence of a nearly homogeneous condition in the
orbital shaker system. Furthermore, to verify the repeatability of turbulence, three replicate
experiments at 90 rpm were performed using the linear regression method. An average

¢ of 6.86 x 1073 m2s~3 was measured with a standard deviation of 5.3 x 10~°, which
proved the good repeatability of the orbital oscillator system.

3.1.2. Comparative Analysis of Three Turbulence Simulation Methods

The ¢ values obtained from three methods showed a similar increasing pattern against
the increase in shaking frequency (Figure A1), which indicated a strong relationship be-
tween the € and the shaking frequency of the orbital shaker. When fitted with the least
squares linear fitting algorithm, good linearity could be achieved. The linear fitting equa-
tions of the three methods were Ig(e) = 1.824f — 4.751 of the energy dissipation law
method, 1g(e) = 1.930f — 5.119 of the linear regression method, and 1g(e) = 1.388f — 4.932
of the simulation method, respectively. Based on our experimental results, CFD numerical
simulations were in good agreement with the experimental results (the linear regression
methods) in the measured rotation rates, which indicated the reliability of the simulation
model used in this study.

Although the estimates obtained following linear regression were considered more
accurate, its detection range was limited (velocity fields were measured for rotation speeds
of 85, 90, 95, and 100 rpm) since part of the inertial subrange in the spectrum was below the
white noise level or lack of resolution [45]. On average, the result of the linear regression
method was approximately 1.3 times lower than the result of the energy dissipation law
method. Differences between the two methods were attributed to misestimating the
characteristic length scale I and the universal constant A, implied in the energy dissipation
law method. The integral length scale | can be assumed to be between the orbital diameter
and the container diameter. If the tank is not large enough, the maximum length scale for
turbulent energy could also be limited by the container, which indicates that [ in this study
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may in fact be approximately 39 cm or even larger depending on flow conditions. In this
study, when a longer ! was used, the turbulence dissipation rates of the two calculation
methods would be closer. Comparing the results from measurement and the simulation
method, although differences in slope could be observed, the correlation between the
simulation method and the linear regression method is approximately 0.93. It indicated
that the distribution of turbulent intensity in the containers could be estimated reliable by
CEFD. Since the CFD simulation method is independent of the measured velocity at the
sampling points, it can achieve higher temporal and spatial resolution than the first two
methods, which makes it possible to evaluate the turbulence intensity generated by the
orbital oscillator in a specific container more conveniently.

Due to the ease of handling and low cost of building and operating, orbital shaker
systems are one of the most commonly used bioreactors. However, little research has been
carried out to study hydrodynamics in containers on orbital shaker systems, either by direct
measurement or numerical simulation. Guadayol et al. [22] measured turbulence in flasks
of different shapes (Florence flask, Erlenmeyer flask, Erlenmeyer flask, and Nalgene bottle)
and different volumes (1 L and 4 L) with a range of oscillation frequencies between approx-
imately 0.6 to 2 Hz, using a conventional side-looking 1-MHz NDV probe. Zirbel et al. [41]
measured the flow field and shear stress in 125 mL Pyrex flasks containing 60 mL of sterile
medium using a digital particle image velocimetry (DPIV) system at rotation frequencies
of 0.75,1.25, and 2 Hz and an orbital diameter of 2.54 cm. Kaku et al. [48] compared the
turbulence characteristics between baffled (200 mL) and regular (150 mL) Erlenmeyer flasks
containing 120 mL of tap water by a hot wire anemometer at rotation frequencies of 2.5 and
3.3 Hz, and an orbital diameter of 1.9 cm. A near-linear relationship between the frequency
of a rotation and turbulent dissipation rate ¢ could be observed by Guadayol et al. [22],
although the parameters of the empirical equation differed from ours. The slope and the
intercept value of our empirical equation are much lower than Guadayol et al. The main
reason is probably due to the size and shape of the containers. The containers used in
the Guadayol'’s orbital shaker system are from 1 L to 4 L, with the shapes of Florence
flask, Erlenmeyer flask and Nalgene bottle. The containers used in Zirbel et al. [41] and
Kaku et al. [48] are smaller. Furthermore, the container in Kaku et al. [48] is cone-shaped.
The container used in our measurement and simulation is cylindrical, has a 39 cm internal
diameter and an approximately 20 L volume. Different corners or irregular shapes at the
base would cause different turbulence dissipation rates in containers.

