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ABSTRACT
Microalgae (Scenedesmus obliquus) dewatering using forward osmosis membrane has
received considerable attention for its possible application in biofuel generation. To investigate
the filtration performance by analyzing permeate water flux, five different velocities (0.23 m/s,
0.31 m/s, 0.40 m/s, 0.55 m/s, 0.66 m/s) were selected in a bench-scale experiments. The results
showed that the optimal flux was with 0.55 m/s velocity. Moreover, the same velocities (0.23
m/s, 0.31 m/s, 0.40 m/s, 0.55 m/s, 0.66 m/s) and three various spacer positions (0.3 mm, 1 mm
and 2 mm away from the membrane) were simulated employing the computational fluid
dynamics (CFD) approach. The results showed that the pressure and velocity distribution were
affected by the velocities at the module inlet and the spacer configuration. And the 0.55 m/s
velocity was confirmed, while the CFD revealed that the velocity distribution was relatively
uniform and exerted a higher pressure on the membrane, and 0.55 m/s velocity agreed with the
experiment in optimal operation. As for the spacer configurations, they were evenly distributed
in the channel and the optimum structures occurred when the spacers were 1 mm away from
the membrane. The spacer is beneficial for alleviating external concentration polarization (ECP)
during osmosis process.
Keywords: Microalgae dewatering; forward osmosis; computational fluid dynamics;

hydraulics condition optimization; external concentration polarization



1. Introduction

Microalgae technology is widely used in food, nutrition, aquatic products, environmental
protection, energy, agriculture, industry, etc. And the cost of algae harvesting, cell drying and
oil extraction, accounted for 50% of the production cost [1]. The bottleneck of algae water
separation restricts the application of microalgae in the fields of sewage nitrogen uptake and
advanced treatment large-scale cultivation and energy [2].

Recently, forward osmosis (FO) technology for microalgae pretreatment to further
dewatering process has drawn great attention due to its potential low energy consumption, its
ability to reject a high level of contaminants, and its being subject to much less membrane
fouling [3-5]. The processes of dewatering, usually achieved by centrifugation, flocculation,
sedimentation, pressure-driven membrane processes or the combinations of these processes,
have a number of disadvantages, such as, high consumption of energy, algal cells breakage,
high susceptibility to fouling, and negative effect on biomass quality [6, 7]. For example,
Landels et al. [8] concentrated on electrocoagulation flotation (ECF), and the efficient, rapid
and scalable dewatering of microalgal cultures to yield 13% algal biomass load was ideal for
direct downstream processing by hydrothermal liquefaction. Yusra et al. [9] used air-sparging
to perform ultrafiltration on microalgae dewatering; the results showed that the gas-sparging
could inhibit the formation of microalgae filter cake layer and improve the recovery of
permeation flux and biomass. However, these physical or chemical operations are either cost-
effective or susceptible to irreversible fouling [ 10]. Different from those conventional methods,
especially pressure-driven membrane processes, FO process, a semipermeable membrane, is
placed between a microalgal solution of low concentration (0.1-0.2g dry wt/l) and a draw

solution (DS) of high concentration. This can be achieved by driving water through a membrane



under a differential osmotic pressure [11-13]. However, the concentration polarization (CP)
phenomenon does occur, accompanied by the separation process, and cause a severe flux
decline during the FO process [14-17]. This phenomenon can be further classified as: internal
concentration polarization (ICP) in the membrane support layer, and external concentration
polarization (ECP) on the membrane surface layer [18, 19].The ECP originating from the
solute of feed solution accumulates on the active layer and the draw solution concentration is
commonly diluted by the permeating water[20, 21]. It is the barrier that reduces the effective
osmosis pressure differential and subsequently the water flux of the process, especially in the
low velocity and without spacers [22, 24]. Therefore, it is necessary to determine the
hydrodynamic conditions of the membrane surface and optimize the module channel's hydraulic
conditions to reduce the influence of ECP [25, 26]. Further research on hydrodynamic
characteristics (e.g., spacer design) has been conducted, for example, Liu et al. [27] investigated
spacer impacts caused by the velocity field, and proposed that the boundary layer at membrane
surface may be disturbed by turbulence and the bulk solution absorb the solute which diffused
back from the layer.

