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ABSTRACT

The aim of this research was to study the role of hydrodynamic conditions on the efficacy of physical
cleaning (rinsing and backwash steps using water and/or air) for hollow fiber nanofiltration (HFNF).
Bench-scale inside/out HFNF membranes, as well as hollow fiber ultrafiltration (HFUF) tested as a
reference, were fouled in dead-end (DE) or crossflow (CF) operation with synthetic water consisting
of a mixture of sodium alginate and kaolin clay. Six physical cleaning strategies (3 average water
velocities ranging from 0.06 to 0.27 m/s x 2 air velocities (0.51 m/s or none) were tested after triplicate
filtration cycles. The physical cleaning efficacy was assessed by performing a mass balance recovery
of the alginate and kaolin fed in the system. No difference in physical cleaning efficacy was observed
for the two types of membranes in CF operation. High water velocity and air addition improved the
physical cleaning efficacy. During CF operation, alginate and kaolin were mostly (75%—-86%) recovered
in the concentrate as opposed to physical cleaning waters (below 8%). Fouling management achieved
by a combination of physical cleaning and CF operation was superior to what was achieved in DE
operation with physical cleaning. For HFNF, the energy costs for physical cleaning were marginal
compared with those associated with CF operation, but can be reduced by using a shorter backwash
duration and air-assisted forward flush.

Keywords: Hollow fiber nanofiltration; HENF; Dual-phase flow; Backwash; Energy consumption;

Drinking water

1. Introduction

As opposed to ultrafiltration (UF), nanofiltration (NF)
membranes can retain a significantly higher fraction of natu-
ral organic matter (NOM) including disinfection by-product
precursors as well as trace organic contaminants, whether
regulated (e.g., pesticides or algae toxins) or of emerging con-
cern (e.g., endocrine disruptors or personal care products).
However, the expansion of NF in the water industry has been
limited by its relatively low flux, high energy consumption

* Corresponding author.

and fouling propensity compared with low-pressure mem-
branes (e.g., microfiltration and UF) [1]. Currently, NF mod-
ules are typically configured as spiral-wound elements,
which cannot effectively be physically cleaned. In addition,
many NF membrane materials (e.g., polyamide) cannot be
cleaned with oxidants such as hypochlorite solutions, lim-
iting the ability to control microbial and organic fouling.
Therefore, adequate pre-treatment prior to spiral-wound NF
is essential for the successful application of this technology
[2]. The recent development of commercial hollow fiber NF
membranes (HFNF), which can be physically cleaned, as well
as chemically cleaned with oxidants such as hypochlorite
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solutions (e.g., X-Flow HFW1000), represents a significant
innovation for the water industry. The possibility to reduce
the extent of pre-treatment required before HFNF could
expand the application of this technology.

Membrane fouling has been investigated under various
angles such as the water characteristics [3-5], the membrane
composition [6-8] and operation conditions [9,10]. The pres-
ent study focuses on physical (hydraulic) cleaning, which
is an important strategy for managing fouling of hollow
fiber membranes. In hollow fiber UF (HFUF), this is typi-
cally achieved by a combination of steps including single
or dual-phase (i.e., air/water) rinsing (i.e., forward flush)
and backwashes. To the best of our knowledge, no studies
have assessed if physical cleaning strategies commonly used
for HFUF would also be applicable for HFNF membranes.
Considering the current knowledge on fouling mitigation, it
is expected that the use of air could play an important role to
mitigate fouling in HFNF systems. Air addition in outside/in
HFUF systems during permeation is recognized as an effec-
tive approach to reduce fouling [11,12]. The efficacy of foul-
ing control has been correlated to wall shear stress induced
by rising air bubbles and fiber movement. Air addition (i.e.,
dual-phase air/water for feed flow) was also demonstrated to
be effective at reducing fouling for inside/out HFUF mem-
branes [13-16]. The flow pattern plays a key role with slug
flow being considered as the most effective for fouling mit-
igation. Once again, efficacy was correlated with the shear
induced by the dual-phase flow [14,15]. With respect to HFNE,
dual-phase flow obtained by injecting air during crossflow
(CF) operation was also reported to increase permeate flux
while reducing the concentration-polarization induced by
the synthetic water tested (7-12 g/L MgSO,-7H,0O) [17].

