-

View metadata, citation and similar papers at core.ac.uk brought to you byﬁ CORE

Title A conceptual design of spacers with hairy structures for
membrane processes

Author(s) Li, W; Chen, KK; Wang, Y; Krantz, WB; Fane, AG; Tang, C

Citation Journal of Membrane Science, 2016, v. 510, p. 314-325

Issued Date | 2016

URL http://hdl.handle.net/10722/247297

Rights This work is licensed under a Creative Commons Attribution-
9 NonCommercial-NoDerivatives 4.0 International License.



https://core.ac.uk/display/129921438?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Author’s Accepted Manuscript
journal of
: : : MEMBRANE
A conceptual design of spacers with hairy SCIENC
structures for membrane processes ° e OO
o*82°2: ‘
090228 ;
e . . . eqqe %® :.:' o
Weiyi Li, Kai K. Chen, Yi-Ning Wang, William B. '
Krantz, Anthony G. Fane, Chuyang Y. Tang
www.elsevier.convlocate/mensci
PII: S0376-7388(16)30152-1
DOI: http://dx.doi.org/10.1016/j.memsci.2016.03.021

Reference: MEMSCI14359
To appear in:  Journal of Membrane Science

Received date: 11 October 2015
Revised date: 9 March 2016
Accepted date: 10 March 2016

Cite this article as: Weiyi Li, Kai K. Chen, Yi-Ning Wang, William B. Krantz,
Anthony G. Fane and Chuyang Y. Tang, A conceptual design of spacers with

hairy structures for membrane processes, Journal of Membrane Science
http://dx.doi.org/10.1016/j.memsc1.2016.03.021

This is a PDF file of an unedited manuscript that has been accepted fo
publication. As a service to our customers we are providing this early version o
the manuscript. The manuscript will undergo copyediting, typesetting, an
review of the resulting galley proof before it is published in its final citable forn
Please note that during the production process errors may be discovered whic
could affect the content, and all legal disclaimers that apply to the journal pertain


http://www.elsevier.com/locate/memsci
http://dx.doi.org/10.1016/j.memsci.2016.03.021
http://dx.doi.org/10.1016/j.memsci.2016.03.021

A Conceptual Design of Spacers with Hairy Structures for

Membrane Processes

Weiyi Li%, Kai K. Chen®, Yi-Ning Wang?, William B. Krantz*¢, Anthony G.

Fane®®, Chuyang Y. Tang™

Singapore Membrane Technology Centre, Nanyang Technological University, Singapore
®School of Civil and Environmental Engineering, Nanyang Technological University, Singapore
‘Department of Chemical and Biological Engineering, University of Colorado, U.S.A.
Department of Civil Engineering, the University of Hong Kong, Hong Kong SAR, China
“Correspondence to: Department of Civil Engineering The University of Hong Kong Pokfulam

Road, Hong Kong SAR, China. Tel: +852 2859 1976 fax: +852 2559 5337. tangc@hku.hk

Abstract

The development of membrane technology requires spacers that can significantly
enhance the mass-transfer rate while avoiding a severe pressure drop across the
membrane module. A potential solution to this challenge is to introduce some flexible
and dynamic structures into the spacer mesh. The current work was motivated to explore
a conceptual design of spacers with hairy structures. The hairy structures were simulated
using highly flexible nylon fibers that were fixed on a well-designed framework. The
effects of fiber asymmetry and spacing on the vibrations were discussed in terms of the
observations via a high speed camera. A variety of spacer prototypes were employed in a
forward osmosis process to examine the performance of the hairy structures. The
experimental results indicate that fiber vibrations could have a great impact on the mass

transfer in the vicinity of the membrane surface and enhance the filtration flux (up to



~20%). This fundamental study not only provides insight into the mechanisms
underlying the complex fiber-flow interactions but also charts the direction for future

hairy spacer design.
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Vibration spectral analysis

1. Introduction

The filtration performance of a spiral wound module (SWM) can be significantly
affected by the spacers. They not only define the space between the membrane leaves,
but also play a role as a turbulence promoter (some studies refer to them as an eddy
promoter since the flow may not be fully developed [1, 2]). Schwinge et al. indicate that
the spacer in a fluid channel can intensify the mass transfer, thereby mitigating the
negative effects caused by the concentration polarization (CP) and membrane fouling [2].
It is of primary importance to optimize conventional spacers and design novel structures
for better filtration performance. Indeed, if potential improvements in membrane
permeability are to be translated into higher fluxes, it will be necessary to develop

spacers with better mass-transfer performance.