The theoretical method of computational fluid dynamics (CFD), as a powerful method,
seeks to predict and investigate fluid flow, mass transfer, heat transfer, and other related
phenomena [28-31]. Currently, CFD was assisted in the design and associated with running
repeated experiments [32, 33]. To investigate the velocity field for a channel with a permeate
flow through a wall, Hansen et al. [34] established a spectral element method to solve the
Navier-Stokes equations, indicating that mass transfer would increase between neighboring
filaments due to shedding of vortices. Consequently, the best mass transfer at certain values of

filament spacing/channel height ratio was evident [35, 36]. Cao et al.[37], evaluating the



velocity profile of the spacer-filled channel by utilizing the CFD simulation method, confirmed
that the presence of spacer would cause eddy activity on the membrane surface to promote mass
transfer and reduce fouling, while plausibly improving local shear stress. Abdelbaky and El-
Refaee [38] reported a spacer channels incorporated in membrane modules for reverse osmosis
applications, in which the feed spacer functioned to promote turbulence, improve mass transfer
and reduce concentration polarization.

Many CFD simulation studies indicated the relationship between hydraulic configuration
and permeation efficiency [39, 40]. This line of research tried to numerically and
experimentally optimize the hydraulic conditions on the membrane, and examined the
characteristics of flow field under configurations with different flow velocities and spacers in
the osmosis process.

To do numerical analysis, forward membrane module has been designed by using 3D CFD
simulation, in which liquid velocity and pressure distribution have been taken into consideration
[21, 41]. In these studies, to investigate the filtration performance of microalgae dewatering by
analyzing permeate water flux, five velocities (0.23 m/s, 0.31 m/s, 0.40 m/s, 0.55 m/s, 0.66
m/s) were selected in lab-scale experiments, then the same velocities and spacer positions (0.3
mm, 1 mm and 2 mm away from the membrane) between the membrane and channel were
selected for further study. In addition, the piezo film sensor was employed in the experimental

investigation to verify the obtained simulation results.

2. Materials and methods
2.1. Microalgae cultivation and FS/DS preparation

Scenedesmus obliquus (Shanghai Guangyu Biological Technology Co., Ltd.) was chosen



as model microalgal species, due to its frequent application in biofuels production and
wastewater treatment [42]. The BG11 medium was used to pre-culture Scenedesmus obliquus,
the culture temperature was 25°C, the light intensity was 3000-4000 Ix, and the light-dark time
ratio was 12h : 12h. The algae suspensions were continuously stirred at room temperature
(25+1°C) by injecting air at a rate of 60 1/h.

In the microalgae dewatering experiment with the FO system, 500 ml of Scenedesmus
obliquus solution (0.1 g/1) and 200 ml of 1 M NaCl (AR, Tianjin Sinopharm Chemical Reagent,
China) were used for FS and DS, respectively. Both FS and DS used deionized water (DI)
(Milli-Qgard AZ MingChe® Integral, Merck Millipore, China) and the AL-DS mode (active
layer facing draw solution) was adopted.

2.2. Bench scale test system

In the first part of the experiment, to investigate permeate flux during the FO process with
an active surface area of approximately 14 cm?, bench-scale tests were conducted (Figure 1).
Two tubing pumps (WT600-2J-YZ1515X, Longer, China) were applied to inject the feed and
draw solutions into the channel simultaneously at the different rotating rates of feed and draw
solutions to investigate permeate flux difference on the FO membrane.

A commercially available CTA-FO membrane (SeaPack Crew Emergency Desalination
Pouch, HTI, USA) was used in this study. Two flow meters LZB-6 were used to monitor the
flow rate at both lines of DS and FS in the system. A conductivity meter (HI98197, HANNA,
USA) was used to record both conductivity and temperature of the FS. An electronic analytical
balance (ME2002T, METTLER TOLEDO, China) was used to measure the weight change of
DS and determine the permeate flux at same time.

