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A B S T R AC T

The present study characterized the surface shear forces induced by sparging for different 
sparging conditions (i.e. continuous, alternating and pulse) and the membrane module con-
fi gurations (i.e. spacing). The root mean square (RMS) of surface shear forces induced by gas 
sparging, which has been reported to be related to the extent of fouling control in membrane 
systems, were relatively similar for continuous, alternating and pulse sparging. Considering 
that pulse sparging uses approximately half of the volume of sparged gas than continuous or 
alternating sparging, the results suggest that pulse sparging is the best sparging approach. The 
RMS of surface shear forces were substantially higher for the wide module spacing than for 
the standard (i.e., narrow) module spacing, indicating that fouling control can likely be signifi -
cantly improved by simply increasing the distance between the membrane modules.Because 
of the heterogeneous distribution of surface shear forces and sparged bubbles, it is essential 
to consider the hydrodynamic conditions throughout the system, rather than just those at the 
periphery, to optimize the sparging conditions and the module spacing.
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1. Introduction

Ultrafi ltration membranes are increasingly being 
used for both water and wastewater treatment applica-
tions because of their ability to effectively remove partic-
ulate contaminants of interest. However, these retained 
contaminants can accumulate at the membrane sur-
face increasing the resistance to the permeate fl ow. Gas 
sparging is commonly used in submerged membrane 
systems to induce shear forces at the membrane surface, 
which effectively remove the accumulated foulants [1].

In a recent study, the sparged bubble characteris-
tics (i.e. size, rise velocity, count) and the induced shear 

forces at the surface of submerged hollow fi ber mem-
branes were characterized for commercial scale ZW500 
membrane modules [2]. The results suggested that the 
relatively narrow gap between the membrane modules 
in the system prevented the sparged gas from travelling 
between the modules. To confi rm this hypothesis, the 
present study investigated the effect of membrane mod-
ule spacing on the distribution of surface shear forces 
and sparged bubbles in a ZW500 system with commer-
cial scale membrane modules. The present study also 
investigated the effect of the sparging conditions (i.e. 
continuous and intermittent) on the magnitude and 
distribution of surface shear forces in the system. Inter-
mittent sparging, as opposed to continuous sparging, is 
increasingly being used in commercial scale submerged 
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membrane systems. Because the gas fl ow is interrupted 
during part of the intermittent sparging cycle, the total 
volume of gas used for intermittent sparging can be sub-
stantially less than that used for continuous sparging. 
In addition to reducing power costs, empirical results 
indicate that intermittent sparging does not increase the 
extent of foulant accumulation, compared to operation 
with continuous sparging.

2. Experimental approach

A system containing three commercial scale Zee-
Weed 500c (hereafter referred to as ZW500 unless oth-
erwise indicated) membrane modules (GE—Water and 
Process Technologies, Oakville, Canada) was used. Sys-
tems with three module cassettes are typically used to 
pilot ZW500 type systems, as the performance of three 
module systems, especially in terms of fouling, has been 
reported to be similar to that of commercial scale systems 
(M. Theodoulou, 2008, personal communication).

The cassette frame provided by GE was modifi ed to 
include pneumatic actuators that enabled the spacing 
between the membrane modules to be remotely varied 
without having to remove the cassette from the pilot 
system tank. Two membrane module spacing were con-
sidered in the present study: 6.35 and 12.3 cm between 
membrane module centerlines. The 6.35 cm spacing cor-
responds to that of the standard ZW500 system, while 
the 12.3 cm spacing corresponds to the maximum spac-
ing that could be accommodated in the cassette frame 
and system tank. A picture of the membrane modules in 
the cassette frame is presented in Fig. 1(a). Sparging was 
provided via two coarse bubble diffusers, made from 
2.5 cm diameter piping with 0.5 cm diameter holes fi xed 
to the base of the cassette, approximately 0.2 m below 
the membrane modules. Nitrogen was used for gas 
sparging, as oxygen can affect the performance of the 
electrochemical method used to measure surface shear 
forces [3]. To minimize the volume of nitrogen used dur-
ing the study, a rotary vane pump was used to recircu-
late the gas in the headspace of the sealed system tank 
for gas sparging. A condenser/liquid separator and gas 
drier (i.e. silica gel column) removed moisture from the 
gas recirculated from the headspace to prevent moisture 
from disrupting the operation of the pump. The sparg-
ing fl ow rate was set to 10.2 m3 h−1 (0.17 m3 m−2 of mem-
brane area), and monitored using a rotameter, with the 
pump fl ow rate controlled using a variable frequency 
drive. Both continuous and intermittent (alternating 
and pulse) sparging conditions were investigated. For 
alternating sparging, the gas fl ow was either sent to the 
diffuser located under module 1 or under the module 3, 
in an alternating sequence. For pulse sparging, gas fl ow 
was either sent to both diffusers, or none. At a given 