Early studies of spacer-filled modules concentrated on investigating the effects of the
basic geometrical characteristics (e.g., mesh size, filament thickness, spacer orientation,

etc.) of conventional spacers on the pressure drop and mass transfer [3-5]. These studies



were further refined by advanced approaches based on computational fluid dynamics
(CFD) [1, 6-14] owing to the development of computational technologies. With the aid
of CFD-based simulations, deeper insight was obtained to reveal the complex
hydrodynamic environment in spacer-filled channels and to optimize the basic
geometrical characteristics for better performance. Some novel experimental approaches
were also developed to visualize the secondary flows caused by the spacers. For
example, Willems et al. [15] employed particle-imaging velocimetry (PIV) to investigate
the planar velocity distribution in spacer-filled channels; Gao et al. [16] developed a
characterization technique based on optical coherence tomography (OCT) that is able to
obtain the depth profiles of the fluid field in a unit spacer cell. As more knowledge about
conventional spacers was obtained, researchers began to design novel spacers with

modified structures for further enhancing filtration performance.

The modifications were initially made by changing the geometry of the filaments.
Most of these ideas were borrowed from the spacer designs for heat exchangers, such as
twisted tapes [17, 18]. Several novel designs specific for the spacers used in a membrane
module were also reported in the past decade. For example, Schwinge et al. [19] added
an additional layer of filaments into the conventional spacer mesh that consists of
filaments crossing each other in two directions. The idea of this design is to reduce the
void space in the fluid channel without increasing the membrane area covered by the
spacer. Spacers with multilayer structures were studied by researchers from the
University of Twente [20, 21]. In contrast to the designs for generating more vortices in
the fluid channel, these designs were aimed at optimizing the distribution of the vortices.

This is realized by sandwiching a spacer with normal or modified filaments between two



thinner spacers that contact the membrane surface in a more intimate manner; the middle
layer diverts the bulk flow to the channel walls while the outer layers generate eddies in

close proximity to the membrane surface.

Although these modified spacers are able to markedly enhance the mass transfer, they
inevitably increase the pressure drop through the membrane module, thereby resulting in
higher energy consumption. Studies of spacer design [22] have rarely reported a higher
mass-transfer coefficient while avoiding a significant increase in the pressure drop. Xie
et al. [23] recently employed sinusoidal spacers in reverse osmosis (RO) processes, which
were originally designed for heat exchangers [24]. It was expected that the sinusoidally
shaped channels could reduce the hydrodynamic resistance owing to the smoother paths.
However, a marked increase in the pressure drop was observed when the amplitude of the

sinusoidal curve was increased and the wavelength was shortened to some critical values.

An interesting phenomenon in nature is that some organisms growing in flowing water
usually develop flexible bodies that help them minimize hydrodynamic drag forces by
deforming into a more streamlined shape. This is like a tree that bends itself in a strong
wind. The underlying mechanisms of these phenomena that are related to the drag
reduction through self-similar bending of a flexible body were experimentally and
theoretically studied by Alben et al. [25] (a summary of their work is given by Steinberg
[26]). Flexible structures usually undergo severe vibration (or flapping) due to the
complex fluid-structure interactions as shown by several studies [27-30]. Taherzadeh et
al. [31, 32] studied the behavior of the streamers in a biofilm and demonstrated that the
oscillatory movement of the streamers is beneficial to the mass transfer in the biofilm.

The aforementioned studies suggest that introducing some flexible structures into the



spacers in a membrane module might be a possible way to achieve a better balance

between the mass-transfer enhancement and pressure loss.

The objective of the current work was to explore a conceptual design of spacers with
hairy structures via a series of well-designed experiments. The vibrations of the fibers
were observed using a high speed camera and mathematically analyzed over both time
and frequency domains. Instead of aiming at completeness, the investigation was focused
on the effects of fiber asymmetry and spacing. Prototypes with various fiber arrays were

employed in a lab-scale forward osmosis (FO) process to evaluate the performance.

