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Abstract: Outdoor studies were conducted on microalgae cultures in two raceway ponds (kept in
constant motion with either jet or paddlewheel) with a flatbed to treat anaerobic digestion piggery
effluent and to observe the characteristics of turbulence on microalgal mixing and growth. Acoustic
Doppler Velocimeters (ADV) were deployed to record the instantaneous velocity components and
acoustic backscatter as a substitution of microalgae concentration. The present research on microalgal
mixing considers the effect of event-based turbulent features such as the widely known ‘turbulent
bursting’ phenomenon. This is an important aspect, as turbulent coherent structures can result in
microalgal mixing, which can lead to significant changes in microalgal growth. The experimental
results presented in this paper of two contrasting environments of jet- and paddlewheel-driven
ponds suggested that: (1) turbulent bursting events significantly contributed to microalgal mixing
when paddlewheels and jets were used; (2) among four type of turbulent bursting events, ejections
and sweeps contributed more to the total microalgal mixing; and, (3) a correlation was revealed
using wavelet transform between the momentum and microalgal mixing flux when either jet or
paddlewheel were used. Such similarities in jet and paddlewheel raceway ponds highlight the need
to introduce turbulent coherent structures as an essential parameter for microalgal mixing studies.

Keywords: anaerobic digestate of piggery effluent (ADPE); raceway ponds; flow rate; turbulent
bursting; acoustic doppler velocimeter (ADV); microalgae mixing

1. Introduction

There is a worldwide interest in algal cultivation, especially to generate commodi-
ties [1] or high-value products [2], as well as to treat wastewater [3]. Raceway ponds are
normally the most preferred microalgal cultivation system. Comprehensive knowledge
of the physical processes that affect microalgal mixing has substantial implications for
microalgal cells in their growth, as the high-magnitude turbulent flow can mechanically
damage the cells, or otherwise interfere with growth processes [4,5]. This requires improved
predictive turbulent models of microalgal mixing in raceway ponds. However, the mixing
of microalgae is a complex mechanism from the micromechanics of fluid–solid interactions
perspective, since describing turbulent flow’s fluctuating characteristic is difficult [6].

The fluid turbulent characteristics were conventionally only represented by a ratio
known as the Reynolds number [4], widely used in characterizing fluid flow patterns.
Further endeavors to characterize fluid flow suggest that it exclusively relies on fluid
lifting force, with bottom boundary layer materials (considering microalgae as near-bed
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material in our case) being uplifted due to instantaneous near-bed vertical velocity [7–10].
In comparison to such an understanding, Bagnold [11] postulated that when the small-
scale fluid turbulent eddies dominate the vertical components of velocity by exceeding
the material settling velocity, near-bed materials maintain suspension. This indicates
that the flow must continuously entrain the near-bed materials at an equal rate of an
upward terminal fall velocity to establish a dynamic equilibrium of near-bed material
interchange [6]. Since earlier theoretical developments were inadequate to combine the
turbulent coherent structures in near-bed material suspension and transport, additional
endeavors leading further trials and analyzing the problem theoretically, founded on
stochastic and deterministic methods, are required.

Kline et al. [12] recognized a periodic and episodic process in the bottom boundary
layer, in which the lower boundary layer gradually expands and then agitates with the
outer layer flow, commonly known as ‘turbulent bursting’ phenomenon. As detailed by
Salim et al. [6], in this phenomenon, the low-velocity fluid streaks initially dislodge outward
from the bed, causing a partial collapse, called ejection. Later, due to this violent collapse
and disorderly upward expulsion, high-velocity fluid streaks rush towards the bed, which
is named as sweep. With the chronological order of turbulent bursting involving ejections
and sweeps [13], the turbulent coherent flow structures have been proven to play a vital
role in bottom boundary layer material [14] resuspension and mixing processes.

The finding of the turbulent bursting phenomena prompted scientists to investigate
the function of fluid turbulence in near-bed material mixing from the standpoint of particle
instantaneous movements. As documented by Salim et al. [6], numerous laboratory studies
have related turbulent boundary layer coherent structures to the resuspension or mixing
of near-bed materials. Grass [15] determined that above a flatbed, ejection events are less
likely to transmit momentum than sweep events. Falco [16] found in a lab experiment that
a certain collection of turbulent coherent characteristics was critical for near-bed material
movement. Additional investigations [17–20] have proven the importance of turbulent
bursting events in near-bed material mixing in fluvial environments [17–20].