Five different velocities (0.23 m/s, 0.31 m/s, 0.40 m/s, 0.55 m/s, 0.66 m/s) were selected



to investigate the filtration performance of microalgae dewatering by analyzing permeate water

flux. The water flux (I/m? -h) was determined by the following Eq. (1).
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where A m is the measured weight interval for the water that permeates from the FS to
the DS (g), p is the density of water (g/cm?), A is the effective membrane surface area (m?), and
t is duration of the experiment (h). The DS weight change was monitored at 5 min intervals by
using the ME2002T balance.
2.3. FO membrane module

In the second part of the experiment, the FO membrane module had symmetrical channels
that allow separate circulation of FS & DS and it was made from custom-made flat organic
glass. The rectangular channel was 7 cm x 2 cm X 0.3 cm in size. The inlet diameter was
designed to be 0.4 cm. The membrane was sandwiched between two organic glass plates by
using a silicon gasket and six stainless steel screws. The effective membrane area was the same
as the first part of the experiment in this module. Furthermore, the CTA FO membrane was
placed under the spacers in the feed channel, and the spacer gap was determined by thickness
of the silicon gasket.
2.4. Simulation experimental setup

The AL-FS orientation was adopted in FO performance experiments. A piezo film of
rectangle area (11 mm x 15 mm in size) was attached to the central section of the membrane
surface. The FS and DS were prepared by dissolving analytical grade NaCl (Tianjin Guangfu
Fine Chemical Research Institute, China) in pure water or deionized (DI) water (Milli-Qgard
AZ MingChe® Integral, Merck Millipore, China). The draw solutions consisted of five

concentrations (32 g/1, 50 g/1, 70 g/1, 100 g/1, 117 g/1) while the FS was 5 g/l NaCl resembling



the concentration of brackish water (BW).

The same method was adopted to establish the experimental setup, as shown in Figure 1.
And a magnetic stirring apparatus RCT was used to mix the FS and adjust its temperature. An
ME2002T scale was used to measure the weight change of draw solution and determine the
permeate flux at the same time. Voltage acquisition system used a voltmeter, one end of the
voltmeter connected with the piezoelectric film to achieve the output voltage, the other end

connected with the computer to obtain real-time count.

Fig. 1. Schematic diagram for FO experimental setup: 1, electronic balance; 2, draw solution;
3, FO membrane module; 4, magnetic stirring apparatus; 5, feed solution; 6, flow meters; 7,
peristaltic pump; 8, conductivity meter; 9, voltage acquisition system; 10, computer.
2.5. Piezo film

Commercially metallized piezo film sheets (11 mmx15mm in size) from MEAS (United
States) were used in the second experiment. The upper and lower surfaces of the PVDF film
were covered with a thin silver electrode layer, and the conductive silver glue from Capiton
Sci-Technology Company was coated with the silver electrode layer to lead the wire from the

electrode layer. The silver ink was used for electrode materials of PVDF thick films in the



metallization stage. 28 um thick films were chosen for this analysis. The pressure on the surface
of forward membrane was measured by piezoelectric PVDF sensors. The piezoelectric film was
attached to the surface of the film for testing, as shown in Fig. 2. PVDF film parameters are
shown in Table 1. The operating theory of PVDF film elements was employed that when force
is applied to compress or bend the film, PVDF will generate an external charge that is called
piezoelectric effect [43], which can be glued to the surface of the electrode to generate electrical
signals, i.e. the signal output by the universal meter. The pressure can be calculated by Eq. (2):
X= Vo=Z3nXat (2)

Where gsn is the piezoelectric coefficient, Xn is the stress added in the relative direction, t

is piezoelectric film thickness, and n is 3 in our study due to the electrode positions (top, mid,

bottom) on the film [44].
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Fig.2. The position of PVDF piezoelectric film on the membrane surface.
Table 1

The parameters of PVDF piezoelectric film.