2. Experimental design and analysis

2.1 System for observing the fiber vibrations and testing the filtration performance

In order to observe the interactions between the fibers and flow, an acrylic filtration
cell used for FO filtration was modified to accommodate a high speed camera. Fig. 1
shows a schematic of this dual function cell that can be used not only for the FO filtration
but also for observing the vibrations of the hairy structures. Similar to that used in a
previous study of the authors for non-invasive characterization via OCT [16], the central

region of the top plate (140 mm =100 mm =15 mm) of the filtration cell was replaced by a
very thin glass window (64 mmx32 mmx2mm) as shown in Fig. 1 (a). Both the top

and bottom plates had a fluid channel with the same size (92 mmx45 mmx3.5mm).

Fig. 1 (b) shows the framework that was designed for fixing the fibers in the fluid
channel. This rectangular framework was composed of two lengthwise pieces with a

width of 9.5 mm and two transverse pieces with a width of 9 mm. The thickness of the



lengthwise pieces approximately matched the depth of the fluid channels (3.5mm),
whereas the transverse pieces had an indent of about 2.5mm on the side facing the
membrane so that the fluid could enter the channel with less resistance. Therefore, the
effective cross-sectional area of the fluid channel was approximately 91x107° m? (
26 mmx3.5mm ). The fibers were glued onto a disposable plastic strip (
91 mmx4mmx0.5mm). This strip then was fixed into the framework by applying

modeling clay to the indents so that the distance between the fibers and the membrane
surface could be adjusted. In all the experiments the fibers were in close proximity to the

membrane surface (varied from ~0.5 to 1.5 mm).

A high speed camera (Olympus, i-Speed LT) was employed to record the fiber
vibrations and the combination of the dual function cell and the high speed camera is
schematically shown in Fig. 2. A low temperature light source (Olympus, ILK-7A) was
used to facilitate the video recording at a high frame rate. The top and bottom fluid
channels were separated by an FO membrane (TFC-FO, water permeability ~2.6
LMH/bar, NaCl rejection ~94.8%, HTI, Albany, OR). Pure water was circulated through

the top channel via a gear pump (Cole Parmer, 75211-35). The flow rate was fixed at
approximately 3.2x107° m3/s (the Reynolds number based on the channel hydraulic

diameter was 2415). For the vibration characterization no solution was pumped into the
bottom channel. Instead, a glass plate with the same size as the channel was placed in the

bottom channel such that the effective channel height for the hairy structures could be
close to that used in a membrane module. In contrast, a salt solution (NaCl, 1mol/L)

was circulated through the bottom channel as the draw solution during the FO filtration



experiments. The permeate flux was measured by weighing the tank containing the salt
solution. Specially, the active layer of the FO membrane was exposed to the draw
solution to reduce the effect of the internal concentration polarization (ICP) [33, 34]; the

flow rate in each channel was set at the same level for all the filtration tests.
2.2 Characterization of fiber vibrations

One of the key steps to reveal the complex fluid-fiber interactions is to characterize the
fiber vibrations under various conditions. The hairy structures are similar to a flexible
cantilever beam whose free vibration consists of a series of modes associated with the
corresponding natural frequencies. More complex vibration modes can occur when the
beam is subject to dynamic external loads. In the current work the vibration
characterization was implemented by analyzing the displacement of the fiber tip rather

than the entire fiber.

The hairy structures were simulated using a segment of nylon thread with a nominal

diameter D of 0.2mm . The elastic modulus E of this nylon thread, which was
measured by an electromechanical system (MicroTester, Instron 5848), was
approximately 0.09 GPa, and its specific mass (mass per unit length) was approximately
3.5x10° kg/m. Thread segments having a length L=11mm (L/D=55) were glued
onto the strip to form a single fiber or a fiber array. The effects of the asymmetry were
investigated by attaching an epoxy bead to the fiber tip. The diameter ratios of the bead
to the fiber D,/D were 3 and 7 for the small and large beads, respectively. The image

samples (representative frames chosen from the video clips) of both the uniform (in the

upper panels) and asymmetric fibers (in the lower panels) are shown in Fig. 3. Specially,



the semi-transparent fibers were marked at their tip and base with black color for digitally
tracking the movement. The post-treatment of the images was implemented using

MATLAB codes that were developed in-house.