In recent times, Zhang et al. [21] attempted to identify the computable affiliation of
the algal growth rate and the turbulent intensity in diverse turbulent circumstances. Their
findings demonstrated that the growth rate of the Microcystis-aeruginosa-type microalgae
increased in the turbulent environment compared to the still water environment. Based on
the results of this study, an exponential function was suggested to be used to include the
impact of flow turbulence in the current algal growth models, which, up until this point,
had only taken into account the effects of nutrient supply, illumination, and temperature.
Though many scholars have attempted to investigate the impact of small-scale turbulence
on algal growth to unveil the natural phenomena through observations and tests, no rele-
vant studies have been observed that considered the organic material mixing mechanism
(microalgae in our case) in such detail towards the development of a precise ‘microalgae
mixing model’ merging fluids’ turbulent bursting features.

Therefore, the overarching aim of this paper is to signify the importance of instanta-
neous events on microalgae mixing, which were not considered in the traditional raceway
pond mixing approach that uses a time-averaged fluid velocity only to define the Reynolds
number [22,23]. We aimed to simulate the hydrodynamic processes involved in two con-
trasting turbulent environments, i.e., jet and paddlewheel raceway ponds. The influence
of hydrodynamics characterized by turbulent instantaneous features on the growth of
microalgae was analyzed and proposed to incorporate the spatial–temporal probabilistic
characteristics of turbulent bursting events in future microalgae mixing models. In this
regard, we conducted outdoor growth experiments using raceway ponds under unidirec-
tional conditions over a flatbed in order to record high-frequency acoustic data near the
boundary layer. Multiple techniques were used to process the data after collection, such as
Reynolds decomposition, quadrant analysis, and wavelet transformation, which clarified
the turbulent features and their effect on microalgae mixing, both in jet and paddlewheel
raceway ponds.
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2. Materials and Methods
2.1. Microalgae Culture, Anaerobic Digestate of Piggery Effluent (ADPE), and Growth Media

The covered anaerobic digestion pond at the Medina Research Station in Kwinana,
Western Australia provided the culture medium (ADPE) for this investigation (32◦13′16′′ S,
115◦48′30′′ E). Previously, Eltanahy et al. [22] conducted experiments in this undiluted
ADPE facility to better comprehend the mixing rates for the optimal utilization of light and
nutrients for increased biomass production and nutrient removal rates; however, the effects
of turbulent coherent structures on the mixing process remained unexplored. Therefore,
in this paper, we have further investigated the data discussed by Eltanahy et al. [22], and
for this purpose, summarized the chemical composition of the ADPE in Table 1. A mixed
population consortium of microalgae dominated by Chlorella, previously isolated and
established from undiluted ADPE as detailed by Ayre et al. [24], was used in this work. To
reach a predetermined cellular concentration, over the course of four months, microalgae
were grown and maintained as batch cultures, with harvests and replacements occurring at
regular intervals with fresh ADPE.

Table 1. Chemical composition of untreated and undiluted ADPE used for the growth of microalgae
reproduced with permission from Eltanahy et al. [22].

Parameter Value

Ammonia (mg L−1 NH4
+-N) 960–1000

Total phosphate (mgL−1 PO4-P) 25.0–26.5
Nitrite (µg L−1 NO2-N) 8.0–8.5

Magnesium (mg L−1 mg) 165–175
Potassium (mg L−1 K) 530–545
Total iron (mg L−1 Fe) 8.5–9.5