Parameters Range

Operating Temperature -40°C to 80°C
Piezoelectric constant -33X102 C/N
Film thickness 28 L m
Capacitance 380PF/cm?*@1kHz
Maximum operating voltage 150V/mil(V/ um), DC, @25C

2.6. CFD model and simulations

To examine the hydrodynamic conditions, single-phase flow was used in three-
dimensional (3D) simulations to the membrane surface. It was assumed that the fluid is
Newtonian, incompressible, and isothermal turbulent, and has constant physical properties
under steady-state conditions [1, 45-46]. The governing equations for modeling fluid flow in a
steady-state system are the conservation of continuity and momentum equations listed below
[47].

(1) Continuity equation

V(pv)=0 3)
(i1)) Momentum equation

V(pwv) =-VP+V(2) + pg @

Where p is density (kg/m3), v is velocity (m/s), : is stress tensor (Pa), P is pressure (Pa),
1 is surface shear stress (Pa), and g is the gravitational force (N).

In this work, a geometric 3d block module with 15 spacers distributed throughout the
length of the chamber was investigated, which was simulated with approximately 390w, 313w
and 372w cooper cells with different spacer positions (0.3 mm, 1 mm, 2 mm away from the
membrane). A fine mesh was generated because of the importance of flow around the
membrane surface and spacers in this region. The model included inlet and outlet tubes with

diameters of 4 mm and lengths of 3 mm. To model the flow, combining the SIMPLE pressure-



velocity and segregated solution method, the governing equations were established, and were
discretized into a whole volume in the one-order scheme. The standard X -€ was used to
model the turbulent flow behavior [48, 49].

Five analysis surfaces along the gallery were set up at an interval of 10 mm and recorded
as Y =0.01 m, 0.02 m, 0.03 m, 0.04 m, 0.05 m respectively. The flow fields on each analytical
surface were investigated for different inlet velocities (0.23 m/s, 0.31 m/s, 0.40 m/s, 0.55 m/s,
0.66 m/s). Fig.3 presents membrane module model and the velocity analysis’ location on

membrane surface.

_ outlet

Fig. 3. Membrane module model and the velocity analysis’ location on the membrane surface.
(a) Membrane module model (b) the velocity analysis’ location.
3. Results and discussion
3.1 Effect of different Feed velocities on FO performance

Fig. 4 shows the membrane flux trends in the 6-hour bench-scale experiment under given
velocities. As shown in all the cases, the reaction time increased while water flux declined. This
decline is attributed to: (1) the loss of osmotic driving force of the whole FO membrane, due to
the dilution in the draw solution and (2) membrane fouling [50]. From 0.23m/s to 0.55m/s, the
feed velocities was positively related to the value of water flux with a given concentration of

draw solution. However, the water flux showed lower value at the velocity of 0.66m/s than at



Flux(/m?h)

0.55m/s, but still higher than at other velocities. Thus, 0.55m/s velocity exhibited a much
greater water flux, compared with the others during the whole FO process. This observation
coincides with the previous study [51]. As the inlet velocities directly change in water flux, to
better understand the character of membrane fouling under microalgae dewatering process, the
effect of hydraulics conditions in FO process should be investigated.

Fig. 4. FO tests with different inlet velocities under the same DS concentration (1.0 M NaCl):

(a) Different Water flux with the DS cross-flow velocity constant at 0.40 m/s; (b) The value of
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algae concentration with a 14 cm?> FO membrane under different inlet velocities.
3.2. Impact of operational conditions

Five flow rates ranging from 150 ml/min to 400 ml/min (corresponding to velocities of
0.2-0.7 m/s at the module inlet) were simulated in this study. And the influent flow
hydrodynamics on the membrane surface was researched. Fig. 5 and Fig. 6 show the velocity
and pressure profiles on the membrane surface under three different operational conditions. The
fluid flowed upward in the space between the channel and membrane. Fig. 5(a) presents a
predicted velocity profiles on the membrane surface in five velocities, and Fig. 5(b) shows

speed profiles at different sections.




