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ABSTRACT

Ultrasonic time-domain reflectometry (UTDR) involves passing an acoustic wave through a
medium and analyzing the reflected waveform. In this study, UTDR is used to track the
waveform peaks reflected from the outer and inner membranes in the outermost feed chan-
nel in a Koch 2521 spiral-wound module. The UTDR amplitude is shown to be more sensi-
tive to fouling than the transit (arrival) time. The local (point) measurement provided by
UTDR is shown to be advantageous since its location can be optimized for early fouling
detection. Concentration polarization is shown not to compromise UTDR. This is an advan-
tage relative to flux decline that responds to both fouling and concentration polarization. The
UTDR amplitude is found to increase with increasing temperature and decreasing pressure.
This is explained by the effect these parameters have on the crystallization rate that changes
the fouling layer morphology and thereby the reflected UTDR waveform. This study under-
scores the importance of establishing a UTDR reference surface suitable for unambiguous
detection of fouling. It also emphasizes the necessity for good temperature and pressure con-
trol during UTDR measurements as well as a more comprehensive understanding of the
effects of operating condition changes on the ultrasound waveforms.

Keywords: Ultrasonic time-domain reflectometry; Fouling; Spiral-wound module; Calcium
sulfate; Reverse osmosis

1. Introduction

Fouling is a major problem in membrane processes
that significantly increases the cost or limits the use of
membranes for water treatment and other liquid
separation processes. Scaling is a form of fouling
that involves precipitation of sparingly soluble inor-
ganics. It is a major problem in applying membrane

technology for high-pressure membrane processes
such as the use of reverse osmosis (RO) and nanofil-
tration (NF) for desalination. A comprehensive review
of scale formation in high-pressure membrane water
treatment systems has recently been published by
Antony et al. [1]. There is a need for methods both for
monitoring membrane fouling and cleaning for large-
scale water-treatment processes and to provide
fundamental information on the fouling process via
laboratory-scale studies. This paper focuses on the use
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of ultrasonic time-domain reflectometry (UTDR) as a
technique for monitoring fouling, in particular scaling,
noninvasively in real time. The principles of UTDR
will first be reviewed after which a brief summary is
given of prior studies that have applied UTDR to
study membrane fouling.

The principles and theory underlying the use of
ultrasound are discussed in detail in standard refer-
ences such as Krautkramer and Krautkramer [2].
Reviews of the use of ultrasound for characterizing
membranes and membrane processes have been given
by Greenberg and Krantz [3] and Krantz and
Greenberg [4]. UTDR is based on the principle that an
acoustic wave is affected by the media through which
it travels. In the pulse-echo mode, a sound wave is
transmitted and reflected from the various interfaces
in the medium of interest (e.g. a membrane module).
The instantaneous amplitude of the reflected wave-
form is measured as a function of time. The resulting
waveform is a spectrum of peaks corresponding to
primary and multiple reflections from the interfaces
encountered by the sound wave. Changes in the
amplitude and transit (arrival) time of the various
peaks in the waveform can provide information on
events occurring within the medium such as mem-
brane fouling. UTDR involves analyzing the reflected
waveform in the time domain, whereas ultrasonic fre-
quency-domain reflectometry analyzes the reflected
waveform in the frequency domain.

An ultrasound wave is created by electrically
exciting a piezoelectric device rigidly attached exter-
nally to the object being studied (e.g. membrane
module), which in the pulse-echo mode acts as both
the wave transmitter and reflected waveform receiver.
An ultrasound wave propagates via compression and
rarefaction of the material through which it travels;
hence, its velocity c is a property of this material and
is generally proportional to the density. For the
media encountered in a spiral-wound module, c ffi
1,500m/s for water, 2,000m/s for a polymer, and
2,600m/s for an epoxy resin. When an ultrasound
wave encounters an interface between two media,
reflection, transmission, and mode-conversion (i.e.
phase angle change between incident and reflected
waves) can occur. The magnitude of the reflected and
transmitted waves is determined by the acoustic
impedance difference between the media on either
side of an interface Z2 � Z1, where Zi � qici in which
the subscripts 1 and 2 denote the media from which
and into which, respectively, the wave is propagating.
For an incident wave perpendicular to an interface,
the amplitude A of the reflected relative to the
incident wave is given by