Nitrate (mg L−1 NO3-N) 14.0–14.5
Chemical oxygen demand, COD (mg L−1) 1200–1350

Total nitrogen (mg L−1) 1050–1101

2.2. Experimental Setup and Cultivation Conditions

Outdoor experiments in fiberglass race-way ponds were conducted at Murdoch Uni-
versity’s Algae R&D Centre from 21 September 2015 to 11 January 2016 (Austral sum-
mer) [25]. Previously, using the same experimental facility, Indrayani [25] studied microal-
gae species and their potential to be cultured under outdoor conditions. In this paper, the
first raceway pond, known as the paddlewheel pond (PWP), as detailed in Indrayani [25],
was mixed using a standard four-blade paddlewheel, whereas in the second pond, a jet
nozzle was used for mixing (Figure 1). The design of the jet nozzle was based on Parsheh
et al. [26], and made from Polylactic Acid (PLA) using a 3D printer, and the pond was
named as the Jet Nozzle Pond (JNP). An identical amount of microalgae stock culture was
used to inoculate both raceway ponds. They were run at a fluid velocity of 0.30 m/s, which
was measured using the tracer method using 1M HCl [27]. Freshwater was used to make up
the amount of water lost to evaporation per day of the experiment prior to sampling. The
Murdoch University Weather Station provided weather records showing solar irradiance
and air temperature for the experiment’s time frame (http://wwwmet.murdoch.edu.au
first accessed on 21 September 2015). On alternate days, the ponds were sampled at 10 a.m.
Cell counts, evaluations of photosynthesis, and measurements of the media’s ammonium
nitrogen concentration were all conducted using samples that were obtained. For further
details of the sample collection process, please refer to Eltanahy et al. [22].

http://wwwmet.murdoch.edu.au
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Figure 1. Experiment set-up of (i) PWP and (ii) JNP presenting the ADV measuring points in both
the raceway ponds where red arrows indicate position of the ADV acoustic receiver (x), and (iii) side
view of the nozzle, (iv) top view of the nozzle, (v) base view of the nozzle, (vi) section A-A of the
experimental setup, (vii) section B-B of the experimental setup, reproduced with permission from
Eltanahy et al. [22].

2.3. Data and Statistical Analysis

Though organic biomass (AFDW, mgL−1) was assessed in accordance with the proce-
dures detailed by Moheimani et al. [1] by filtering 5 mL of culture through pre-combusted
and pre-weighed GFC microfiber filters, the concentration of cell samples throughout time
was evaluated using an upgraded Neubauer counting chamber. Filters were dried at 90 ◦C
for 7 h to remove ash, and then they were burned at 450 ◦C for 6 h in a furnace. Using
separate YSI 6-Series Multiparameter Sondes, the temperature, dissolved oxygen (DO),
and pH of both ponds were observed in-situ. A photometer was used to measure the
amount of ammonium (Spectroquant Move 100, kit models from Merck, Bayswater, VIC
3153, Australia).

Previously, Salim et al. [6] used Nortek Vectrino Acoustic Doppler Velocimetry (ADVs)
instruments to measure the three-dimensional instantaneous flow velocities to examine
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the turbulent bursting effect on sediment particles. In this study, Micro-acoustic Doppler
Velocimetry (MicorADV by SonTek, San Diego, CA, USA) was employed to determine the
flow field’s three velocity components in the PWP and JNP at eight points in each pond,
as shown in Figure 1. The gadget uses a sample frequency of 10 Hz for 10 min at each
location and is based on the Doppler effect’s physical theory. In all the paddle and jet trials,
as shown in Figure 1, the ADVs were positioned 0.07 m above the bed. Notably, the sensors
were spaced high enough from the bed so that they did not contact the bottom of the flume
during the ADV’s data collection due to the physical dimensions of the devices [22]. For
analysis purposes, near-bed ADVs data (at z = 0.07 m height above the bed) are used in
this study.

In order to analyze the three-dimensional inertial subrange spectrum, spectral energy
cascade theory was used [28]:

E(k) = Ck ε
(2⁄3) k(−5⁄3), (1)

where E(k) is the is the wave-number-based energy spectrum; Ck is the experimentally
determined Kolmogorov constant (which lies between 1.4–2.2 due to considerable uncer-
tainty); ε is the energy dissipation rate; and k is the wave number [29].

The turbulent properties were ascertained using Reynolds decomposition [29–31]:

u = u + u′, v = v + v′, w = w + w′, (2)

where u, v, and w represent the measured velocity components; u′, v′, and w′ represent
the turbulent components; u, v and w are the mean velocity components. This breakdown
permitted the measurement of the kinetic energy in relation to fluid turbulence.

The turbulent kinetic energy (TKE) at all sampling locations maintaining z = 0.07 m
height above the bed was also calculated using single-point measurements of turbulent
velocity fluctuations (i.e., u′, v′, and w′). Later, the TKE was used to calculate the near-bed
shear stress:

τTKE = 0.5ρC1 (u′2 + v′2 + w′2), (3)

where τTKE represents the TKE shear stress, ρ represents the density of fluid, and C1
represents a coefficient, with a value ranging between 0.19 and 0.2 [32,33]. In order to
estimate the TKE shear stress, C1 = 0.19 was used in this study.