3.2.1 Velocity profiles on the membrane surface under different operational conditions

The cross-flow velocity of the membrane surface was generally low at about 0.035 m/s
while the inlet velocity was 0.23 m/s (Fig. 5). Nevertheless, the average cross-flow velocities
reached 0.048 m/s and 0.066 m/s while the inlet velocities were 0.31m/ s and 0.40 m/s,
respectively, and the high velocity near the central axis of membrane began to increase, the
cross-flow velocity went down gradually along with the increased distance from the axis. The
lower cross-flow velocity was difficult to guarantee the high stability of the FO permeate
process, which is mainly because the lower inlet velocities in the system would lead to strong
erosion of the entrance and weak erosion on both sides of membrane, and could not cover the
entire membrane surface [52,53]. Therefore, it is necessary to set a suitably large inlet velocity
during the FO process. The distribution area of the higher velocity was increasingly wide with
the increase of inlet velocity. When the inlet velocity reached 0.55 m/s and 0.66 m/s, the average
velocities of the membrane surface were 0.098 m/s and 0.12 m/s, respectively. Gruber et al. [54]
used CFD simulation to study the influence of different cross-flow velocities on the change of
water flux in the FO process and showed that by increasing the tangential flow rate along the
FO channel, the external concentration polarization could be slowed down, and the membrane
flux could be increased. In this study, the area of high fluid velocity could basically cover the
entire membrane surface. The whole flow field was in a state of high cross-flow velocity, which
could ensure preferable solute mixing and infiltration at each position of the membrane surface
during the FO process.

Clearly, Fig. 5 shows that different inlet velocity caused the variation of membrane
velocity and distribution, and the membrane cross-flow velocity increased with the increase of

inlet velocity. A higher velocity was evident near the inlet entrance, and the velocities at



velocities 0of 0.23 m/s, 0.31m/s and 0.40m/s had a non-uniform distribution. The higher velocity
concentrated at the center of the membrane along the longitudinal direction, while decreasing
away from the center position. When the velocities were 0.55 m/s and 0.66 m/s, the higher
velocity covered a larger proportion of the membrane surface than the lower did. Greater cross-
flow velocity was at higher velocities on the membrane surface, while increasing the turbulence
of feed solution, which accelerated the solute transfer from the membrane surface layer to the
bulk solution, and relieved the negative effects caused by the ECP. This observation was proven
in previous studies. For example, Elimelech and Phuntsho [55, 56] have shown that the increase
of the flow velocity could increase the effective osmotic pressure difference to a certain extent
and promote the permeability coefficient of water, which was beneficial to the permeation of
pure water to the outside of the membrane. More importantly, it can effectively flush the
membrane surface to avoid the accumulation of solute molecules and slow down the
concentration polarization to ensure the continuous and stable infiltration process. The current
study also revealed that the increased velocity improved the effective osmotic driven-force
difference and subsequently enhanced the water permeation.

In conclusion, the results thus showed that (1) a spatial changing in velocity distribution
was generated along the channel, and then the permeate flux changed, and (2) due to higher
velocities, higher diffusion loads existed at specific locations on the membrane surface.
Moreover, on account of the high velocity generated through flow scour, the diffusion load on

a particular membrane may result in lower fouling.
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Fig. 5. The liquid velocity contour maps on the 7 cm x 2.5 cm membrane surface at various

velocities: (a) velocity profiles on the membrane surface (b) speed profiles at different sections.

3.2.2 Pressure profiles on the membrane surface under different operational conditions
Fig. 6 illustrates the membrane pressure assignment under five velocities, which increased

slightly in tandem with the velocities increased. The pressure distribution of the membrane



surface presents a basically uniform distribution at various velocities. When the inlet velocities
were 0.23 m/s, 0.31 m/s and 0.40 m/s, the average pressures of the membrane surface were
80Pa, 120Pa and 180Pa, respectively, as shown in Fig. 6(a). The pressure on the membrane
surface increased modestly with the inlet velocity increased. However, when the inlet velocity
reached 0.55 m/s and 0.66 m/s in Fig. 6(b), the average pressure of the membrane surface
increased to 300 Pa and 500 Pa, respectively. The membrane pressure assignment in these case
was distinctly higher than in other cases. This result showed that the pressure assignment on
the membrane surface varied with the change of inlet velocities. The pressure distribution over
the overall membrane area was relatively uniform, except near the inlet location where the
higher distribution of pressure was produced by hydraulic impact. This may be because with
the increase of inlet velocity, the fluid particle had a movement tendency perpendicular to the
membrane surface, which affected the infiltration process, in addition to the movement along
the length of the membrane [57]. Furthermore, this movement tendency also promoted the
penetration of water molecules. And the hydraulic pressure benefited the water permeation
process and enhanced the mass transfer [58].