The bending of the fibers was ignored in the analysis so that the displacement of the
fiber tip could be characterized by a well-defined angular displacement. As shown in the
left panels of Fig. 3, the fibers at rest are approximated by a dashed straight line segment
with green color connecting the fiber tip and base. In all the experiments the initial
position of the fibers was adjusted so that the axial direction of the fibers (i.e., the green
dashed line) was approximately perpendicular to the direction of the bulk flow. At a
certain instant, the fiber deviated from their initial position, and the instantaneous
position is denoted by the dashed line segments with blue color in the middle panels of
Fig. 3. The angle o« between the green and blue line segments was defined as the

absolute angular displacement.

The equilibrium position of the fiber during the vibration was different from its
position at rest due to the effect of the flow. In this analysis this equilibrium position was

approximately evaluated by averaging the absolute angular displacements over time (

a:Zai/n) and is denoted by the red line segments in the right panels of Fig. 3.

i=1
Therefore, the relative angular displacement & was defined as the angle between the blue
and red line segments. The major objective of the vibration characterization was to
obtain the relative angular displacement as a function of time from the video clips. Each

video clip recorded the fiber vibration for approximately 15s at a frame speed of

1000 fps. Moreover, one needs to note that the vibrations recorded by the high speed



camera are actually projections of the three-dimensional vibrations onto an optical plane
that is perpendicular to the probe light. This limitation prevented analyzing possible
vibration components in the direction parallel to the probe light. When the fiber is
perpendicular to the bulk flow, the vibration analysis employed in the current work

indicates the fiber fluctuations that are approximately aligned with the flow.

Three fiber configurations were employed in the current investigation. The basic
configuration had a single fiber centered in the channel as shown in Fig. 4 (a). Two
parallel fibers in a tandem arrangement constituted the second configuration as shown in
Fig. 4 (b). The pitch ratio, which is the ratio between the fiber spacing and the fiber

diameter L,/D, was set at 4 for the short spacing cases and 10 for the long spacing

cases. Fig. 4 (c) shows the fiber array for the third configuration. The basic pattern in
this array involved four parallel fibers, which were separated into two tandem groups

attached to the strips in an alternating pattern so that they partially nested into each other.
3. Experimental results and discussion
3.1 Effects of fiber asymmetry and spacing on the vibrations

Understanding the behavior of a single fiber in a fluid flow is of fundamental
importance for designing the spacer with hairy structures. There could be many factors
that have impact on the interactions between the fiber and fluid. As a starting point for
this experimental investigation, the focus was on the effects of fiber asymmetry spacing.
In this vibration characterization the tested fibers were positioned in the middle of the
fluid channel with its axial direction perpendicular to the direction of the bulk flow. The

movement of the fiber tip relative to its base was recorded by the high speed camera as



the crossflow rate was set at 3.2x10° m®/s. The duration of each observation was

approximately 15s.

The asymmetry of a fiber was varied by attaching epoxy beads having different aspect

ratios D,/D 3 and 7 to the fiber tip and the characterization results were compared with

those from the uniform fiber, i.e., the aspect ratio D,/D=1. The time series of the

relative angular displacement are demonstrated in Fig. 5 for differently sized beads. It is
evident that the asymmetric fibers gave rise to a vibration with markedly higher
amplitudes than the uniform fiber. The variation in the vibration modes is directly
associated with the change of the moment of inertia, which is caused by the bead in this
case. Besides, the bead also increased the contact area between the fiber and the flow,
thereby amplifying the intricate fiber-flow interactions. Nevertheless, the fiber with a

larger bead (D, /D =7) is not notably superior to the one with a smaller bead (D, /D =3)
as can be seen by comparing Fig. 5 (b) with Fig. 5 (c).

An important source of the vibration excitation in a fluid system is some flow
instabilities associated with the structural motions [35], such as vortex shedding whose
threshold is usually associated with the Reynolds number Re, based on the diameter of
the bluff body. It is generally accepted [36] that the critical value of Rej is

approximately 40, beyond which vortices begin to shed with a certain frequency. For

the uniform fibers used in this study, the value of Re, is approximately 78, which

indicates that vortex shedding could be one of the mechanisms accounting for the fiber

vibrations. The estimated value of the shedding frequency f, is higher than 200 Hz in

10



terms of the correlation between the Strouhal number St= f.D/u (u is the velocity of

the free stream) and Re, [37]. However, the spectral analysis shown in Fig. 6

(normalized energy spectral density (ESD) vs. frequency) does not indicate any
component having frequencies in this region. Previous studies [38-42] revealed that
vortices can also be formed at the free end and base region of the cantilevered structure.
These end effects can significantly change the pattern of the vortices shed from the bulk
body, thereby resulting in the so-called oblique shedding at a relatively low frequency.
This is especially true when the cantilevered structure is flexible [28, 43, 44] and

asymmetric (e.g., cylinders with end plates [45, 46]).