A ¼ Z2 � Z1

Z2 þ Z1

ð1Þ

If Z2 >Z1, the reflected and incident waves will be
in phase, whereas if Z2 <Z1, they will be 180˚ out-of-
phase. Higher frequency ultrasound waves are more
responsive to changes in the media, but are more
strongly attenuated, which makes resolving their
reflections more difficult. Hence, the choice of the
ultrasound transducer frequency is a compromise
between sensitivity and attenuation. Current ultra-
sound technology for membrane applications uses
transducers in the 1–25MHz frequency range that per-
mits noninvasive, real-time characterization with
micron-scale resolution.

UTDR was first applied to membrane processes by
Bond et al. [5] who used it to measure membrane
compaction under high pressure. Subsequent applica-
tions of UTDR to study membrane compaction were
done by Peterson et al. [6], Reinsch et al. [7], Aerts
et al. [8], and Kelley et al. [9]. UTDR has also been
used to study membrane formation noninvasively in
real time by Kools et al. [10]. The first use of UTDR to
study membrane fouling was that of Mairal et al.
[11,12] who studied calcium sulfate dihydrate scaling
on a flat-sheet RO membrane in the cross-flow mode.
Mairal’s results were confirmed by Sanderson et al.
[13]. Li et al. [14] used UTDR to study calcium sulfate
fouling on flat-sheet RO membranes in both the cross-
flow and dead-end modes. Silica fouling on flat sheet
RO membranes was studied using UTDR by Chong
et al. [15]. Zhang et al. [16] and Chai et al. [17] were
the first investigators to apply UTDR to monitor cal-
cium sulfate scaling in a commercial 21=4-inch (5.6 cm)
spiral-wound RO module. Recent applications of
UTDR to monitoring calcium sulfate scaling in a com-
mercial 4-inch (10.2 cm) spiral-wound module have
been done by An et al. [18,19]. Calcium sulfate scaling
has been studied using UTDR for flat sheet NF mem-
branes by Zhang et al. [20] and Cobry et al. [21], and
calcium carbonate scaling by Li et al. [22]. Calcium
sulfate and microbial synergistic fouling on flat sheet
NF membranes has been studied by Hou et al. [23]. Li
et al. applied UTDR to study bovine serum albumin
fouling on flat sheet UF membranes [24] and on
tubular UF membranes [25]. Li et al. [26] and Li and
Sanderson [27] applied UTDR to study kaolin particle
fouling on flat sheet microfiltration (MF) membranes
and Xu et al. [28] used UTDR to study kaolin particle
fouling on tubular MF membranes. Sanderson et al.
[29] applied UTDR to monitor fouling on a flat sheet
MF membrane used to treat a paper mill effluent.
Sikder et al. [30] used UTDR to monitor the fouling
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caused by natural brown water from a municipal
reservoir. Silalahi et al. [31] applied UTDR to monitor
fouling associated with the use of a flat-sheet MF
membrane to separate oil-in-water emulsions.
Recently, Sim et al. [32] have used UTDR to monitor
fouling by colloidal silica on flat-sheet MF mem-
branes.

Particularly noteworthy among the aforementioned
studies is the development of three complementary
ways to analyze the UTDR data. Chai et al. [17] were
able to measure the instantaneous local thickness of
the scaling deposits by tracking the specific peaks
associated with the UTDR reflections from the outer-
most layers in a spiral-wound module. Zhang et al.
[16] developed the concept of the “acoustic signature”
characterized by comparing either the arrival time or
amplitude of the peaks for the fouled spiral-wound
module to those of the same module prior to fouling.
Sanderson et al. [29] developed a “Fourier wavelet”
approach whereby the waveform in the time domain
is transformed into the frequency domain in order to
compare the fouled and unfouled ultrasound response
for the same membrane. The acoustic signature and
Fourier wavelet approaches are advantageous for
using UTDR in a control scheme strategy whereby a
quantifiable metric is required to determine when
some appropriate action should be taken. For exam-
ple, Lu et al. [33] and Mizrahi et al. [34] recently
employed changes in acoustic signature to control
flow reversal to mitigate scaling in RO desalination.
Analyzing specific peaks may be more useful for fun-
damental studies of membrane fouling where one
seeks to determine the nature of fouling at specific
locations and times in the membrane module.