The following equation was used to determine the TKE shear stress from the measure-
ment of shear stress because the TKE-to-shear-stress ratio is constant [34]:

τTKE = 0.19 TKE, (4)

This technique was earlier regarded as one of the reliable and dependable approaches
for estimating near-bed shear stress in complicated flow fields [32,34]. The term u′w′

represented TKE shear stress in this study due to the fact that no quantitative analysis of
TKE shear stress was considered.

The values of Reynolds shear stress were calculated by:

τRe = −ρ(u′w′), (5)

where τRe denotes the Reynolds shear stress, and ρ denotes the density of fluid. Similar to
the TKE shear stress, the term u′w′ represented turbulent Reynolds stress in this study.

Different turbulent occurrences were categorized using quadrant analysis, which also
looked at their intermittent character and Reynolds stress contributions. In order to examine
their significance, on a u′-w′ plane, velocity deviations were plotted into quadrants [35,36].
With the use of this methodology, we were able to categorize the frequency of incidence of
the respective event that takes place during the course of bursting as follows: ejection (u′ < 0,
w′ > 0), sweep (u′ > 0, w′ < 0), up-acceleration (u′ > 0, w′ > 0), and down-deceleration
(u′ < 0, w′ < 0) [6]. Due to the ease of its application, the popular 2D quadrant method (i.e.,
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u′-w′ plane) was selected in this study’s exploration of several elements of turbulent flow
physics [6].

Continuous Wavelet Transform (CWT) was used to determine the temporal evolution
of momentum and algal mixing flux of turbulent coherent formations close to the fluid
boundary layer, as detailed in Grinsted et al. [37]. This allowed us to measure the contribu-
tion of coherent structures to the energy spectrum, and revealed their dynamics. Wavelet
Coherence (WTC) was used to discover zones with strong shared influence and phase
connections between the CWT of momentum and algae mixing flux. Since the wavelet was
not entirely time-localized, a Cone of Influence (COI) was used to characterize the CWT
and WTC power spectrum artefacts. Due to this, we avoided findings within the COI and
visualized a lighter shadow in the power spectra. Grinsted et al. discussed the algorithm
and theory in detail [37].

3. Results and Discussion

Three samples were used for the triplicate measurements of cell growth and ammo-
nium concentration. The outcomes are presented as mathematical mean standard errors
(SE), as shown in Table 2. The substantial dissimilarities between the different microalgae
content parameters in the individual ponds were determined using a t-test. To compare
significant differences between the various treatments and parameters, one-way repeated-
measures (RM) one-way analysis of variance (ANOVA) was performed, followed by the
post hoc test of Hol-Sidak. A p-value of 0.05 was used to determine significance. SigmaPlot
Version 12.5 for Windows was used for all statistical analysis.

Table 2. Summary of growth conditions, ammonium removal rates, and cell density range of cultures
when paddlewheel or jet used for mixing. Data are extracted from Eltanahy et al. [22].

Cultivation Period 21 August 2015–13 December 2015

Solar irradiance range
(W·m−2) 140–1112

Air temperature range (◦C) 16–34

Daily rainfall range (mm) 0–27

Raceway pond type Jet driven Paddle wheel driven

Average ammonium removal
rates (%) * 23.5 ± 4.42 36.8 ± 3.93

Cell density range (×104)

Chlorella sp. 280–420 5–650

Cyanobacteria 400–900 80–390
Note: * Data are average +/− se, n = 5.

We randomly selected two time series from both JNP and PWP (i.e., ADV 6 data
records from both experimental conditions) for further representation. Similar results were
obtained from other data sets from all other ADVs that were used in this experiment.

Turbulent fluid flow has enormous eddies that shrink with time. In this progression,
turbulent kinetic energy (TKE) is conveyed from large-scale to small-scale movements
until fluid viscosity disperses into heat. In this energy sequence, the ‘inertial subrange’
falls between large sizes (i.e., turbulence creation zone) and smaller scales (i.e., turbulence
dissipation zone). Due to the absence of local energy sources or sinks in the inertial
subrange, the flux of energy from the wave numbers of high values must equalize with
the dissipation rate. Therefore, digital Fourier transforms were used to conduct spectrum
analysis, as well as turbulent energy related to the inertial subrange, i.e., 5/3 slope, at all
observed sites to confirm the existence of small eddy turbulence, as outlined by Eltanahy
et al. [22]. Overall, the results suggested similarities in both the investigated time series
shown in this study, i.e., ADV 6 for both JNP and PWP confirmed the presence of small
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eddy turbulence that can excel the turbulent bursting phenomena. However, it is not
common to detect the −5/3 spectral slope in estimates close to the bed, since the slope
of vertical velocity spectra in the subrange becomes far less steep the closer we move to
the bed. Thus, the experimental spectral results stated by Eltanahy et al. [22] disclose the
presence of turbulent eddies smaller in size for the mixing of several algal strains/species
in the analyzed data.