3.1.3. Turbulence Distribution in Tank

A dome-shaped distribution of the dissipation rate was present in the tank, indicating
turbulence intensity decreased with increasing distance from the side and bottom walls
(Figure 2). The maximum values and most substantial gradients are close to the tank’s
surface and periphery. Despite the existence of gradients and the fact that a mean circular
horizontal flow was formed within the tank, the energy levels of the whole tank varied
spatially, within an order of magnitude, suggesting that the distribution of turbulent kinetic
energy dissipation rates in the whole tank could be seen as quasi-homogeneous.

The ¢ cross-section distributions of different heights were shown in Figure 3. The ¢
distribution throughout the whole container exhibited axisymmetric and can be divided
into three zones. On the bottom, the container was stationary and homogeneous, except
for the periphery of the tank. In the middle, the turbulence change trend fluctuated along
the horizontal direction but in all exhibited a gentle change and kept in the same order of
magnitude. The change in turbulent energy dissipation rates was complex and dramatic at
the top due to the liquid level fluctuation. Visual observations and the simulation results
of the experiments revealed a mean circular horizontal flow in the tank. Additionally,
there was a dominant wave in the horizontal flow, the frequency of which was almost the
same as the angular velocity of the walls. Due to the boundary effect, gradients varied
dramatically near the periphery of the tank, where the change rate in turbulent energy was
approximately three to five times higher than that in bulk.
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Turbulent Dissipation Rate(m?/s*)
1.00x10° 1.00x10% 1.00x10* 1.00x10° 1.00x10%

Figure 2. (a) Contour plot (cross-section view) of the turbulent energy dissipation rates at 90 rpm
estimated from (a) the energy dissipation law method and (b) the CFD simulation in the region
highlighted in panel (c). ¥ in (c) marks the sampling points, corresponding to the horizontal (A, B, C,
and D) and vertical (1, 2, and 3) indices. In order to minimize the errors resulted from extrapolation,
panel (a) only presents the results within the sampling region and the data were not extrapolated
to boundaries.

60 rpm

Turbulent Dissipation Rate(m?/s)

1.00x10°% 1.00x10°° 1.00x 10~ 1.00x10° 1.00x107%

Figure 3. Contour plots of the turbulent kinetic energy dissipation rate distribution of 60 rpm, 90 rpm,
and 120 rpm.

The distribution of the turbulence was not randomly localized but always located
approximately in the same place. Similar turbulence intensity distributions in the container
were observed in other researches [25,30,41]. One order of magnitude difference among the
mean velocities of three vertically measured positions was reported by Li [25]. Kaku et al.
reported a stronger mixing effect at the outer edge near the surface and decreases with depth
and/or when approaching the center. The formation of maximum velocity is simulated to
occur at the bottom of the higher liquid height side [30].

The orbital shaker system can generate replicable, stable, and relatively homogeneous
turbulence. When other parameters of the device keep constant, the turbulence distribution
in the container can be easily predicted by the linear fitting equations of the rotation
rates and the turbulence intensities. Even though the evaluation results are based on the
culture medium without algae, the system could still provide quantifiable, controllable,
and repeatable initial turbulence conditions when studying the effects of turbulence on
algae growth in the laboratory. However, it is worth noting that the discrepancies in the
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experimental environment should be considered when extrapolating the real ocean from the
laboratory results. Driven by the complex mixing environments and many physical factors,
turbulence in the real ocean changes rapidly in time and space, the range of € covers multiple
orders of magnitude, and the flow pattern is complex [49-52]. In addition, the biologically
generated fluid disturbances also affect the mixing [53,54]. So that there is a deviation
between the micro-distribution on the surface of algae and the macro measurement data.
Since all of the coefficients of k-¢ models are obtained for solid surfaces, when exploring the
mechanism of turbulence, the turbulence intensity change on the cells” surface is worthy of
further study.