All the aforementioned studies involved using
acoustic transducers fixed rigidly to the membrane
module at one or more fixed locations. An alternative
approach involves using scanning acoustic microscopy
(SAM) whereby the acoustic transducer is scanned
over the surface of the object. Kujundzic et al. [35]
used SAM to study fouling during MF of an industrial
fermentation broth. Since SAM permits using higher
frequency transducers that provide better resolution,
it can be used to study biofouling for which the
acoustic impedance difference between the biofouling
layer and the membrane is quite small. However,
SAM requires immersing the membrane in a suitable
coupling agent such as water. As such, it cannot be
applied for noninvasive real-time detection of fouling
in commercial membrane modules.

This paper builds on prior studies by employing
the analysis of specific peaks associated with the
UTDR waveform to study calcium sulfate dihydrate
scaling in a spiral-wound RO membrane module.

UTDR is used to follow a complete cycle of fouling
and cleaning. Apparent disparities between flux
decline and recovery and the UTDR response are
explained. The ability of UTDR to distinguish between
flux decline owing to scaling and that due to concen-
tration polarization is also demonstrated by employ-
ing sparingly soluble calcium sulfate dihydrate to
cause fouling and soluble sodium chloride to cause
concentration polarization in the absence of any foul-
ing. Limited exploratory studies of the effects of tem-
perature and pressure on UTDR detection of the
scaling process are also presented.

2. Materials and methods

The commercial spiral-wound RO modules (Koch
2521) that were used in these membrane fouling and
cleaning studies have a length and diameter of 47.7
and 5.6 cm, respectively. The modules have 12
concentric envelope layers, each feed channel of which
contains two membranes. Fig. 1 shows a schematic of
a cross-section of a 2521 spiral-wound membrane
module.

The fouling agent was calcium sulfate dihydrate
(Aldrich 98%). Feed solutions with concentrations up
to 1.6 g/L were prepared using deionized distilled
water. The flow system had a circulating volume of
12 L and consisted of the spiral-wound RO membrane
module, a feed tank with temperature control, stan-
dard devices for the control and measurement of pres-
sure, feed concentration, flow rate, and temperature.
A low-pressure pump was used to transport the feed
through a 2m prefilter and then to a high-pressure
booster pump. The retentate and permeate from the
module were recycled to the feed tank to ensure sta-
ble operation. A new module was preconditioned by
flowing pure water for 20 h to remove the protective

Fig. 1. Schematic of a cross-section of a 2521 spiral-wound
membrane module.
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coating from the membranes. The standard operating
procedure was to run at the maximum test pressure
for at least one hour prior to an experiment in order
to minimize subsequent membrane compaction
effects.

The UTDR hardware included a custom-made
3.5MHz focused transducer, a pulser-receiver (Pana-
metrics 5052PRX) and a digital storage oscilloscope
(Nicolet Pro 50). The UTDR technique involves plac-
ing one or more transducers on the outside of the
module housing and using the pulse-echo mode of
operation. One of the UTDR transducers was located
14 cm from the retentate–effluent end of the module
where the concentration polarization would be more
significant. The UTDR response signal was continu-
ously sampled and stored on a personal computer.
The sampling rates permitted storing 1,000 data points
to represent the reflected UTDR waveform.

The experimental protocol for the fouling and
cleaning cycle experiments involved first having a
deionized distilled water-feed during which both the
permeate flux and UTDR response were measured.
The feed then was abruptly changed to an aqueous
solution of calcium sulfate that caused fouling, flux
decline, and a UTDR response. The feed then was
abruptly changed back to deionized distilled water,
which gradually began to dissolve the calcium sulfate
deposits during which the permeate flux and UTDR
response were continuously measured. A moderate
transmembrane pressure of 0.68MPa was used so that

the permeation flux would not be too large. This in
turn ensured a relatively slow fouling rate and pro-
vided a more sensitive test of the UTDR methodology.