As asecond option, dual-phase flow can also be used during
physical cleaning rather than during permeation. The efficacy
of physically assisted air cleaning of HFUF has been shown for
dead-end (DE), outside/in [18] and inside/out [19] operation. In
the last case, the authors identified air-assisted backwash (BW)
followed by a final rinsing step as the most cost-effective strat-
egy. In a subsequent study, they recommended a mass balance
analysis as the most sensitive method to estimate physical clean-
ing efficacy (rather than analyzing permeability loss) [20].

Although it is anticipated that air-assisted physical
cleaning will also be beneficial to mitigate fouling in HFNF
membranes, there are several important differences in their
operation compared with that of HFUF membranes that
suggest differences in the efficacy of physical cleaning strat-
egies for HFNF and HFUF. First, commercially available
HFNF membranes are operated with CF, while HFUF mem-
branes are typically operated in DE mode for drinking water
applications. CF is useful to reduce NOM concentration-
polarization [21] and limit cake accumulation [22]. Second,
the operating flux of HFNF (10-25 LMH) is significantly
lower than that of HFUF (50-100 LMH) systems, which
implies lower foulants advection to the membrane. Third,
NOM retention is higher in HFNF due to the lower molec-
ular weight cut-off of these membranes. Consequently, the
objectives of this research were to: (i) compare the efficacy
of various physical cleaning strategies for HFNF membranes,
(ii) evaluate the impact of operating conditions on physical
cleaning strategies, and (iii) explore the hydrodynamic and
economic benefits of dual-phase physical cleaning strategies.

2. Materials and methods
2.1. Membrane modules

The experiments were carried out using bench-scale
inside/out HFUF and HFNF membranes (Pentair, X-Flow®).
The two bench-scale modules had an identical filtration sur-
face (0.07 m?), module length (30 cm) and inner fiber diam-
eters (0.8 mm). The molecular weight cut-offs of the HFUF
and HFNF membranes are 150 and 1 kDa, respectively. The
HFUF membrane is composed of a Polyethersulfone (PES)/
Polyvinyl Pyrrolidone (PVP) blend, and the HFNF material
is a modified PES [23]. Although a 1-kDa molecular weight
cut-off (MWCO) could be considered either as a loose NF or
a tight UF membrane, we will refer to it as a NF membrane
throughout this paper.

2.2. Synthetic waters

All fouling assays were conducted using synthetic waters,
which characteristics were selected to mimic surface water.
In order to achieve this objective, ultrapure water (Milli-Q®)
was amended with kaolin clay (a particulate contaminant),
sodium alginate (a biopolymer) and sodium bicarbonate (to
add alkalinity). The model water contained 15 mg/L of kaolin
clay, 5 mg C/L of sodium alginate (Sigma-Aldrich, USA, CAS:
9005-38-3) and sodium bicarbonate (50 mg CaCO,/L). The final
model water pH was adjusted to 7.0 with HCI and had a tur-
bidity of 16.4 NTU. The kaolin was added to the water immedi-
ately before the start of the filtration tests, and it was previously
placed in an ultrasound bath to ensure an even distribution of
particle sizes for all assays. The median kaolin particles size was
estimated to be 9.6 um by sequential filtration. The synthetic
water without kaolin was subjected to size exclusion chroma-
tography with organic carbon detection (LC-OCD). The sodium
alginate in solution produced a narrow peak at 54,500 Da.