The scatterplots of the Reynolds and TKE bottom shear stress for the JNP and PWP
runs of the selected data sets are shown in Figure 2a,b. In the graphs of both JNP and PWP,
higher bed shear stress terms (i.e., values were greater than 0.5 × 10−3 m2/s2 of TKE and
Re shear stress term estimations of both JNP and PWP tests) were produced to generate
microalgae mixing, which are verified with backscatter intensity in Figures 3b and 4b,
respectively. Such disparity between TKE and Re shear stress approaches also showed the
existence of coherent flow structures in fluid turbulence, causing extremely localized and
persistent inconsistency close to the bed, disrupting the near-bed shear stress.

Water 2022, 14, x FOR PEER REVIEW 7 of 15 
 

  

this study, i.e., ADV 6 for both JNP and PWP confirmed the presence of small eddy tur-

bulence that can excel the turbulent bursting phenomena. However, it is not common to 

detect the −5/3 spectral slope in estimates close to the bed, since the slope of vertical ve-

locity spectra in the subrange becomes far less steep the closer we move to the bed. Thus, 

the experimental spectral results stated by Eltanahy et al. [22] disclose the presence of 

turbulent eddies smaller in size for the mixing of several algal strains/species in the ana-

lyzed data. 

The scatterplots of the Reynolds and TKE bottom shear stress for the JNP and PWP 

runs of the selected data sets are shown in Figure 2a,b. In the graphs of both JNP and PWP, 

higher bed shear stress terms (i.e., values were greater than 0.5 × 10−3 m2/s2 of TKE and Re 

shear stress term estimations of both JNP and PWP tests) were produced to generate mi-

croalgae mixing, which are verified with backscatter intensity in Figure 3b and Figure 4b, 

respectively. Such disparity between TKE and Re shear stress approaches also showed the 

existence of coherent flow structures in fluid turbulence, causing extremely localized and 

persistent inconsistency close to the bed, disrupting the near-bed shear stress. 

 

Figure 2. Contrast of the Reynolds and TKE shear stress term (one-second mean shown in black 

dots) from (a) JNP and (b) PWP experiments (for a twenty-five-minute period). The equality is de-

fined by the dashed red line. 

For both the JNP and PWP runs, we compared the identification of turbulent ejection 

and sweep events of the Reynolds shear stress (u′w′) term and backscatter over a twenty-

five-minute period (Figure 3 and Figure 4, respectively). In both cases, we observed that 

the ejection and sweeps were the dominating events in the mixing of microalgae in the 

raceway ponds. This contrast offered a substantial perception of the involvement of tur-

bulence relating to the events linked with microalgae mixing. Largely, substantial incon-

sistency and a sporadic pattern in both the Reynolds stress (u′w′) term and microalgae 

mixing (backscatter) were also exposed in both of the time series. Previously, for other 

non-organic bed materials such as gravel and sand, this type of sporadic characteristic of 

u′w′ been detected [6,15,19,31,38–44]. In more detail, forty-seven major algae mixing 

events were shown in the JNP time series (Figure 3). Twenty-seven of these events con-

firmed ejections, and twenty of these events revealed sweeps, which demonstrated that 

high-microalgae mixing events were more frequently linked with ejection and sweep tur-

bulent motions than up-acceleration and down-deceleration motions during the exam-

ined periods (Table 3a). A similar arrangement was pragmatic for the twenty-five-minute 

PWP run, where forty-eight main mixing events were observed (Figure 4). Twenty-eight 

of these events were recognized as ejections, and twenty of these events were confirmed 