As a consequence, the higher membrane pressure produced by enhancing inlet velocity
helped improve the permeability of the FO process. Velocities of 0.55m/s and 0.66m/s, which
showed good permeability, were identified as better operating conditions in this FO process.

Therefore, these simulation results indicate that spatial changes in velocity and pressure
distribution along the channel were followed by changes in permeate flux. Nevertheless, the
pressure distribution in the whole membrane surface was relatively uniform. Furthermore,
membrane surface performance could be optimized by increasing the inlet velocity, thereby

enhancing the performance of the FO process. When the inlet velocities were 0.55m/s and



0.66m/s, the cross-flow velocity and pressure of the membrane surface were larger and the
distribution was relatively uniform, which was electively better operating condition. However,
there is also energy consumption for increasing the velocity to improve the flow field. Hence,
taking into account both of the two factors, a velocity of 0.55 m/s should be selected as the

operation state.
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Fig. 6. The pressure distribution on the 7 cm x 2.5 cm membrane surface at various velocities:



(1) the inlet velocity is 0.23 m/s, (2) the inlet velocity is 0.31 m/s, (3) the inlet velocity is 0.40
m/s, (4) the inlet velocity is 0.55 m/s, (5) the inlet velocity is 0.66 m/s.
3.3. Impact of spacers’ configuration
3.3.1 Impact of the number of spacers

The selection of the number of submerged-type spacers in this study, was taken into
consideration the result of previous study that of all the configurations, submerged-type spacers
performed the best [59]. The spacer diameter was 1 mm and the distance between the spacers
was 2 mm in the numerical simulation. This section mainly presents the influence of the number
of spacers on the flow field at the membrane surface. The velocity and the membrane surface
pressures were simulated at the inlet velocity of 0.23 m/s when three spacer numbers (N=1, 11,
18) were added to the modules (Fig. 7, 8).

In Fig. 7, the value of pressure gradually increased with the increase of the spacer number.
The values of pressure near the center region of the membrane in three spacers varying from 1
to 18 at the inlet velocity of 0.23 m/s were 63 Pa, 75 Pa, and 94 Pa. The pressure values of
membrane were generally at a high level and mostly distributed in the area where the spacer
was located, as the spacers were evenly distributed within the module. The fluid flow,
barricaded slightly due to the presence of spacers, caused pressure changes on the membrane
surface. The outcome of pressure change might be beneficial to mass transfer in the osmosis
process. The velocity distribution on the membrane surface at three spacer numbers are
illustrated in Fig. 8. When the spacer number was 1, the higher velocity was approximately
0.096 m/s, concentrated at the center of the membrane along the width direction, while the
velocity on other positions was relatively low. This may be attributed to the presence of spacer

resulting in restricted membrane fluid flow, which in turn caused the non-uniformity of the



velocities distribution on the membrane [60]. When N = 11, the spacers were distributed over
most of the module. Obviously, the flow velocity in the area with no spacer began to decrease,
and the inhomogeneity of the whole membrane surface still existed. When F or N = 18, the
spacer had a complete coverage inside the module, and the distribution of the higher velocity

region was wider, which is better than that in other cases.
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Fig. 7. The pressure distribution upon the membrane surface at different numbers: (a) N=1,
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(b) N=11, (c) N=18.
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Fig. 8. The velocity contour upon the membrane surface at different numbers: (a) N=1, (b)
N=11, (c) N=18.

