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Abstract: Excessive growth of biomass causes eutrophication and other related water quality
problems. For the past several decades, these problems have been managed based on the principle
of limiting nutrient, which is to reduce the loading of essential nutrients—either nitrogen or
phosphorus—through point and non-point waste source control. More recent research efforts
indicated that eutrophication of a natural water body such as a lake or a reservoir can be controlled
alternatively by altering its turbulent intensity. The success of this alternative approach depends on
more knowledge on the intimate relationship between turbulent intensity and the bioproductivity of
a water body. In this experimental study, an oscillating grid turbulence (OGT) reactor was constructed
to evaluate the effect of turbulent pulsation strength in terms of vibration frequency on algae
bioproductivity under adequate nutrient, light, and temperature conditions. Experimental results
showed that moderate turbulent intensity with vibration frequency of 0.5 Hz or less increased algal
growth; with a vibration frequency of 1.0 Hz, the observed peak chlorophyll a (Chl-a) concentration
in the reactor was 0.112 mg/L. The experimental results also showed that strong turbulent intensity
with vibration frequency of 1.5 Hz or more reduced algal growth; with vibration frequency of 1.5 Hz,
the observed peak Chl-a concentration in the reactor was only 0.06 mg/L, which was even lower
than the observed peak Chl-a concentration in the reactor with stationary water. In this study, the
effect of water turbulence on algal bioproductivity was further verified with experimental data on
the variations of other relevant water quality parameters in the OGT reactor including total nitrogen
(TN), total phosphorus (TP), pH, and dissolved oxygen (DO).

Keywords: water turbulence; oscillating grid turbulence (OGT) reactor; algae bioproductivity;
vibration frequency

1. Introduction

For natural water bodies with adequate nutrient supply and favorable climatic conditions, their
hydraulic characteristics are principal factors affecting algal bioproductivity [1–4]. Several studies
were recently conducted to establish the relationship between bioproductivity of natural water bodies
and their hydraulic characteristics in terms of turbulence intensity [5–9]. Natural water bodies such as
lakes and rivers are generally in turbulent flow conditions, and the turbulence intensity of these water
bodies can be characterized by average velocity, shear stress, and turbulent pulsation strength [5].
Zhong [6] studied the relationship between algal bioproductivity and the rate of flow and velocity
under natural turbulent flow conditions in the Yangtze River. His results indicate that algae grows well
only under a particular flow rate. Using rotating coaxial cylinders as a bioreactor, Hondzo et al. [7]
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studied the influence of shear flow and Reynolds number on the growth of quadrilateral Scenedesmus,
while suitable light and temperature conditions were maintained throughout their experiments. Their
results show that Reynolds number has an obvious influence on the growth of gathered algae, and
that strong shear flow damages cellular structure and causes significant mortality. Zou et al. [8] carried
out numerical experiments on the growth of cyanobacteria in water bodies with varying turbulent
pulsation strength. They found that the peak concentration of chlorophyll a (Chl-a), total nitrogen
(TN), and total phosphorus (TP) decreased as water turbulent pulsation increased. In a similar study,
Hondzo and Lin [9] showed that the buoyancy generated by turbulence has negative effects on the
growth and aggregation of algae.

In turbulent flow, average velocity, shear stress, and turbulence pulsation strength are interrelated,
and thus it is difficult to distinguish their individual effects on algal bioproductivity. In this study,
the impacts of flow turbulence on algal bioproductivity were investigated experimentally by using
an oscillating grid turbulence (OGT) reactor with zero flow velocity and zero shear stress [10,11]
(Figure 1).

Figure 1. The oscillating grid turbulence (OGT) reactor: (a) typical experimental setup; (b) oscillation
grid size.

An OGT device was first used by Rouse [12] to study sediment transport and suspension. Later,
OGT devices were used to study interfacial mixing in stratified flows that are widely observed in
oceans, lakes, and the atmosphere [13–17]. OGT devices were also used to study the mechanics of
sediment transport—particularly for flow situations where sediment starts to move or is entrained
and suspended due to flow fluctuation in high intensity turbulent flow [18–20]; and to study the
mass transfer across a shear-free water–air interface [21–23]; desorption of contaminants from
sediment [24,25]; and more recently, to study the effects of small-scale turbulent fluid motion on
the growth rate of freshwater algae Scenedesmus quadricauda [9].