Figure 2. Contrast of the Reynolds and TKE shear stress term (one-second mean shown in black dots)
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For both the JNP and PWP runs, we compared the identification of turbulent ejection
and sweep events of the Reynolds shear stress (u′w′) term and backscatter over a twenty-
five-minute period (Figures 3 and 4, respectively). In both cases, we observed that the
ejection and sweeps were the dominating events in the mixing of microalgae in the raceway
ponds. This contrast offered a substantial perception of the involvement of turbulence
relating to the events linked with microalgae mixing. Largely, substantial inconsistency
and a sporadic pattern in both the Reynolds stress (u′w′) term and microalgae mixing
(backscatter) were also exposed in both of the time series. Previously, for other non-organic
bed materials such as gravel and sand, this type of sporadic characteristic of u′w′ been
detected [6,15,19,31,38–44]. In more detail, forty-seven major algae mixing events were
shown in the JNP time series (Figure 3). Twenty-seven of these events confirmed ejections,
and twenty of these events revealed sweeps, which demonstrated that high-microalgae
mixing events were more frequently linked with ejection and sweep turbulent motions than
up-acceleration and down-deceleration motions during the examined periods (Table 3a).
A similar arrangement was pragmatic for the twenty-five-minute PWP run, where forty-
eight main mixing events were observed (Figure 4). Twenty-eight of these events were
recognized as ejections, and twenty of these events were confirmed as sweeps (Table 3b).
Such microalgae major mixing events of ejection and sweep identified in the JNP and PWP
experiment show that turbulent bursting plays a vital role in microalgae mixing. In both
tests, ejection and sweep events were the principal providers of momentum transfer. Up-
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acceleration and down-deceleration events led to peripheral consequences on the transport
of momentum and algae mixing flux in comparison to the other two events (Table 3).
These findings suggest that vertical mixing, which is defined as the cyclical movement of
algal cells between the surface and bottom layers of the culture, cannot be fully explained
by relying just on the time-averaged Reynolds number. As a result, it is imperative that
any future turbulent models for mixing algae take into account the spatial and temporal
properties of turbulent flows, particularly the contribution of sweep and ejection events.
Given the critical role that the vertical mixing of algae plays in preserving suspension and
the light–dark cycle, special consideration should be given to include bursting phenomena
as a crucial parameter in future models of the vertical mixing of algae. This will allow the
best possible turbulent environment to be defined for the photosynthesis of algae.

Table 3. Major ejection (showed in bold letters) and sweep (showed in normal letters) events in the
(a) JNP and (b) PWP experiments.

Test
Run Time (s)

(a) JNP
47 62 112 130 150 202 221 276 302 332 355 408

444 462 510 546 564 582 628 645 660 675 710 752
766 797 836 851 900 920 945 990 1022 1048 1075 1112

1172 1223 1263 1300 1320 1353 1384 1414 1437 1461 1491 -

(b) PWP

33 68 88 101 136 186 198 216 270 312 354 384
414 462 480 522 546 558 576 594 642 660 687 715
749 762 789 809 834 846 852 885 911 936 972 1022

1064 1110 1188 1217 1254 1285 1325 1332 1362 1398 1440 1465
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Figure 4. PWP experiment time series records: (a) turbulent Reynolds shear stress (u′w′) term,
ejection showed in red up-arrows and sweep showed in blue down-arrows; (b) backscatter (in
one-second mean).

Contributions to u′w′, both for the JNP and PWP runs, were also detected in four
quadrants of the u′-w′ plane (Figure 5), where hole (H) = 1, 2, 3, 4 are small-to-medium
events, and H = 5, 6, 7 are algae mixing events (i.e., backscatter reading above 10 dB).
The graphs undoubtedly demonstrated that u′ and w′ contributed far more to ejections
and sweeps than to up-acceleration and down-deceleration occurrences. The presented
outcomes are comparable with preceding studies for the resuspension process of near-bed,
non-organic materials [20,43]. Other data sets from both the JNP and PWP analyzed in this
study also showed similar results.
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Figure 5. Turbulent bursting events in u′-w′ space classification identifying ejection, sweep, up-
acceleration, and down-deceleration events both for (a) JNP and (b) PWP experimental runs.