The procedure for demonstrating that UTDR mea-
surements are not compromised by concentration
polarization effects involved starting with a deionized
distilled water-feed during which both the permeate
flux and UTDR response were measured. The feed
then was abruptly switched to an aqueous solution of
sodium chloride, which caused concentration polariza-
tion but did not foul the membrane. The feed then
was abruptly switched back to deionized distilled
water, which quickly swept out the salt solution that
was causing the concentration polarization.

The effect of temperature and pressure on the
UTDR response to membrane fouling was studied by
systematically increasing the temperature of the feed
while holding the transmembrane pressure constant
and by increasing the transmembrane pressure while
holding the temperature constant.

3. Results and discussion

Fig. 2 shows a representative UTDR waveform.
Three peaks denoted by A, B, and C were selected
from this waveform and were tracked during the foul-
ing and cleaning processes. Peak A is the ultrasonic
echo signal from the outer wrapping of the membrane
module; this peak was selected to determine whether
the membrane element was stable or responding in
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Fig. 2. Representative UTDR waveform: peak A from outer wrapping material, peaks B and C emanate from the outer
and inner membranes in the outermost feed channel of the 2521 spiral-wound module.
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some way to module expansion since it is unaffected
by the fouling process. Peaks B and C emanate from
the outer and inner membranes in the outermost feed
channel in the 2521 spiral-wound module. These
peaks were identified from the waveform response by
determining the interfaces from which they were
reflected using the appropriate acoustic velocities [17].

3.1. Complete fouling and cleaning cycle

Table 1 summarizes the results from a complete
fouling and cleaning cycle at a pressure of 0.68MPa
and a temperature of 20˚C that include the operating
time, permeation flux normalized with respect to the
initial deionized distilled water value, calcium sulfate
concentration in the feed, rejection, UTDR amplitude
normalized with respect to the deionized distilled
water value for peaks A, B, and C, and the UTDR
arrival time for peaks A, B, and C. Fig. 3 shows a plot
of the normalized flux on the left ordinate axis and
the normalized amplitudes of peaks B and C on the
right ordinate axis as a function of time (note the dif-
ferent ordinate scales). After the module was precon-
ditioned for 1 h at the operating pressure of 0.68MPa,
a deionized distilled water feed was introduced dur-
ing which time the permeation flux and amplitudes of
peaks B and C maintained constant values as can be

seen from the data in Table 1 and Fig. 3. At 27.5 h
(shown by the vertical dotted line on the left in
Fig. 3), the feed was abruptly changed to a 1.6 g/L
solution of calcium sulfate after which membrane
fouling began. This fouling caused a decline in the
permeation flux, a decrease in the amplitude of peak
B and an increase in the amplitude of peak C. This
contrasting amplitude behavior arises because the
ultrasound wave passes through the membrane into
the fouling layer for peak B, but through the feed
solution into the fouling layer for peak C for the feed
channel configuration in a spiral-wound module; that
is, the interface that causes the primary reflection of
the ultrasound waveform is dramatically different for
peaks B and C. At 76 h (shown by the vertical dotted
line on the right in Fig. 3), the feed was abruptly
switched back to deionized distilled water, which
caused the calcium sulfate fouling layer to gradually
dissolve. This dissolution is manifested by an increase
in the permeation flux, an increase in the amplitude
of peak B, and a decrease in the amplitude of peak C.
Note that the permeation flux returns to nearly its ini-
tial value prior to introducing the calcium sulfate
solution, whereas the amplitudes of peaks B and C do
not return to their initial values. This seemingly incon-
sistent behavior arises because the permeation flux is
an integral measure of the fouling throughout the

Table 1
Performance data for a complete cycle of fouling and cleaning for calcium sulfate fouling of a 2521 spiral-wound RO
module at a pressure of 0.68MPa and temperature of 20˚C