sparging fl ow rate, pulse sparging provided approxi-
mately half of the volume of sparged gas as that used 
for continuous or alternating sparging, while alternat-
ing sparging provided approximately twice the fl ow of 
sparged gas to each diffuser as that used for continuous 
or pulse sparging. Fast (6-s cycle: 3 s on and 3 s off) and 
slow (12 s cycle: 6 s on and 6 s off) intermittent sparg-
ing frequencies were considered. The system tank was 
2.16 m high, 0.85 m wide and 0.47 m in length. The cas-
sette was located in the system tank, with a spacing of 
approximately 1–3 cm between the cassette frame and 
the inside walls of the system tank on all sides. The sys-
tem tank was fi lled with RO water, to which the electro-
lytes needed for the surface shear force measurements 
or bubble characterization were added [2], and the 
temperature of the solution was monitored and main-
tained at 16.5°C. A summary of all of the experimental 
conditions investigated (i.e. different membrane mod-
ule spacings and sparging conditions) is presented in 
Table 1. A randomized factorial experimental design 
approach was used to investigate the effect of the dif-
ferent experimental conditions on surface shear forces 
and bubble characteristics. Each experimental condition 
was repeated three times, each 1 min in duration (note 
that the fi rst 10 s and last 5 s of each minute were not 
used for the analysis presented below). In addition, 15 
experimental blanks were performed where no sparg-
ing was applied. These experiments were performed 
without interruption over a period of 42 h. Note that 

Fig. 1. Picture and schematic of pilot system, spargers and 
membrane modules. (a): Picture; (b) side view schematic; 
and (c) front view schematic.

a b c
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throughout the study, the system was operated without 
any permeation through the membranes. However, it 
should be noted that for the type of system being inves-
tigated (i.e. ZW500c), for which the permeate fl ux is 
typically in the order of 20–50 l m−2.h−1 for wastewater 
and drinking water applications, respectively, and the 
bulk liquid velocity at the membrane surface is typically 
greater than 0.1 m s−1 [2], the suction rate (defi ned as 
ratio of uniform suction velocity to bulk inlet velocity) 
is less than 0.01%, and therefore the effect of permeation 
on the hydrodynamic conditions at the membrane sur-
face is expected to be negligible [4,5].

Because the cassette within the system tank was sym-
metrical about two vertical axes, the surface shear forces 
and bubble characteristics were only characterized for 
one quarter of the system, as illustrated in Fig. 2(a). The 
surface shear forces were characterized for fi ve coronal 
planes. Within each of the planes, surface shear forces 
were measured at 12 locations, as presented in Fig. 1(b) 

(i.e. at a total of 60 locations within the system). The 
sparged bubbles were characterized at 6 locations near 
the top of the liquid surface at the side (i.e. locations 1–3 
in Fig. 2(c)) and between (i.e. locations 4–6 in Fig. 2(c)) 
the membrane modules.