The hairy structures could be fiber arrays containing a number of fibers. It is expected
that fiber combinations would have synergistic effects on the flow field. The basic unit in
a fiber array consists of two fibers in a tandem arrangement as shown in Fig. 4 (b). The
wake of the upstream fiber may have a significant influence on the vibrations of the
downstream fiber, since the flow direction is normal to the axial direction of the fibers.
In this study the investigation focused on the response of the downstream fiber while
varying its position relative to the upstream fiber. The downstream fiber was positioned

in the neighborhood of the upstream fiber for two different pitch ratios (L,/D =4 and 10

). A single fiber can be viewed as the extreme case in which the distance between the
upstream and downstream fibers is infinite. Therefore, the results for a single fiber are

used as the baseline for comparison.

Two uniform fibers were employed in the tests and the vibration characterization was

applied to the downstream fiber. The characterization results are plotted as the relative

11



angular displacement versus time in Fig. 7. These time series clearly indicate that the
wake of the upstream fiber had a significant impact on the vibration behavior of the
downstream fiber. In contrast to the result in Fig. 7 (a) for the single fiber, not only the
vibration amplitudes of the downstream fiber but also the extent of the fluctuations was

substantially increased when the spacing between the fibers was reduced from infinity to

L,/D =10 as shown in Fig. 7 (b). However, a closer arrangement of L /D =4 did not

result in any discernible changes in the vibrations as indicated by Fig. 7 (c).

The vibrations of the downstream fiber were also analyzed based on the corresponding
spectral decomposition, which is shown by plotting the normalized ESD versus frequency
in Fig. 8. It shows that the bandwidth of the frequency is getting broader as the spacing is
reduced. The vibration gains more high frequency components whereas the intensity of

the low frequency components is decreased. In contrast to the spectrum for the long

spacing case (L,/D =10), a strong peak at a frequency of 100 Hz is clearly observed in
the spectrum for the short spacing case (L,/D =4). It is possible that this high frequency

vibration was induced by some structure-related instability of the flow rather than the

fluctuations in the free stream.
3.2 Membrane performance tests with different fiber arrays

The ultimate objective of using the hairy structures is to enhance membrane flux by
increasing the mass-transfer coefficient in the vicinity of the membrane surface. One of
the advantages of using hairy spacers is that the fibers can be placed at a position

extremely close to the membrane surface as can be seen in this work (less than 1 mm for

a uniform fiber). It was expected that the concentration boundary layer could be directly

12



disturbed by the vibration of the fibers. In order to verify the effect of the fiber vibration
on the mass transfer, fiber arrays composed of more fibers were fabricated and used in

the FO tests.

Intuitively, flexible fibers are superior to rigid fibers that cannot be excited by the flow.
It is nevertheless worthwhile to examine the difference resulting from the vibration of
flexible structures. Following this idea, rigid fibers were approximated by stretching the
segments of nylon thread across the width of the channel as taut as possible. The pitch
ratio was set at 10 so as to form approximately 40 stretched strings. After being used to
test the performance during FO, these strings were cut at one end to form the fiber pattern
as shown in Fig. 4 (c). This fiber array served as a prototype of the spacer with hairy

structures in the FO tests. Epoxy beads (D,/D=3) then were attached onto the fiber

tips, and the FO test was repeated with this spacer prototype having asymmetric fibers.
Each of these spacer prototypes was duplicated for conducting repeat tests so that the

evaluation of the filtration performance could be done in a statistical fashion.

The permeate flux for the FO was measured for each spacer prototype and the results
are compared in Fig. 9. These results were normalized in relation to the case with the
taut strings. It shows that the permeate flux was marginally increased when the stretched
strings were turned into free fibers. However, the confidence interval for the case with
the uniform fibers overlaps that of the case with the taut strings. In spite of the
measurement uncertainties, it indicates that the change resulting from the vibration of the
uniform fibers is not stable or strong enough to confirm any advantage of using the hairy

structures. When the asymmetry of the fibers was increased by attaching the beads, the

13



filtration flux was significantly increased in comparison to the cases with the taut strings

and uniform fibers.