3.2. Cultivation of Skeletonema Costatum with Turbulence
3.2.1. Turbulence Simulation

The batch cultures were carried out in 1 L cylindrical flasks, and the selected rota-
tion rates of orbital oscillation were 0 rpm, 60 rpm, and 120 rpm. The CFD models in
the flasks were simulated (Appendix A Figure A2) and the specific turbulence dissipa-
tion rate data were shown in Table 3. It is noteworthy that the calculated 1, was much
lower than the Kolmogorov length scale and was close to the size of Skeletonema costatum.
The possible € range for the entire ocean, including coastal waters and estuaries, is
from 1x107m2s™3 ~ 1 x 1072m?2s~3 [55]. In the marine environment, such as in
a straight lowland river, the intensity range of ¢ is comparably high with a range of
1x107°m2s73 ~ 1 x 10~>m?2s 3 [56]. Turbulence levels were relatively high in the upper
few meters of coastal zones under high wind conditions [57], or in the area affected by
the storms and frontal systems in NW Mediterranean coastal waters [58]. Therefore, the
corresponding Kolmogorov length scale of these smallest turbulent eddies in nature is
usually 300-1000 pm, which is considered only to affect the growth of the large phyto-
plankton or cell colonies, but has little effect on small algal cells [10,59]. However, n,
matches much of the phytoplankton sizes, revealing that turbulence can affect the nutrient
absorption of the smaller phytoplankton. In ecophysiological studies, stronger conditions
than those typical in nature were established to help to ascertain the underlying mecha-
nisms of plankton adaptations. Berdalet et al. [3] conducted a relatively high intensity of
e (bulk average,2.01 x 10~*m?s~3, range 2.7 x 107> m?s™3 ~ 2.4 x 10~3m?s~?) using an
orbital shaker. Orbital shaker systems are adequate for the study of effects of small-scale
turbulence on plankton organisms and communities, and especially for plankton with
relatively limited mobility and small size.

Table 3. The turbulence parameters of batch cultures at different rotation rates.

Rotation Rate 60 rpm 120 rpm
Frequency (Hz) 1.000 2.000
¢ (m2-s73) 24 %1077 52 x 105
The Kolmogorov length scale (7,, pm) 1433 35
The Batchelor length scale (17, um) 374 9

3.2.2. The Response of Skeletonema Costatum under Different Turbulence Conditions

During the batch culture process, all cultures exposed in different turbulences and
still (control) sets exhibited an exponential growth phase in the whole 13 days, although
slight moderate slopes could be observed after 2 days in the still set and 6 days in the
turbulence-exposed sets. The biomass increased from the original 1.80 & 0.04 x 10° to
the final 16.12 4+ 0.51 x 10° cell/mL for still condition, 21.76 + 0.73 x 10° cell/mL for
60 rpm condition, and 19.40 + 0.22 x 10° cell/mL for 120 rpm condition, respectively
(Figure 4a). Similar trends with turbulence intensity increasing could be observed in the
nitrate consumption rate (Figure 4b). Most diatoms can’t move automatically, and have a
hard siliceous shell to resist the shear force from outside. Therefore, it is generally believed
that diatoms are adaptable to turbulent environment [60], which is also corresponding to the
fact that dinoflagellate blooms often occur in long-term calm waters in nature, while diatom
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blooms often occur after severe disturbance of water [8,61]. Some studies have proved that
the uptake rates of nutrients and numbers of diatom cells will increase significantly when
the € was as high as 1073 m?s~3, although it is sometimes accompanied by the increase
of mortality [9,62]. Our results also suggested that the applied turbulence could promote
the growth of Skeletonema costatum and that the higher intensity could generally promote
higher cell density and nutrient consumption.
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Figure 4. (a) Number of cells; (b) concentration of nitrate; (¢) Fy /Fm; (d) pH of Skeletonema costatum
during batch culture process under different turbulence intensities. (n = 3, £SD).

The maximum quantum yield (Fy/Fy) of all group decreased at day four, which
corresponded well with the pH decrease, indicating an extra reaction occurred which could
both decrease the pH in solution and reduce the algae growth. The extra reaction was
found to be diatom stimulated CaCOj3 precipitation, which was described in more detail in
the submitted manuscript. However, the F, /Fp, of the control group showed the lowest
values (p < 0.05), which were in accordance with the lowered cell density increase rate
(Figure 4c), indicating that under the static condition, the growth of Skeletonema costatum
was under extra stress. This stress was probably caused by the diffusion-limited nutrient
availability in the still condition. Barton et al. [10] suggested that concentration boundary
layers could be generated when the nutrient concentration at the cell surface was reduced
by nutrient uptake, which was below that of the bulk medium. The diffusion-limited
resource concentration boundary layers enveloping phytoplankton are generally much
larger than the cells themselves. Turbulence can be beneficial for phytoplankton growth
through changing the diffusive sublayers, which help to support nutrients to the growing
cells. Although the application of turbulence promoted the growth and photosynthesis
of Skeletonema costatum compared with the still condition, the promotion appeared to be
weakened under 120 rpm. It may be attributed to that although diatoms have a certain
ability to resist turbulence, excessive turbulence will still cause damage to cells. However,
the actual mechanism for the weakening still requires further studies.
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4. Conclusions