As shown in Figure 1, an OGT reactor developed by this study is equipped with a vertical
reciprocating moving grid driven by a motor. With the grid’s vertical reciprocating movements,
a coupled jet flow in the grid opening and wake flow below or above the grid were formed in the
reactor. An isotropic turbulent flow condition with zero-average velocity and zero-shear stress can be
approximately recreated in the experimental OGT reactor [26]. Therefore, the reactor can be used to
evaluate the effects of water turbulence intensity on algal bioproductivity.
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2. Materials and Methods

2.1. Experimental Apparatus

The OGT reactor constructed for this study had dimensions 31 cm × 31 cm × 45 cm. The width
of the grille gridline was 1 cm, the center distance of two adjacent grid holes was 6 cm, and porosity
was 0.69 (Figure 1). As the grid moves in the water reciprocally along a vertical line, it generates a
stable, zero-average velocity and zero-shear force vibration grid turbulence [13]. The distance between
the grid edge and tank wall was 0.5 cm—small enough to effectively remove the impact of the grid
edge and the tank wall boundary. A 5 cm-thick sponge layer was set up at the bottom of the tank to
absorb wave energy and to prevent wave reflection and superposition.

2.2. Analysis Measuring Method

pH and dissolved oxygen (DO) were measured directly in the reactors using a multi-parameter
instrument (SX751, Sanxin, Shanghai, China) every two days for a period of 20 days. At the
same time, three batch water samples were collected from every reactor and were then analyzed
to determine the concentrations of TN, TP, and Chl-a. TN and TP were measured by potassium
persulfate oxidation ultraviolet spectrophotometry and ammonium molybdate spectrophotometry [27],
respectively. The instrument used was a T6 New Century spectrophotometer (PERSEE, Beijing, China).
According to the acetone extract spectrophotometry [27,28], Chl-a was measured through a DR5000
spectrophotometer (HACH, Shanghai, China). The algae species in the natural water were measured by
the direct microscopic count [27] (CX31 biological microscope, Olympus, Japan). After each sampling,
the reactor was filled with deionized water to replenish evaporation loss.

2.3. Source Water

The source water used by this experimental study was collected from Jialing River at Ciqikou.
Algae species in the source water consisted of a variety of algae present in the natural water
environment, and the micro-ecosystem was relatively homogeneous and stable (Table 1) [29]. At the
beginning of the experiment, three samples were collected from the source water to measure the
concentrations of TN, TP, Chl-a, and the percentage of the dominant algae. As can be seen, the nitrogen
and phosphorus concentration in the source water were both high, and the water was in the eutrophic
state (Table 2). Therefore, no nitrogen or phosphorus were added to the device during the experimental
process of the dominant algae.

Table 1. The algae species in the natural water in Jialing River, Ciqikou [29].

Species Diatom Blue Algae Green Algae Others

Percent 43–60 3–20 8–40 3–16

Table 2. Parameters of raw water quality in Jialing River, Ciqikou.

Item TN (mg/L) TP (mg/L) Chl-a (mg/L) Dominant Algae (%)

Parameters 4.215 (0.209) 0.222 (0.025) 0.019 (0.002) 47.32 (1.91)

Notes: Number in parentheses indicates variance. Chl-a: chlorophyll a; TN: total nitrogen; TP: total phosphorous.

2.4. Experimental Program

The experiment was conducted in May 2016 in four OGT reactors with grid vibration frequencies
of 0.5 Hz, 1.0 Hz, 1.5 Hz, and 2.0 Hz. In addition, the algal bioproductivity experiment was also
conducted in a fifth reactor with stationary water to serve as a blank control group (f = 0 Hz). All five
reactors were subjected to air temperature, light strength, and other environmental conditions similar
to that of the Three Gorges Reservoir region during the peak growing season [29,30]. The water
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temperature was controlled by adjustable insulated electric rods (AQEH7, Aquael, Poland) and set
to 20 ◦C; the light source was provided by a fluorescent lamp cold light (MASTER PL-1CT, PHILIPS,
Shanghai, China), which was fixed at 30 cm above the OGT reactor. The light strength was measured
by using the illuminometer (1339R, TES, Taiwan, China). The light strengths measured were 5000 lux
at the level of the source water and 4200 lux at the bottle of the reactor. The time ratio of light and dark
was maintained at 10 h:14 h [29,30]. Chai [30] studied the relationship between algal bioproductivity
and irradiance in Three-Gorges Valley. Her results indicated that light strength in the Three-Gorges
Valley region at peak growing season was between 4050 lux and 5200 lux.

3. Results and Discussion

In a vibration grid device, the root-mean-square (RMS) turbulent velocities are related to
oscillation frequency as [12,14,24]:

u′ = v′ =
√

u2 = C1M0.5S1.5 f Z−n, (1)

w′ =
√

w2 = C2M0.5S1.5 f Z−n. (2)

In Formulas (1) and (2), u’, v’, and w’ are the RMS velocities of the three directions (x, y, z),
respectively; M is the distance between the two centers of the grid (M = 6 cm); S is the stroke of the
length (S = 5 cm); C1 and C2 are constants (equal to approximately 0.25 and 0.27, respectively); f is the
oscillation frequency; Z is the distance measured from a “virtual origin” that was a little lower (1 cm
for square bars and 2 cm for round bars of oscillation grid) than the mid-position of the grid and n
damped exponentials (n = 1).