2.3. Experimental setup

Fig. 1 illustrates the experimental setup, which includes a
feed pump (magnetic gear, BVP-Z, Ismatec, Germany) and per-
istaltic pump (Masterflex L/S, Cole-Parmer, Canada) installed
on the permeate side to maintain constant flux during filtra-
tion. On-line pressure (PX409-100GUSB and PX409-030GUSB,
OMEGA, Canada) is monitored with OMEGA software. Flow
is calculated by gravimetry (with a precision of +0.01 mg).
The temperature is monitored by a sensor located in the feed
water tank and was kept at 20°C + 0.5°C using a cooling sys-
tem (1171PD, VWR, USA). The setup also includes a pressur-
ized air inlet connected to the feed line. The air flow rate was
measured with a rotameter (Gilmont GF-1360, Cole-Parmer,
Canada) and validated with a gas bubble flow meter. Physical
cleaning waters were collected from the drainage line.

2.4. Operation mode and physical cleaning protocols

Every filtration experiments consisted of a series of three
permeation cycles at constant flux (20 LMH), each followed
by a physical cleaning. Each physical cleaning was initiated
after that 20 L/m? of permeate had been filtered. The filtra-
tion experiments were conducted either under DE or under
CF operation (at 0.5 m/s). Under CF operation, flow rates
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Fig. 2. Physical cleaning steps: (a) forward flush with or without air; (b) backwash with forward flush; and (c) forward flush without air.

Table 1
Physical cleaning protocols

Protocols Cleaning steps Duration (s) Water velocity Air velocity Average water velocity?
(m/s) (m/s) (m/s)
1 Forward flush with or 55 0.05 0.51 0.06
without air
Backwash + forward flush 60 0.08 0.00
Forward flush 55 0.05 0.00
2 Forward flush with or 20 0.11 0.51 0.16
without air
Backwash + forward flush 25 0.23 0.00
Forward flush 10 0.11 0.00
3 Forward flush with or 20 0.17 0.51 0.27
without air
Backwash + forward flush 25 0.38 0.00
Forward flush 10 0.17 0.00

“Time-weighted average.

were 84 L/h (feed), 1.4 L/h (permeate = 2%) and 82.6 L/h
(concentrate = 98%). The recoveries for DE and CF operation
are 98% and 76%, respectively.

Six different physical cleanings strategies were investi-
gated. All strategies involved three successive steps (Fig. 2).
The first step consisted of a forward flush using synthetic
feed water with or without air addition (Fig. 2(a)). The sec-
ond step consisted of a forward flush with a BW (Fig. 2(b)).
A synthetic permeate, consisting of the model water without
sodium alginate or kaolin, was used as the BW water. The

third step is a forward flush without air addition (Fig. 2(c)).
After the third step, the filtration resumed. Physical cleaning
water and air velocities were adapted from manufacturer rec-
ommendations and typical conditions prevailing in the water
industry. Note that the manufacturer did not recommend air
injection during the forward flush for HFNF membranes. The
duration of air injection was set to 10 s at 0.51 m/s (0.088 m®/h)
while the BW flux was set to 40 LMH (2.8 L/h), i.e., two times
the HFNF permeate flux. A summary of the physical cleaning
characteristics is presented in Table 1.
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Between filtration experiments, the membranes were
cleaned with Milli-Q water, a sodium hydroxide solution
(I mM NaOH) and a hydrochloric acid solution (1 mM HCI)
prior to storage in the dark in a NaHSO, solution (200 mg/L)
at 4°C. The HFNF was first backwashed with ultrapure water
and then soaked with recirculation for both chemical solu-
tions (with ultrapure rinsing between the steps) while the
HFUF was first backwashed with ultrapure water and then
with the cleaning solutions (with ultrapure rinsing between
the steps) as recommended by manufacturer. Permeability
recovery by CIP was always 100% throughout the project.
Finally, membrane integrity was confirmed prior each assay
by performing a pressure-hold tests (P, =15 psig).