In order to define the occurrence of diverse turbulent bursting events and their signifi-
cance to the Reynolds stress (i.e., u′w′), quadrant analysis was conducted. Table 4 shows
the incidence proportions of four types of turbulent bursting motions, in addition to their
contributions to the momentum (u′w′) and microalgae mixing (c′w′) fluxes for the JNP and
PWP experiments. The observed outcomes for the u′w′ indicators for the JNP and PWP
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experimental runs agreed with the outcomes from previous investigations for non-organic
bed materials [45,46]. For both JNP and PWP tests, ejection and sweep events were proven
to be the leading source of the Reynolds stress; nevertheless, ejection contributed further
to the net Reynolds stress, even though the time occupied by the ejection was less than
that of the sweep (JNP = 47%; PWP = 45%), as shown in Table 4. Ejection (JNP = 42%;
PWP = 44%) and sweep (JNP = 31%, PWP = 36%) mainly generated the upward algae
mixing flux, and this indicated that the powerful upsurge of slow-moving fluid with high
microalgae entrainment events was the prime basis of the total microalgae mixing flux. In
comparison, up-acceleration (JNP = 14%; PWP = 10%) and down-deceleration (JNP = 13%;
PWP = 10%) events carried less microalgae (Table 4). Thus, the total microalgae mixing flux
was contributed to more by ejection and sweep events (JNP = 73%; PWP = 80%) than by
up-acceleration and down-deceleration events (JNP = 27%; PWP = 20%). Such steady out-
comes in both JNP and PWP endorse the need to investigate whether we should consider
the instantaneous Reynolds stress concepts along the time-averaged microalgae mixing
process in algae mixing models. Although the patterns of ejection and sweep contributions
in the mixing process were very similar in the two very different environments of JNP and
PWP, it is worth mentioning that high backscatter readings in JNP showed evidence of an
improved mixing performance with higher shear stress on cultures in the JNP.

Table 4. Quadrant analysis of turbulent events.

Time Occupied (in %) Momentum Flux (in %) Algae Mixing Flux (in %)

Ejection Sweep Up
Acc

Down
Dec Ejection Sweep Up

Acc
Down

Dec Ejection Sweep Up
Acc

Down
Dec

JNP 33 48 10 9 47 34 11 8 42 31 14 13
PWP 32 41 14 13 45 31 13 11 44 36 10 10

In both JNP and PWP runs, quadrant analysis revealed that ejection (where low-speed
fluids travel away towards the outer layer from the boundary) entrained microalgae away
from the flume bottom to maintain them in suspension. Sweeps (where high-speed fluid
travels close to the flume bottom), with a negative influence, compressed the microalgae in
resuspension by driving them near the bed of the flume. Furthermore, the time taken in both
JNP and PWP runs to instantaneous momentum and algal mixing flux were almost similar
and contributed identical percentages. Diplas et al. [47] experimented with non-organic
sediment particles and established that the time-based length of such turbulent coherent
impacts is also significant in defining the particle’s entrainment of motion, and that their
product, or impulse, is more suitable for postulating such circumstances in accumulation
to the magnitude of the instantaneous turbulent forces applied on a particle. This was
evident in both our JNP and PWP test runs, where, in contrast to the up-acceleration
and down-deceleration events, the time taken by the ejection and sweep events (which
were also demonstrated to play the leading role in the momentum and microalgal mixing
fluxes) were considerably higher. Such insight of considering the time-based influence
of bursting events discussed in this paper, as also argued by Diplas et al. [47] and Diplas
and Dancey [48], demands attention to the hydrodynamic impulse (i.e., force multiplied
by event time) as an inclusive condition in the improvement of future microalgae mixing
models. We strongly recommend using the numerical parameter hydrodynamic impulse to
evaluate the mixing using this statistical approach, which is based on the evaluation of the
impact of turbulent bursting events on the algal cells. A computational fluid dynamic tool
should be created to compute the vertical mixing mechanism of each cell.