In this work, three methods, including calculation based on the directly measured
velocity and CFD techniques, were coupled to examine the turbulent kinetic dissipation
rates and their spatial distributions in an orbital shaker using a range of oscillating frequen-
cies. Relatively homogeneous small-scale turbulence could be formed and cover a range of
energy dissipation rates. Although the dominant direction of forcing and radial gradient
could be observed in the tank, the differences were kept within an order of magnitude,
which indicates the potential of the tank as a well-suited system for studies of plankton
interactions, as the turbulence is generated on scales similar to the separation distance
between the planktonic particles found in nature. An empirical equation was derived
to calculate the dissipation rates for discreet shaking frequencies when all of the other
parameters of the shaking devices were kept constant. When the conditions change, the
CFD method can also reliably estimate the turbulent intensity distribution in the containers,
which could help to quickly assess the average dissipation rate in an orbital shaker system.
Also, the low cost, easily-to-handle, and repeatable nature of the orbital shaker made it
convenient to explore the effects of turbulence on plankton growth in the lab.

With the practical application of the orbital shaker, the turbulence influence on
Skeletonema costatum was experimentally investigated. Turbulence with an appropriate
intensity significantly promoted the growth and photosynthetic efficiency of Skeletonema
costatum. On account of the heavily silicified frustules of Skeletonema costatum, the dam-
age to the algae cell from shear force generated by turbulence is greatly reduced. On
the contrary, turbulence increases the movement of diatoms and enhances the circulation
of the water body, which brings a relatively high nutrients to the periphery of the algae
continuously, so that the cells can obtain the nutrients more quickly. Later, more studies
will be carried out to explore how other planktons respond to the turbulence through the
orbital shaker, and the utilization of the orbital shaker has a great prospect.
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Appendix A
The equations can be expressed as follows:

a; = % (A1)

p=Y iy (A2)
o =Y ipia; (A3)
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where the V}, p; and y; are the volume fraction, density and molecular viscosity of the phase
i, respectively. The g; is the transport of volume fractions, which could be expressed in the
transport equation:

dt/tde+/ da_/v(sm—z Df)dV (A4)

where S,; is the source or sink of the phase i, and the D" ~ is the Lagrangian derivative of
the phase densities p;.

STAR-CCM+ is an entire engineering process for solving problems involving fluids or
solids, heat transfer, and stress. The Realizable Two-layer K-Epsilon model provided by
STAR-CCM+ is suitable for all kinds of y+ values and produces the least inaccuracies for
intermediate meshes (1 < y+ < 30) and is used to simulate the fluid flow and map the ¢
distribution. The transport equations are:

3 2 Ca ne\ ok
5; (Pk) + BTC],(Pk”]) = oy [(P“r Uk> ax;

+P+P,—p € —Yy+ S (A5)

9 9 i e\ oe €2 €
a(pfi) + aixj (pSM]> = Tx] (]/l + ) ax + pClSe pCZW + Clg%C:gng + Sg (A6)
Turbulent viscosity is modeled as:
k2
ue = pCy 5 (A7)
The dilatation dissipation Yj is modeled as:
Carke
Y = =5 (A8)
S is the modulus of the mean strain rate tensor:
S=|S|=v25:ST=+25:5 (A9)
i
C; = max|043, —— A10
b [ n+ 5] (A10)
n=S5 % (A11)
C2 = 19, le: = 144, O = 1
Cse = tanh% (A12)

where V}, is the velocity component parallel to g, and Uj, is the velocity component perpen-
dicular to g.
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Figure A1. Scatter plot of dissipation rate and rotation frequency at position 2B. The dissipation rates
were derived from the energy dissipation law method (red circles), the linear regression method
(black squares), and the simulation method (blue triangles). The three colored lines represent the
least squares linear fitting algorithm for each method.
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Figure A2. The CFD model of the culture system at the rotation rates of (a) 60 rpm; (b) 120 rpm.
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