2.5. Assessment of physical cleaning efficacy

During this study, the permeability was always stable
while operating in CFE. Therefore, physical cleaning efficacy
was not assessed using permeability recovery because this
approach did not provide enough sensitivity, a conclusion
that had also be drawn by Remize, et al. [20]. As an alter-
native, a mass balance analysis was performed to assess
the recoveries of foulants. The kaolin and alginate masses
were measured independently. The kaolin concentration in
the waters (initial feed, concentrate and physical cleaning
waters) was indirectly measured using absorbance (DR 5000
UV-Vis spectrophotometer, HACH, Canada) at 861 nm in a
1-cm spectrophotometric cell (linearity relationship between
0 and 50 mg/L, R*=0.999). The detection limit was estimated
to be 0.6 mg/L. The presence of sodium alginate did not
impact the measurements. The sodium alginate concentra-
tion was determined using a TOC-analyzer (Sievers 5310 C
Laboratory TOC Analyzer, GE®). The detection limit was esti-
mated to be 0.07 mg C/L.

The physical cleaning efficacy was evaluated by calcu-
lating the fraction of foulants recovered (%) using Eq. (1)
in which the kaolin and alginate loads were summed up as
an initial analysis showed that similar removal trends were
observed for both foulants. Physical cleaning efficacy among
cleaning protocols were compared statistically by conducting
an Analysis of Variance (ANOVA) (with interactions) with
Statistica 10.0 (Statsoft, USA).

Fraction of foulants recovered (%)

_ [ Physical cleaning mass
Feed mass — Permeate mass

]xlOO &)

2.6. Hydrodynamic conditions

In order to assess the role of hydrodynamic condi-
tions on physical cleaning efficacy, theoretical shear con-
ditions and dual-phase Reynolds number inside the fiber
were calculated for each cleaning protocol step. For both
parameters, maximum and time-weighted averages were
calculated.

2.6.1. Dual-phase Reynolds number

Reynolds number was investigated based on the
homogenous-flow model where the dual-phase is considered as
a single-phase flow with average properties of the mixture [24].

Re —1m m (2)

where Re  is the mixture Reynolds number; D is the fiber
diameter (m); p,, is the mixture density (kg/m?); u  is the mix-
ture dynamic viscosity (Pa.s) and U, is the mixture velocity
(m/s), which is defined as follows:

Um = uG + uL (3)

where U, and U, are, respectively, the liquid and gas phase

(m/s).

2.6.2. Shear stress

For single-phase flows, the wall shear stress (t, ) can be
calculated from the Darcy—Weisbach equation [25]:

U
2

wall —

where ff = % (4)

where f,is a friction factor correlated to the Darcy friction fac-
tor f,, which is defined by Eq. (5) for laminar flow conditions
(Re <2,000):

64
fo=%e (5)

The dual-phase flow wall shear stress is calculated from
the pressure loss (AP) by friction along the fiber length (AL)
according to:

_DAP
Tovall = 4 AL (6)

The pressure loss was estimated using the separated flow
model of Lockhart-Martinelli [26]. The model proposes cor-
relations between pressure loss for each of the phases (using
a multiplier factor @) and an empirical parameter (X). The
two pressure losses (air and water) are calculated separately
with the same equation:

AP L fopte o [AP ] _ forls )
AL |, 2D AL, 2D
AP _ x| AP ®)
AL |, AL |.

C 1

A relationship is required to estimate the factor @},
the Chisholm equation [27] was used for this purpose. It
includes an empirical factor (C) that can be calculated using
the Mishima-Hibiki relationship, which was recently modi-
fied to take into account the surface tension (o), an important
parameter for flow in small tubes [28].

C — 21(1 _6—0,674/Lu*) (10)
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Eq. (10) is applicable for hydraulic diameters ranging
from 0.014 to 6.25 mm. The coefficient of 0.674 is recom-
mended for adiabatic laminar liquid—gas mixtures [28].

Lo*= (11)

2.7. Energy consumption

Energy consumption was calculated in order to compare
cleaning protocols with respect to their cleaning efficacy, the
operating costs and the volume of wastewaters produced.
Calculations were made for an industrial module using the
following assumptions:

e industrial NF module: filtration surface of 40 m? and
1.54 m fiber length,

* NF membrane permeability: 8.3 LMH/bar at 20°C,

* two stages of filtration (2 + 1 configuration) with a total
recovery of 85%,

e flux: 20 LMH,

e operating feed pressure: 2.4 bar (35 psig),

e filtration cycles of 1 h followed by a physical cleaning,
and

e BW:40 LMH at 4.8 bar (70 psig).