Due to its simplicity and applicability, Formulas (1) and (2) have been used to describe the
characteristics of the OGT. Based on Formulas (1) and (2), the oscillation frequency of the grid can be
used to represent water turbulence intensity in an OGT reactor.

3.1. The Effects of Turbulence Intensity on Algal Growth

Figure 2 shows changes of the concentration of Chl-a in OGT devices with different vibration
frequencies. Under different turbulence conditions, the concentration of Chl-a in each device increased
initially with time and reached a peak value, then decreased following a general pattern of plankton
growth in the water environment. Within the scope of the turbulence strength in the experiments,
a weak pulsation strength promoted the maximum growth of experimental algae when the vibration
frequency was at 0.5 Hz. However, with the gradual increase of the vibration frequency, the high
strength of the pulsation had a substantial inhibition role on the algae growth; the maximum biomass
was level in the stationary experiments.

Figure 2. Chl-a concentration under different vibration frequencies.
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As can be seen, the peak concentration of Chl-a in stationary water was 0.077 mg/L. Nine days
after the experiment began, the highest peak concentrations of Chl-a (0.112 mg/L) for the five OGTs
was observed with a vibration frequency of 0.5 Hz. The highest peak concentration of Chl-a was
about 145% of the OGT device with stationary water. The second highest peak concentration of
Chl-a occurred in the OGT device with a vibration frequency of 1.0 Hz, and was about 113% of those
observed in the OGT device with stationary water.

The experimental data indicated that highly turbulent water with a vibration frequency larger
than 1.0 Hz was less favorable for the growth of Chl-a. When the water vibration frequency in the
device was 1.5 Hz, the observed peak concentration of Chl-a was only 0.060 mg/L, or about 78% of
that observed in the stationary device. When the vibration frequency reached the maximum value
used by this experiment (2.0 Hz), the observed peak concentration of Chl-a was only 0.049 mg/L, or
about 63% of that observed in the stationary device.

The experimental data also indicated that the time from the beginning of the experiment to the
peak concentration depended on the turbulence strength of the water in the device. In the experiments,
for the vibration frequencies of 0 Hz, 0.5 Hz, and 1.0 Hz, the Chl-a concentration reached its peak
on the ninth day after the start of the experiment. However, when the vibration frequencies were
1.5 Hz and 2.0 Hz, the peak concentration took place on the 11th and 13th day after the start of the
experiment, respectively.

Moderate turbulent pulsation may help to promote the growth of algae in water and preserve its
higher biomass. Strong turbulent pulsation may slow the growth of the algae compared with static
conditions, resulting in lower biomass.

With favorable water temperature and nutrient supply, algal bioproductivity would be altered by
water turbulence. As shown in Figure 2, water turbulence had a positive effect on algal bioproductivity
when the water vibration frequency was at 1 Hz or smaller, and the effect became negative when the
water vibration frequency was at 1.5 Hz or larger. Moderate water turbulence was favorable for algal
bioproductivity because it enhanced diffusive transport and thus effectively reduced the distribution
of light intensity and nutrient differences in a water system. As a result, it increased the efficiency of
photosynthesis and primary productivity. However, strong water turbulence damaged algal cells, and
the turbulence resulted in the re-suspension of bottom sediments. A previous study [15] indicated
that these suspended solids reduced algal bioproductivity by the sedimentation and buried effects
on algae.

Temporal changes of other relevant water quality parameters such as TN, TP, pH, and DO were
also observed in this study. Further examination of the data yielded a better understanding of the
effects of water turbulence on algal bioproductivity.

3.2. Temporal Changes of TN and TP Concentration under Varying Turbulence Intensity

Changes in the nitrogen and phosphorus concentrations were closely related to the growth of the
algae. At the start of the experiment, the high rate of algae growth consumed nitrogen and phosphorus
and converted them to body cells. Consequently, the concentration of TN and TP rose sharply in the
first half of the experiment (Figure 3a,b). With the reduction of available nutrients, the death rate of the
algae increased gradually. In the meantime, nutrients in the dead algal cells were released back into the
water, and as a result, the concentration of TN and TP increased in the second half of the experiment
(Figure 3a,b). The water turbulence with a vibration frequency of 0.5 Hz created the most favorable
condition for algae growth. Figure 3a,b shows that the concentration of TN and TP in the water body
reduced to the lowest at this level of turbulence intensity (0.7 mg/L and 0.03 mg/L, respectively). The
algal growth was retarded by continuous turbulence strength. Consequently, smaller reduction rates
of the concentration of TN and TP were observed. When the vibration frequency was at 2.0 Hz, the
minimum observed concentrations of TN and TP were 2.6 mg/L and 0.16 mg/L, respectively. This
showed that in a closed water body, the net rate of nutrient uptake depended on water turbulence
intensity, and that the effect on the rate of nitrogen uptake was pronounced.
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Figure 3. (a) TN concentration under different vibration frequencies; (b) TP concentration under
different vibration frequencies.