In order to better understand the mechanisms underlying the variation in the filtration
flux, the vibration characterization was applied to a fiber approximately centered in the
array. The vibrations of the uniform and asymmetric fibers are plotted as a time series in
Fig. 10 and the corresponding spectral decomposition in Fig. 11. In comparison with the
case of two uniform fibers, the time history of the uniform fiber in the array exhibits
vibrations with relatively small amplitudes as shown in Fig. 10 (a), and some high
intensity components are found within the low frequency regime in Fig. 11 (a). The most
significant changes are observed for the array with the asymmetric fibers. As clearly
shown in Fig. 10 (b), large amplitude fluctuations are frequently found in the time series.
These impulse-like signals result in more high intensity components at very high

frequencies (even higher than 100 Hz) according to the spectral decomposition in Fig. 11

(b). Itis reasonable to infer that these random vibrations could promote the turbulence in
the region very close to the membrane surface, where the salt concentration was
increased owing to the back diffusion of salt from the draw solution and thereby reduced
the driving force (i.e., the osmotic pressure difference). The increase in turbulence within
the concentration boundary layer would improve the mass transfer near the membrane
surface, i.e., a higher mass-transfer coefficient, thereby mitigating the external
concentration polarization on the feed solution side. Note that the efficiency of FO
processes is mainly limited by the internal concentration polarization, which may not be
significantly affected by the disturbances outside the membrane structure. Therefore, it is

expected that more significant improvement would be achievable when applying the

14



hairy structures to an RO process, whose efficiency is dominated by the external

concentration polarization.

4. Implications and perspectives

Novel hairy spacers were developed for the first time. Unlike conventional spacers
that are rigid in shape and remain static under crossflow conditions (i.e., passive
turbulence promoters), flexible fibers can be used to form hair-like structures as shown
by this work. The fiber vibrations induced by the crossflow conditions can effectively
promote mass transfer in membrane flow channels. In this regard, the current study

opens a new paradigm for “activated” spacer design.

The spacer prototypes used in this conceptual design were in a form having minimal
effects of the framework for fixing the fibers. For more realistic designs the framework
can be a spacer with conventional or novel structures. Well-designed combinations of the
framework and fibers may further enhance the membrane performance in a synergistic
way. Such designs will involve more intricate considerations, such as the geometry,
material, and orientation of the fibers, the structure of the framework, and others. Spacer
asymmetry was achieved in this study by attaching a small bead to the end of the fiber.
For practical applications, more nonlinear structures (e.g., curved fibers, fibers with the
free end enlarged, and fibers with flakes attached to it) could be employed to achieve
similar or better performance. The advancement of three-dimensional printing

techniques will enable such structures to be fabricated at moderate cost.

Hairy structures may also be able to mitigate membrane fouling since the fluid

instabilities caused by fiber vibrations should prevent or reduce the deposition of the

15



fouling particles on the membrane surface. Although the pressure loss was not examined
in this study due to limitations of the lab-scale filtration module, it is likely that less
pressure drop would be caused by the flexible fibers in comparison to the thicker fixed

filaments in conventional spacers. This is to be examined in further work.

5. Summary and conclusions

A conceptual design of spacers with hairy structures was presented in this paper. The
vibration behavior of the flexible fibers was investigated using a custom-designed
experiment platform combining a high speed camera and an FO membrane system. The
characterization results were interpreted by both time-series and spectral analyses. The

following conclusions can be drawn from the experimental results:

Q) The intensity of the vibrations can be improved by increasing the asymmetry of
the fiber, though the improvement is limited in some regimes;

(i) The vibration of a fiber can be significantly affected by the neighboring fibers;
the coupling effects can be well-controlled by varying the spacing;

(iii)  The fiber arrays can effectively disturb the concentration field near the
membrane surface; the mass-transfer rate can be substantially enhanced when

severe fiber vibrations are excited.

In addition, the underlying mechanisms accounting for the complex fiber-flow
interactions were analyzed on the basis of the vibration characterization. The
characterization results indicate that vortex shedding could be mainly responsible for the
dynamic behavior of the fibers. More detailed and rigorous investigation is required to

further develop the spacers with hairy structures.
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Figure Legends

Figure 1 Schematic of the dual function cell for the vibration characterization and FO
filtration: (a) the structure of the top plate (with the observation window) and the bottom
plate; (b) the framework for fixing the fibers. Both plates have a fluid channel with the

same geometry.