3. Results
3.1. Physical cleaning efficacy for crossflow operation

To evaluate the efficacy of various physical HFNF clean-
ing strategies, each protocol and its variant (with or without
air) were first tested in CF operation (0.5 m/s) at a constant
flux of 20 LMH. Four of the six physical cleanings strategies
(protocols 1 and 3 with and without air) were also evaluated
on a HFUF membrane operated with the same conditions
(0.5 m/s and 20 LMH).

The fractions of foulants recovered (cf Eq. (1)) by the var-
ious physical cleaning strategies considered are reported in
Fig. 3. The fractions of foulants recovered were constantly
low (<8%) because, under CF operation, most of the matter
contained in the feed water did not accumulate on the mem-
brane, but was present in the concentrate (75%-86%). An
ANOVA analysis revealed that the water velocity, the addi-
tion of air as well as their synergistic interaction significantly
impacted the physical cleaning efficacy (p < 0.001 in all three
cases). The use of air and higher water velocities improved
the fraction of foulants recovered by 2.5-fold compared with
a low water velocity in the absence of air. Physical cleaning
strategies with air recovered 1.4 to 1.7 times more foulants
than equivalent physical cleaning strategies without air. The
use of higher water velocities without air addition improved
the fraction of foulants recovered by 1.4-fold compared with
a low water velocity. The efficacy of the physical cleaning
strategies was statistically equivalent for both the HFUF and
HFNF membranes (p = 0.78).

3.2. Impact of operation mode: crossflow vs. dead-end

The most efficient cleaning protocol (protocol 3 with air
addition) was tested on both HFNF and HFUF membranes
operated in DE mode with a constant flux of 20 LMH and
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Fig. 3. Fractions of foulants (alginate and kaolin) recovered from
physical cleaning for HFUF and HFNF membranes (flux 20 LMH
and CF of 0.5 m/s; error bars provide the min-max deviations
from triplicate filtration tests).

compared with those operated with CF. As opposed to CF
operation, the fraction of foulants recovered in the physical
cleaning waters was very high after DE operation since no mat-
ter was recovered in the concentrate. For example, the mass of
foulants that accumulated on the membranes before physical
cleaning can be calculated by subtracting the concentrate and
permeate masses from the feed water mass. For DE and CF
operation, the accumulation prior to the physical cleaning were
37.9 and 11.1 mg, respectively (a 3.4-fold difference). In order to
compare the fraction of foulants recovered under both modes
of operation, the fractions of alginate and kaolin recovered in
the concentrate (75%-86%) were added to the fraction recov-
ered during physical cleaning (<8%). Under this basis of com-
parison, the total fractions of foulants recovered were higher
(p < 0.01) for CF than DE operation (Fig. 4(a)). For CF opera-
tion, the results were not statistically different for the HFUF
and HFNF membranes (p = 0.34). However, when operating in
DE mode, the total fraction of foulants recovered was lower for
the HFNF than the HFUF (p = 0.03).

Our results can be compared with the work of Remize
et al. [20], which evaluated the benefits of using air-assisted
BW to clean inside-out HFUF membranes operated in DE.
The average fraction of foulants recovered in BW waters
increased from 36% to 87% with air injection. DE assays
conducted during our study always included air-assisted
cleaning. We calculated foulants recoveries of 83% (HFNF)
or 88% (HFUF), which values are similar to the ones found
by Remize et al. (even though their feed concentration was
solely composed of 170 mg/L of bentonite) [20].

CF operation of HFNF has been reported to reduce per-
meate DOC concentrations in surface water applications [29].
However, in the present study, the mode of operation did
not impact the permeate water quality. Permeate kaolin con-
centrations were consistently below the detection limit while
alginate concentrations were not statistically different for DE
and CF operation (Table 2, p = 0.97). This is possibly related
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and 39 mg, respectively).