The surface shear forces were measured using an elec-
trochemical method. With this approach, the shear forces 
at a surface can be estimated based on the diffusion lim-
ited current passing from a cathode to an anode, through 
a solution, containing a reversible ion couple [6]. Cath-
odes, hereafter referred to as shear probes, made from 
0.5 mm diameter platinum wire, were embedded fl ush 
to the outer surface of Tefl on® tubes, hereafter referred 
to as test fi bers, of similar diameter and fl exibility to 
ZW500 hollow fi bers (Fig. 3(a)). A total of 60 test fi bers 
were made, each with one shear probe, and were placed 
within the membrane modules such that the location of 
the shear probes corresponded to the measurement loca-
tions illustrated in Figs. 2(a) and 2(b). The characteristics 

Table 1
Experimental conditions investigated

Experimental condition Description Set-point

Module spacing Standard1 6.35 cm between membrane module centerlines

Wide 12.30 cm between membrane module centerlines

Sparging condition Continuous To both diffusers

Intermittent Alternating between the two diffusers
• Fast alternating: 6 s cycles (3 on and 3 off)
• Slow alternating: 12 s cycles (6 on and 6 off)

 Pulse on and off to both diffusers
• Fast alternating: 6 s cycles (3 on and 3 off)
• Slow alternating: 12 s cycles (6 on and 6 off)

1Standard ZW500c confi guration.

Fig. 2. Location of surface shear force and bubble characteristic measurements. (a) Coronal planes within shaded quarter of 
interest; (b) locations where shear forces were measured on each coronal plane (rows ABC, DEF, GHI, and JKL at ‘y’ of 1.57, 
1.08, 0.59, and 0.10 m, respectively, and columns ADGJ, BEHK and CFIJ at ‘x’ of 0, 0.18 and 0.36 m, respectively); (c) locations 
where bubble characteristics were assessed (locations 1, 2 and 3, as well as 4, 5, and 6, at ‘x’ of 0, 0.18 and 0.36 m, respectively).
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 based on the number of times the signal from either con-
ductivity probe is interrupted, the time lag for both con-
ductivity probes to be interrupted (i.e. fl ight time), and 
the duration of the interruption, respectively. Additional 
details of the approaches used to measure the surface 
shear forces and to characterize the sparged bubbles, 
as well as the quality assurance and control procedures 
used, are presented in Fulton et al. [2].

3. Results and discussion

Typical surface shear forces measured at different 
locations in the cassette for continuous, pulse and alter-
nating sparging conditions are presented in Figs. 4–6, 
respectively. For all conditions investigated, the surface 
shear forces were highly variable over time, ranging 
from approximately 0 to over 10 Pa. The baseline surface 
shear forces (i.e. minimum values) were likely induced 
by the bulk liquid movement within the system tank, 
while the peak shear events were likely induced by the 

Fig. 3. Shear probe and conductivity micro-probe. (a) Test 
fi ber resting on ZW500 hollow fi ber; (b) schematic of con-
ductivity micro-probe.

a b

Fig. 4. Typical surface shear forces over time for continuous sparging conditions (results presented are for wide module spac-
ing and coronal plane 3; probe B did not function properly and was omitted from the analysis; refer to Fig. 2 for a description 
of the probe and plane location within the cassette).

of the sparged bubbles were determined using two 
conductivity probes with vertically aligned cathodes 
(Fig. 3(b)). With this approach, the count, the rise veloc-
ity and the size of sparged bubbles can be estimated 
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passage of gas bubbles in proximity to the probe sur-
faces [7]. In contrast with continuous sparging (Fig. 4), 
extended periods of high or lower surface shear forces 
were observed for intermittent sparging (Figs. 5 and 6), 
especially for slow intermittent sparging frequencies. 
This was somewhat expected as sparging is repeatedly 
interrupted during the intermittent sparging conditions. 
The periods of high or low shear forces were much less 
distinct for pulse (Fig. 5) than for alternating (Fig. 6) 
sparging, indicating that for pulse sparging, the sur-
face shear forces were not rapidly dampened when the 
sparging gas fl ow was turned off.