Continuous Wavelet Transforms (CWT) and Wavelet Coherence (WTC) analysis [37]
for JNP and PWP runs presented a more spontaneous method to picturize the turbulence
data in both space and time (Figure 6). In the presented scalograms, the power experienced
within the spectrum of COI (i.e., in the scalograms shown as the shaded region) at higher
periods (i.e., low frequency events) restricted the ability to examine the time-based evolution
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of the specific peak frequencies, as stated by Salim et al. [6]. Hence, the study was limited
to inspect high-frequency events occurring at time scales up to 32 s for both runs. The
dynamics of coherent structures and their estimated influence on the microalgal mixing
flux were traced largely in the scalograms. It was also noticeable that inside the large-scale
movements (presuming >0.5 s bands as large-scale movements), there were multi-scale
(e.g., in JNP time series between ~47–62 s, period band ranging ~2–16 s (large scale) and
~0.5–2 s (small scale); in PWP time series between ~789–795 s, period band ranging ~2–16 s
(large scale) and ~0.5–2 s (small scale)) and a few fine-scale embedding (e.g., in JNP at
~752–758 s, period band ranging ~0.5–2 s; in PWP at ~644–648 s, period band ranging
~0.5–2 s) features. This suggested that near the bottom boundary layer, for both the JNP
and PWP runs, the majority of the energy was condensed within the high period (warmer
color >0.5 s), related to the average flow properties for both fluxes (i.e., momentum flux and
microalgal mixing flux). The highly energetic turbulent events (i.e., warmer color >0.5 s)
were observed to occur intermittently all over the time series (e.g., in JNP at 47, 62, 112, 130,
150, 202, etc.; in PWP, at 33, 68, 88, 101, etc.), particularly in progressively emerging clusters
(considering clusters developed taking >3 s time) that continued short periods (i.e., lasted
<2 s) in the leading streamwise-vertical plane of the flow near the bottom of the flume. At
lower frequencies for both JNP and PWP runs, the larger clusters had a period band over
~1 and 8 s, whereas the fast-evolving clusters before weakening (considering those lasting
up to 2 s) stretched between a ~0.5 and 2 s period band. This was seen in the color-coded
contours (Figure 6) associated with ejection and sweep events for the JNP runs. For the
PWP runs, similar results were evident for ejection and sweep events. Additionally, the
momentum flux was linked to the contour in the microalgal mixing flux within similar
period bands both in ejection and sweep events in the JNP runs, as shown in Figure 6.
Identical patterns were also observed in the PWP runs, showing similar period bands in
the ejection events; in the sweep events, the momentum and microalgal flux coincide with
each other. For both runs, the WTC was applied to the momentum and microalgal mixing
flux, where shared features were observed, as shown in Figure 6. During the identified
ejection and sweep events, the coherence was noticeability higher (i.e., warmer color >0.5 s)
both for the JNP and PWP runs, signifying that the transport process critically depends on
producing momentum flux by fluid turbulent structures to facilitate the algae mixing flux.
This summarizes that for visualizing and detecting the coherent structures from the raw
turbulent data, the cross-wavelet transform method was effective, which also empowered
us to investigate the relationship between boundary layer turbulence structures and the
microalgal mixing flux. These conclusions also limit the usefulness of the Reynolds number
(constant along the pond sections) as a unique parameter to estimate the real level of
vertical mixing in a raceway pond.
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4. Conclusions

Measurements were used in this study to examine the microalgal mixing processes due
to turbulent coherent structures. To date, extensive investigation has been conducted to link
turbulent coherent structures to describe the near-bed non-organic material resuspension
process [21,23,49]; however, no one investigated the organic material mixing mechanism
(microalgae in our case) in such detail towards the development of a precise ‘microalgae
mixing model’ merging turbulence features. Two contrasting race ponds, one powered
by a paddlewheel and the other by jet, were inspected in order to look at the mechanisms
involved in the mixing process of microalgae, where it has been observed that turbulent
bursting events have a significant contribution towards microalgal mixing. Particularly,
in contrast to the up-acceleration and down-deceleration events, turbulent ejection and
sweep events were more dominant to the total microalgal mixing. Ejection and sweep
events were the major providers to the transfer of momentum in both the JNP and PWP
test runs. Marginal effects were observed from the up-acceleration and down-deceleration
events on the momentum transfer and algal mixing flux in comparison to the other two
events. Wavelet analysis was beneficial to detect turbulence characteristics, which exposed
a connection between the momentum and microalgal mixing flux when either jet or paddle-
wheel were used. Such similarities in the conditions of jet and paddlewheel raceway ponds
highlight the need to introduce turbulent coherent structures as an essential parameter for
microalgal mixing studies. Recent studies [21,23] incorporated fluid turbulence in their pro-
posed mixing models, but the magnitude of turbulence was considered as time-averaged
Reynolds stress. In order to boost pond productivity, the findings in this work open up new
research directions that can provide thorough comprehensive knowledge of the interactions
between fluid flow and algae mixing, as well as the rates of algal survival and growth
under varied magnitudes of turbulence.

To improve the method on mixing evaluation based on a more in-depth statistical
study of the various regions of the pond, further work is required to establish the ideal
compromise between high vertical mixing and the optimal photosynthesis for modest
energy inputs. Furthermore, more research needs to be conducted on the mechanical
characteristics of the microalgae cell wall structure under the impact of turbulent mixing
(including wall deformation and von Mises stress).
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