3.3. Temporal Changes of pH and DO under Varying Turbulence Intensities

Algae grows well in neutral or slightly alkaline water. Figure 4a shows that the initial pH value in
the experimental OGT devices was about 7.7 and raised to a stable value of about 8.4. Figure 4a also
shows that the pH value in four OGT devices with turbulent water was raised to the stable value in
only 3 days, while it took 19 days for the pH in the device with stationary water to reach the stable
value. The vertical movement of the vibration grids promoted the exchange of CO2 between the
eutrophic water body and the atmosphere, while the pH value remained relatively constant.

Figure 4. (a) pH concentration under different vibration frequencies; (b) DO concentration under
different vibration frequencies.

Figure 4b shows that the initial value of the DO in the five experimental OGT devices was
7.0 mg/L. In four OGT devices with turbulent water, the DO increased rapidly and eventually reached
a constant value of about 8.5 mg/L. In the OGT device with stationary water, the DO showed little
change until 9 days after the experiment began, when the DO increased gradually to a final value of
8.0 mg/L.

The DO concentration in a water body is determined by the joint actions of the decomposition
of organic matter or deoxygenation, reaeration, and photosynthesis/respiration of aquatic plants.
If aquatic plants consist of mainly algae, the photosynthesis/respiration is directly related to algal
bioproductivity. Generally, the DO in a water body is reduced by the decomposition of organic matter
and plant respiration, and increased by reaeration and plants photosynthesis.

During this experiment, the water temperature in the five OGT devices was kept at 20 ◦C. At this
temperature, the equilibrium or the saturated DO content was about 9.1 mg/L. Initially, the DO
in the five OGT devices was unsaturated and replenished by the actions of atmospheric reaeration.
Atmospheric reaeration is the interface transfer of oxygen from air to water when the DO content in
the water is less than its saturation level, and the rate of reaeration depends on water turbulence [31].
Therefore, the DO concentration in the four OGT devices with turbulent water increased much more
quickly than the DO in the device with stationary water, as shown in Figure 4b.
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4. Conclusions

An experimental study on algal bioproductivity in turbulent water was conducted at the Chinese
Ministry of Education Key Laboratory of Ecological Environment in the Three Gorges Reservoir Area,
using custom-designed OGT devices with varying water turbulence intensities. Data analysis led to
the following conclusions:

(1) Algal bioproductivity changed with water turbulence intensity. In moderately turbulent water,
algal bioproduction increased with respect to vibration frequency. The observed peak of Chl-a
concentrations in an OGT device with a vibration frequency of 0.5 Hz was 0.087 mg/L; the peak
observed concentration increased to 0.112 mg/L in the OGT device with a vibration frequency of
1.0 Hz.

(2) In strongly turbulent water, algal bioproduction decreased with respect to vibration frequency.
The observed peak Chl-a concentrations in an OGT device with a vibration frequency of 1.5 Hz
was 0.060 mg/L; the observed peak concentration was reduced to 0.049 mg/L in the OGT device
with a vibration frequency of 2.0 Hz.

(3) Water turbulence also had a strong influence on the concentration of TN in a water body.
Experimental data indicated that when the vibration frequency in OGT reactors increased from
0.5 Hz to 2.0 Hz, the corresponding TN and TP were reduced by 27% and 19%, respectively.

(4) Water turbulence adjusted the pH value to a level in the water body desirable for the growth of
aquatic plants. Experimental data showed that the pH values in four OGT reactors were adjusted
to their stable values in only 3 days, while the adjustment time for the OGT with stationary water
was more than 19 days.

(5) During this experimental investigation, the time-variation of the biodiversity of the individual
algae species in the experimental OGT reactors was not evaluated. Recent literature [32,33] has
reported that algal bioproductivity and biodiversity in biologically-active water are interrelated.
Therefore, the effects of water turbulence on concurrent changes of bioproductivity and
biodiversity—an important step toward effective control of lake eutrophication—needs to be
evaluated in follow-up research.

The influence of water turbulence on the growth of the algae was produced by its direct action or
the effect of the shear through flow, and by its indirect action or the mixture and material transmission of
the water body through dissipation vortex, etc. It would be an important follow-up research subject to
separately evaluate the effects of water turbulence’s direct and indirect actions on algal bioproductivity.
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