Table 2
Alginate concentration in permeate vs. membrane porosity and
operation mode

Membranes =~ Operation mode Alginate concentration
in permeate (mg C/L)

Average Standard

deviation
NF Crossflow 0.31 0.10
Dead-end 0.32 0.07
UF Crossflow 0.46 0.14
Dead-end 0.45 0.10

to the molecular weight of alginate (i.e., 55 kDa), which is
too high to generate substantial concentration-polarization
[30]. The alginate concentration was significantly lower in
the permeate from the HFNF than from the HFUF (Table 2,
p = 0.001). Because the alginate retention between the two
membranes was statistically different, the physical cleaning
efficacy was also investigated by comparing the total abso-
lute mass of foulants recovered (Fig. 4(b)). The total absolute
masses of foulants recovered were in agreement with the
total fractions of foulants recovered, except for the efficacies
of HFENF and HFUF operated in DE mode, which were not
statistically different (p = 0.60).

In summary, the mode of operation (i.e., CF vs. DE) was
the most important factor affecting the efficacy of physical
cleaning. This is because CF operation can be considered as
a continuous shear effect during permeation. For CF oper-
ation, most of the kaolin and alginate contained in the feed
was present in the concentrate. This implies that, for an
equivalent feed load, the permeation time of a filtration cycle
for HENF membranes can be greater for CF compared with
DE operation. The manufacturer of the HFW1000 (HENF)

recommends that physical cleaning be performed every
60-120 min of permeation. This frequency is about 3 times
longer than what is typically recommended for HFUF in DE
mode (15-60 min) but is consistent with the reduced accu-
mulation of foulants that we measured during this project
for the CF-operated HFNF membrane (3.4-fold less foulants
was accumulated on the membrane in CF as compared with
DE operation). A lower physical cleaning frequency offers
the benefits of reducing downtime for physical cleaning,
lower wastewaters production and energy costs. The physi-
cal cleaning frequency is expected to depend on source water
characteristics, CF velocity and targeted water recovery.

3.3. Shear and Reynolds number as indicators of physical
cleaning efficacy

As physical cleaning protocols involve numerous steps
with variable hydrodynamic conditions, it was of interest to
test if one indicator could correctly predict physical cleaning
efficacy. The shear stress forces at the membrane surface and
the Reynolds numbers within the hollow fiber membranes
were calculated for each step of the different physical clean-
ing strategies considered (Table 3). All Reynolds numbers cal-
culated were in the laminar regime. Air injection during the
first forward flush increased the shear stress forces by 2- to
3-fold and both Reynolds number by 4- to 9-fold, compared
with those for the single-phase (i.e., water) flow conditions.
With air injection, the maximum shear stress and Reynolds
numbers were for the forward flush + air (step 1), with the
exception of protocol 3, for which the maximum shear stress
was for the BW + forward flush (step 2). Without air injec-
tion, the maximum values were always during BW + forward
flush (step 2). As a reference, the shear stress and Reynolds
numbers achieved during CF operation reached 5.0 Pa and
400, respectively. Interestingly, all maximum shear stress
calculated during physical cleaning were below this number
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while only cleaning protocols with air achieved Reynolds
numbers above 400.

A number of parameters have been considered in the past
to relate the hydrodynamic conditions present in membrane
systems to fouling control [11,12,15,31,32,33]. Most of these
attempts to relate a value based on the shear stress present
at the surface of a membrane to fouling control [15,31,32,33].
Unfortunately, the accurate determination of shear stress val-
ues theoretically or experimentally is very complex. Also, most
of the shear stress-based parameters considered to date do not

Table 3
Shear stresses and Reynolds numbers achieved during each
individual cleaning step

Protocols  Cleaning steps Shear (Pa) Re,

1 Step 1: Forward flush 0.5 (1.5) 48 (382)
without air (with air)
Step 2: Backwash + 0.8 64
forward flush
Step 3: Forward flush 0.5 48
without air