In conclusion, the velocity and pressure on the membrane surface showed non-uniform



distribution due to the location of the spacers. The phenomenon of non-uniform distribution
remained when the number was 11. Optimum velocity on the membrane surface occurred when
the spacer number was 18, and at that particular moment, the spacers were evenly distributed
in the channel. The presence of spacers ensured a more uniform spatial mass-transfer over the
membrane and increased the average membrane mass-transfer in the osmosis process [53]. As
a result, 18 spacers were selected as the ideal spacer configuration.

3.3.2 Impact of space structure

In the modules, three spacer positions (0.3 mm, 1 mm and 2 mm away from the membrane)
between the membrane and channel were used to examine the hydrodynamics of fluid flow.
And the spacers were guaranteed to be uniformly distributed. The liquid velocities of membrane
surface were analyzed in the flowing sections at the channel width of 1 mm, upward along the
length direction of the module.

Fig. 9 illustrates the velocity streamlines (the partially enlarged detail) of solution in the
channels. When the spacer was 0.3 mm away from the membrane, the flow velocities in the FO
feed channel demonstrated obvious variation in the transverse direction, accompanied with the
emergence of vortex. However, the low fluid velocity over the membrane surface could
generate the negative influence on mass transfer. On one hand, spacers could increase the cross
flow on the membrane interface to some extent and lead to the greater turbulence in the channel.
On the other hand, the spacer could infect the drag friction of boundary layer, which resulted
in the loss of momentum and intensified degree of ECP [61]. When the spacer is Imm away
from the film, the average velocity is about 0.041 m/s, which is higher than the average velocity
above the film when the spacer is 2 mm away from the film, which is 0.036 m/s. In the high

velocity scenario, the particles in the FS were much easier to leave from the membrane surface



to the stream, which could alleviate ECP effectively.

To improve FO permeability, a higher cross-flow velocity would have a better effect on
the penetration of water molecules and the shear force on the membrane surface [60]. Hence,
considering FO flow conditions which have on the most favorable permeability, the optimum

spacer configuration existed when the spacers were 1 mm away from the membrane.

x-velocity: -0.01 0 0.1 0.2 0.3

Fig. 9. The influence of different spacer positions on the streamlines of the membrane surface:
(a) 0.3 mm away from membrane, (b) | mm away from membrane, and (¢) 2 mm away from
membrane.
3.4. Comparison of experiments and simulations

In this section, the pressure caused by the cross-flow was calculated based on Eq (2). The
CFD simulation was confirmed by the lab experiment in which four different velocities were
adopted ranging from 0.25 m/s to 0.40m/s at the module inlet. According to Fig. 10, the
experiment and simulated results of the shear pressure on the surface were coincident.

Furthermore, a good agreement between experimental and CFD results motivated further



numerical studies regarding the effects on the pressure and flow velocity distribution of
changing cross-flow velocity. The results showed that piezo film could be used an effective
sensor in the micro-hydraulic monitoring. Moreover, based on the stable chemical properties of
piezo film sensor, the algae activity would not affect the piezo film sensor and thus it can be

used for micro-hydraulic monitoring.
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Fig. 10. The value of pressure upon the membrane surface under different velocities.

4. Conclusions

This study aimed to optimize the hydraulic character on FO membrane surface by
analyzing the pressure and velocity distribution in microalgae dewatering process. Numerical
simulation based on piezo film measuring method was combined with experimental
investigation. We found that the pressure and the velocity distribution were affected by the flow
rates at the module inlet and the spacer’s configuration in the stable microalgae dewatering
operation. The optimum spacer configuration was determined in this investigation. The results
demonstrated that the velocity distribution was relatively uniform and exerted a higher pressure

on the membrane when the velocity was 0.55 m/s. With reference to spacer configuration,



spacers were evenly distributed in the channel and the optimum spacer configuration existed
when the spacers were 1 mm away from the membrane. At the same time, the CFD simulations
were validated by experimental measurements with a reasonable margin for error. Therefore,
better hydraulic conditions in microalgae dewatering determined the efficiency and
productivity of the dewatering process. Further research is necessary on optimizing feed spacer,

using FO to dewater other algae species and using different draw solutions.
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