Although the relationship between surface shear 
forces and fouling controls remain unclear, statistically 
signifi cant correlations have been reported between the 
root mean square (RMS) of surface shear forces over 
time induced by gas sparging and the extent of fouling 
in membrane systems [8,9]. For this reason, in the dis-
cussion that follows, the results are presented in terms of 
RMS of the surface shear forces.

As presented in Table 2, both the sparging condi-
tions and the module geometry affected the cassette 
RMS of surface shear forces (i.e. for all probes in cas-
sette). In general, the cassette RMS was lowest for con-
tinuous sparging and highest for alternating sparging, 
however the differences were relatively small and not 
consistently statistically signifi cant. Also, there was no 
signifi cant difference between the cassette RMS of sur-
face shear forces induced by intermittent sparging at dif-
ferent frequencies. On the other hand, the cassette RMS 
of surface shear forces were signifi cantly higher for the 
wide module spacing compared to the standard mod-
ule spacing. These results suggest that greater fouling 
control can likely be achieved by simply widening the 
spacing between the membrane modules. Also, pulse 
sparging can achieve similar levels of fouling control as 
continuous and alternating sparging, but with half the 
volume of sparged gas.

The distribution of RMS of surface shear forces in the 
cassette (i.e. for individual probes locations in cassette)

Fig. 5. Typical surface shear forces over time for pulse sparging conditions (results presented are for slow frequency wide 
module spacing and coronal plane 3; probe B did not function properly and was omitted from the analysis; refer to Figs. 2(a) 
and 2(b) for a description of the probe and plane location within the caesette).
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Table 2
RMS of surface shear forces in the cassette

Sparging conditions Intermittent frequency Module spacing RMS of surface shear forces 
in the cassette2 (Pa)

Continuous – Standard1 0.34 ± 0.15

Wide 0.94 ± 0.21

Alternating Slow Standard1 0.64 ± 0.04

Wide 1.27 ± 0.04

Fast Standard1 0.63 ± 0.40

Wide 1.20 ± 0.13

Pulse Slow Standard1 0.47 ± 0.01

Wide 0.88 ± 0.06

Fast Standard1 0.52 ± 0.34

  Wide 0.93 ± 0.09
1Corresponds to module geometry for standard ZW500c system.
2Values presented are averages of replicate experiments ± 90% confi dence interval of replicate experiments.

Fig. 6. Typical surface shear forces over time for alternating sparging conditions (results presented are for slow frequency, 
wide module spacing and coronal plane 3; probe B did not function properly and was omitted from the analysis; refer to 
Figs. 2(a) and 2(b) for a description of the probe and plane location within the cassette).
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spacing, while within the modules (X position 0.18 and 
0.36 m), the RMS of surface shear forces were generally 
higher, resulting in cassette RMS of surface shear forces 
that were greater for the wide module spacing than for 
the standard module spacing.

As presented in Fig. 8, the distribution of bubble 
counts was signifi cantly affected by the module spac-
ing. For the standard module spacing, the bubble count 
at the side of the modules was higher than between the 
membrane modules. Widening the distance between the 
membrane modules signifi cantly increased the bubble 
counts between the membrane modules, and reduced 
those at the side of the modules.

These results confi rm that the hypothesis formu-
lated by Fulton et al., which suggested that the relatively 

was relatively similar for the different sparging condi-
tions investigated (results not presented). For this rea-
son, in the discussion that follows, only the results for 
continuous sparging conditions are presented. The mod-
ule spacing, on the other hand, signifi cantly affected 
the distribution of RMS of surface shear forces (Fig. 7). 
For the standard module spacing, with the excep-
tion of the higher magnitude observed at the base of 
coronal plane 5, the RMS of surface shear forces were 
relatively homogeneously distributed throughout the 
cassette and generally less than 1 Pa. For the wide mod-
ule spacing, the RMS of surface shear forces were het-
erogeneously distributed. At the edge of the modules 
(i.e. X position 0 m), the RMS of surface shear forces 
were similar to those observed for the standard module 