2 Step 1: Forward flush 1.1(2.5) 88 (459)
without air (with air)
Step 2: Backwash + 2.3 183
forward flush
Step 3: Forward flush 1.1 88
without air

3 Step 1: Forward flush 1.7 (3.5) 135 (516)
without air (with air)
Step 2: Backwash + 3.8 303
forward flush
Step 3: Forward flush 1.7 135

without air

The numbers in parenthesis provide the values for the conditions
with air injection.
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(a) Fraction of foulants recovered by physical
cleaning (%) vs. maximum shear stress (Pa)

generate a continuous relationships that can be universally
applied to all hydrodynamic conditions of interest, especially
when considering single-phase and dual-phase flow [34]. This
limitation is most likely due to the complexity of the slug flow
shear pattern within a tube, which induce a shear with a mag-
nitude and direction, which fluctuates with the passage of
bubbles [32]. According to previous studies [33,34], the mean
shear stress is not representative of the fluctuations occurring
at the fiber wall. This observation also points outs to the lim-
itations of using theoretical shear stress calculations and war-
rants the use of experimental shear stress measurements.

In the present study, the Reynolds number was considered
as a simple parameter to relate the hydrodynamic conditions
present in a membrane system to fouling control. The best
correlation was observed while using the maximum mixture
Reynolds number (Re,) values achieved during a given pro-
tocol (Fig. 5(b)), although cleaning efficacy was also correlated
with the maximum shear (Fig. 5(a)). Without air addition, the
max Re, ranged from 48 to 135 for the conditions investigated,
and a linear relationship was observed between the maximum
Re, and the fraction of foulants recovered. With air addition,
the maximum Re, ranged from 382 to 516 for the condi-
tions investigated. Again, a linear relationship was observed
between the maximum Re, and the fractions of foulants recov-
ered. Unlike the shear stress-based parameters, a continuous
relationship was observed between the Re, and the fraction of
foulants recovered for all conditions investigated (linear fit-
ting, R*> = 0.72). The mixture Reynolds number was reported
to be proportional to the liquid velocity in the mixture and is
also a linear function of the gas slug frequency [31]. It could
be a rough indicator to compare physical cleaning protocols
without having to rely on filtration experiments. It would be
of interest to validate if physical cleaning efficacy can also be
predicted with the mixture Reynolds number under other test
conditions. In this study case, the fiber diameter was small
(D = 0.8 mm), and the hydrodynamic was influenced by vis-
cosity (for D <50 (u?/p?g)"® = 2.3 mm) [35], but also controlled
by surface tension (for Ed < 3.37, D = 5.0 mm) [36]. Therefore,
it is not expected that the mixture Reynolds number would be
applicable to any fiber geometry.
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Fig. 5. Shear and Reynolds number as indicators of physical cleaning efficacy for HFNF and HFUF membranes (flux 20 LMH and CF
of 0.5 m/s; error bars provide the min-max deviations). The arrows indicate results for cleaning protocol 1 for which the void ratio

was very high (above 0.90).
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Table 4

Total energy demand for the various cleaning protocols applied to HFNF

Criteria Physical cleaning protocols

P1 P1 + air P2 P2 + air P3 P3 + air
Mean fraction of foulants recovered by PC (%) 3.1 43 41 6.9 4.7 7.8
Physical cleaning specific energy (W-h/m?) 3.1 32 15 1.7 1.9 2.3
Total specific energy demand (W-h/m®)! 209 209 204 204 204 204
Backwash waters (% of production) 3.3 3.3 1.4 1.4 1.4 1.4
Wastewater (m*/module) 0.05 0.05 0.05 0.05 0.08 0.08

'Total energy = Permeation + crossflow + physical cleaning energies.

As expected, higher water velocities and air addition
increased the wall shear stress [32]. Dual-phase physical
cleaning conditions proved to be superior to single-phase
(i.e., water) cleaning. Such observations are consistent with
conclusions from previous studies [18,19]. As previously
discussed, the maximum mixture Reynolds numbers for the
physical cleaning protocols with air addition were achieved
during the dual-phase forward flush. For protocols without
air addition, it was achieved during the BW with forward
flush. For protocol 1 (see arrows in Fig. 5), the impact of air
addition on efficacy was less important. This is potentially
due to the very high void ratio (0.91) that may have favored
an annular flow condition (observed above 0.90) rather than
slug flow [33], the latter being more effective for fouling
control.