Figure 2 Schematic of the experiment system for the vibration characterization. The
fiber vibrations were observed using the high speed camera. During the vibration
characterization, pure water was circulated through the top channel filled with the
framework carrying the fibers whereas the bottom channel was filled with a glass plate.

During the FO filtration evaluation, both the channels were filled with the same spacer
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prototypes, and the feed and draw solutions were circulated through the respective

channels in opposite directions.

Figure 3 Typical fiber images from the high speed camera showing the definitions of the
quantities used in the vibration characterization. The upper panels are for the uniform
fiber while the lower panels show the asymmetric fiber formed by attaching an epoxy
bead onto the fiber tip. The tip and base of the fibers are marked by black color for
tracking the movement in the post-treatment. The green dashed line segments indicate
the position for the fiber at rest; the blue dashed line segments denote the fiber position at
any instant during the vibration; the red dashed line segments indicate the equilibrium
position that was calculated by averaging the instantaneous positions over time. The
absolute angular displacement was defined as the angle « between the blue and green
dashed line segments while the relative angular displacement was the angle & between

the blue and red dashed line segments.

Figure 4 Schematic of the fiber configurations: (a) a single fiber centered in the channel,
(b) two fibers in tandem arrangement; (c) fiber array with fiber bundles (containing two
fibers) alternately attached to the opposite borders of the channel. The direction of the

bulk flow was normal to the axial direction of the fibers.

Figure 5 Characteristic time series of the vibrations of a single fiber while varying the
fiber asymmetry. The asymmetric fibers were formed by attaching an epoxy bead onto

the fiber tip, and the asymmetry is characterized by the diameter ratio of the bead to the
fiber D,/D. The vibrations are described by the time history of the relative angular

displacement, which is the deviation of the instantaneous angle from the equilibrium

position.

Figure 6 Spectral decompositions of the vibrations of a single fiber while varying the
fiber asymmetry. The asymmetric fibers were formed by attaching an epoxy bead onto
the fiber tip, and the asymmetry is characterized by the diameter ratio of the bead to the

fiber D,/D. The energy spectral density was normalized and plotted by using a drop

line at each frequency.
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Figure 7 Characteristic time series of the vibrations of a fiber downstream of another

fiber while varying the pitch ratio L,/D . Both the fibers were uniform, and the flow rate

was 3.2x10° m®/s. The vibrations are described by the time history of the relative

angular displacement, which is the deviation of the instantaneous angle from the

equilibrium position.

Figure 8 Spectral decompositions of the vibrations of a fiber downstream of another fiber

while varying the pitch ratio L,/D . Both the fibers were uniform and the flow rate was

3.2x10° m®/s. The energy spectral density was normalized and plotted by using a drop

line at each frequency.

Figure 9 Comparison of the permeate fluxes of the FO filtration with various spacer
prototypes. The spacer prototypes contained about 40 fibers (including taut strings,
uniform fibers and asymmetric fibers with D, /D = 3) fixed onto the framework in terms
of the pattern in Fig. 4 (c). During the tests, both the top and bottom channels were filled
with the same spacer prototypes. The flow rate was 3.2x10°° m®/s in each channel. The

experimental results were normalized by the mean of the filtration flux from the case with

the taut strings in the channel.

Figure 10 Characteristic time series of the vibrations of the central fiber in the arrays
with uniform fibers and asymmetric fibers (D, /D =3). The fiber arrays contained about
40 fibers fixed onto the framework in terms of the pattern in Fig. 4 (c). The flow rate
was 3.2x10° m3/s. The vibrations are described by the time history of the relative

angular displacement, which is the deviation of the instantaneous angle from the

equilibrium position.

Figure 11 Spectral decompositions of the vibrations of the central fiber in the arrays with
uniform fibers and asymmetric fibers (D,/D =3). The fiber arrays contained about 40
fibers fixed onto the framework in terms of the pattern in Fig. 4 (c). The flow rate was
3.2x10° m3/s. The energy spectral density was normalized and plotted by using a drop

line at each frequency.
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Research Highlights

Novel spacers with hairy structures were explored for enhancing the performance
of membrane processes.

Experimental study was carried out using the prototypes to verify and optimize
the dynamic responses of the hairy structures to the flow.

Performance tests using the prototypes in an FO process imply that this novel
spacer design could significantly improve the efficiency of membrane processes.
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