Fig. 7. Distribution of RMS of surface shear forces for standard and wide module spacing (: standard module spacing; 
: wide module spacing; results presented are for continuous sparging, similar results were observed for alternating and 
pulse sparging at fast and slow intermittent frequencies; values presented are averages of replicate experiments ±90% con-
fi dence interval of replicate experiments; refer to Figs. 2(a) and 2(b) for a description of the probe and plane location within 
the cassette).
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narrow gap between the membrane modules in the stan-
dard ZW500c system prevented the sparged gas from 
rising between the modules [2]. It is likely that the higher 
number of sparged bubbles that rose between the mem-
brane modules for the wider module spacing contributed 
to the greater RMS of surface shear forces observed for 
the wider module spacing. The lower bubble counts at 
the edge of the membrane modules (i.e. X position 0 m),
compared to those within the membrane modules (i.e. 
X position 0.18 and 0.36 m), is consistent with results of 
other studies that have reported that sparged bubbles 
tend to migrate towards the centerline of the membrane 
modules as they rise [2,10]. This lateral migration is likely 
responsible for the lower surface shear force magnitudes 
observed at the edges of the membrane modules (i.e. at 
probe locations A, D, G and J in Figs. 4–6), compared to 
those within the membrane modules (i.e. at probe loca-
tions B, C, E, F, H, I, K and L in Figs. 4–6). It should how-
ever be noted that no correlation was observed between 
the bubble count and the RMS of surface shear forces 
(results not presented), which is consistent with results 
from a previous study [2]. The lack of a direct correlation 
is likely because the surface shear forces induced on the 
hollow fi bers by gas sparging are not only affected by the 
count of the sparged bubbles, but also by entrained bulk 
liquid fl ow, local liquid instabilities and fi ber sway [8,11].

Because of the heterogeneous distribution of surface 
shear forces and sparged bubbles, it is essential to con-
sider the hydrodynamic conditions throughout the sys-
tem, rather than just those at the periphery, to optimize 
the sparging conditions and the module spacing.

The results from the present study are expected to 
be valid for ZW500 type systems containing Newtonian 
fl uids such as water or mixed liquor. The surface shear 

forces are expected to be different for systems contain-
ing non-Newtonian fl uids such as mixed liquors with 
high suspended solids concentrations [12].

4. Conclusions

The surface shear forces were observed to be highly 
variable over time and heterogeneously distributed 
within the cassette. In contrast with continuous sparg-
ing, extended periods of high or lower surface shear 
forces were observed for alternating and pulse sparging.

The root mean square (RMS) of surface shear forces 
induced by gas sparging, were relatively similar for con-
tinuous, alternating and pulse sparging, even though the 
volume of gas used by pulse sparging was half of that 
used by the other sparging conditions. Increasing the 
distance between the membrane modules signifi cantly 
increased the cassette RMS of surface shear forces, sug-
gesting that fouling control can improved by simply 
widening the distance between the membrane modules. 
It is likely that the greater number of sparged bubbles 
that could rise between the wider spaced membrane 
modules contributed to the higher RMS of surface shear 
forces. Because of the heterogeneous distribution of sur-
face shear forces and sparged bubbles, it is essential to 
consider the hydrodynamic conditions throughout the 
system, rather than just those at the periphery, to opti-
mize the sparging conditions and the module spacing.

The approach developed to map the surface shear 
forces throughout a sparged submerged hollow fi ber 
membrane systems provided the information needed to 
maximize surface shear forces without having to rely on 
a time and capital intensive trial-and-error approach.

Fig. 8. Distribution of bubble counts. (a) Side of membrane modules, (b) between membrane modules; : standard module 
spacing; : wide module spacing; values presented are averages of replicate experiments ±90% confi dence interval of repli-
cate experiments; results presented are for continuous sparging; ‘X’ positions of 0, 0.18 and 0.36 m corresponds to locations 
1, 2 and 3, respectively, at the side of the membrane modules, and 4, 5, and 6, respectively, between the membrane modules; 
refer to Fig. 2(c) for description of measurement locations within the cassette).
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