3.4. Energy consumption

The specific energy consumptions (i.e., normalized for
one m® of treated water) were calculated for the different
cleaning protocols investigated. The calculations assumed
CF operation of a HFNF membrane at 20 LMH (20°C). The
protocol P1 had the highest energy consumption (Table 4).
This extra energy demand comes from the longer duration
(2-fold) for the BW step at high pressure (4.8 bar) compared
with those of protocols P2 and P3. The BW alone consumes
55%—74% of the total cleaning energy. Air injection margin-
ally increases the energy cost of the protocols (20%), but
achieved a higher physical cleaning efficacy with less energy
than water alone.

Although these differences may appear important, they
are actually marginal when compared with the total energy
cost of operation of a HENF, which including filtration and
CF. For example, the total energy demand in CF are pre-
sented in Table 4 for the six cleaning strategies. The cleaning
energy of HENF is negligible compared with that of opera-
tion (below 1.5%). The BW step for P1 requires 3.3% of the
treated water production for the physical cleaning while P2
and P3 only use 1.4%.

Dual-phase was also shown to be less energy-inten-
sive than water alone to achieve a given physical efficacy.
The HFNF membrane is limited to low BW flux due to
its lower permeability. Such constraint can be mitigated
by the use of air. A shorter BW duration and air addition
in the forward flush could provide an enhanced physical
cleaning while minimizing operation and maintenance
(O&M) costs of physical cleaning. With respect to energy

optimization, the specific energy for the different physi-
cal cleaning strategies were in the order of 1.5-3.2 W-h/m?.
The contribution of the physical cleaning strategies to the
total energy demand (i.e., including CF and permeation
energies) is marginal because of the higher operation pres-
sure required for HFNF membranes. Optimizing physical
cleaning of HFNF will therefore only provide low relative
energy savings.

4. Conclusions

HFNF and HFUF mini-modules of identical dimen-
sions were fouled under DE and CF operation using syn-
thetic waters. Various physical cleaning strategies were
assessed to maximize foulant recoveries from the membrane.
Experimental results led to the following conclusions:

e There was no significant difference between the physical
cleaning efficacy of HFUF and HFNF membranes when
operated with CF at a permeation flux typical of HFNF
(20 LMH). The use of air, high water velocity or a com-
bination of both improved the physical cleaning efficacy
by 2.5-fold compared with low velocity in the absence of
air addition.

e Air-assisted forward flush increased the wall shear
stress and Reynolds number. Physical cleaning efficacy
was best correlated to the maximum mixture Reynolds
number (calculated for the cleaning step with the highest
velocity).

e Air addition increases energy costs but improves the
efficacy of physical cleaning with less energy than water
alone and without producing extra wastewaters.

e The benefit of optimizing physical cleaning for HFNF
membranes is lower than for HFUF membranes because
of the higher pressure of operation and the use of CF
operation required for HFNF membranes.
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Symbols

« —  Void fraction

C —  Chisholm empirical factor
D —  Fiber inner diameter, m

Hﬂl

wall

—  Darcy friction factor
—  Friction factor
—  Gravitational acceleration, m-s?
—  Non-dimensional Laplace constant
—  Reynolds number
—  Mixture Reynolds number
—  Gas velocity, m/s
—  Liquid velocity, m/s
—  Mixture velocity, m/s
—  Empirical parameter
—  Fiber length, m
—  Pressure loss, Pa
—  Multiplier factor
—  Liquid dynamic viscosity, Pa-s
—  Mixture dynamic viscosity, Pa‘s
—  Gas density, kg/m?
—  Liquid density, kg/m?
—  Mixture density, kg/m?
—  Surface tension, N-m™
Wall shear stress, Pa
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