Phase Time (h) Normalized
flux (%)

CaSO4 in
feed (g/L)

Salt
rejection (%)

Normalized UTDR
amplitude (%)

UTDR arrival time (ls)

Peak A Peak B Peak C Peak A Peak B Peak C

H2O 12.0 100.0 0.01 97.4 100.0 100.0 100.0 7.62 10.56 11.66

22.5 98.9 0.01 97.9 98.9 100.0 100.0 7.62 10.56 11.66

27.5 100.0 0.01 98.3 100.1 98.5 109.5 7.62 10.56 11.66

Fouling 28.5 98.2 0.73 99.7 99.6 95.5 114.3 7.62 10.56 11.66

38.5 74.2 1.52 99.6 102.0 91.3 127.9 7.60 10.52 11.62

57.0 71.5 1.53 99.6 102.1 87.7 128.8 7.60 10.52 11.62

64.5 71.3 1.36 99.2 101.1 78.0 129.5 7.58 10.52 11.62

70.0 73.2 1.35 99.0 97.3 76.3 130.2 7.58 10.50 11.60

72.0 73.8 1.38 99.14 95.5 65.1 138.0 7.38 10.30 11.40

76.0 73.6 1.33 99.2 96.1 65.6 133.8 7.40 10.30 11.40

Cleaning 81.5 84.1 0.71 98.7 103.9 72.7 127.6 7.38 10.30 11.40

82.5 88.2 0.67 98.9 103.0 71.2 126.2 7.38 10.30 11.40

86.5 89.2 0.85 98.6 86.1 72.7 121.4 7.40 10.34 11.44

90.0 93.5 0.29 98.8 89.0 73.9 123.8 7.40 10.32 11.44

94.0 96.1 0.15 98.8 100.1 90.1 115.2 7.40 10.34 11.42

96.0 97.6 0.05 98.7 98.9 90.1 114.3 7.40 10.32 11.42

100.5 98.9 0.03 97.8 99.0 90.1 111.9 7.40 10.34 11.44

103.0 98.5 0.03 98.9 99.3 92.4 109.5 7.40 10.34 11.42
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entire membrane module, whereas UTDR provides a
local value. The ultrasonic transducer was purposely
located at a point where fouling would be maximized,
namely at the downstream end of the module. Fig. 3

clearly indicates that at this downstream point, the
calcium sulfate fouling layer was still not totally
dissolved. Hence, since UTDR responds to local
conditions in the membrane module via an effective
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point measurement, it can provide a far more sensi-
tive indicator of fouling than integral measures such
as flux decline or transmembrane pressure increase.

The last three columns in Table 1 summarize the
arrival times for peaks A, B, and C. Note that the dif-
ference between the arrival times of peaks B and C is
1.10 ± 0 s for the entire 27.5 h during which the feed
was deionized distilled water. Based on a value of
1,500m/s for the speed of sound in water, this corre-
sponds to a distance of 825± 0lm, which agrees rea-
sonably well with the nominal value of 710lm given
for the feed channel spacer thickness of the 2521
spiral-wound module (Fig. 1). Hence, this correspon-
dence supports the supposition that peaks B and C
correspond to the outer and inner membrane layers,
respectively, of the outermost feed channel of the 2521
spiral-wound module.

Fig. 4 is a plot of the arrival time of peak A (left
ordinate) and the arrival time difference between
peaks B and A, and between peaks C and A (right
ordinate) vs. the operating time (note that the scales
for the left and right ordinates are different). Note that
peak A corresponds to the outer wrapping, which is
not affected by the calcium sulfate fouling. However,
the arrival time for peak A is seen to decrease by
0.02ls between 28.5 and 38.5 h, and by 0.20 ls
between 70 and 72 h. Based on a value of 1,500m/s
for the speed of sound in water, the total decrease in
transit time of 0.22ls indicates that the dead space/
wrapping interface has been displaced in a radial
direction such that it is 165 lm closer to the outer sur-
face of the module housing. Fig. 4 shows that the dif-
ference between the arrival times of peaks A and B
remained constant at 2.93 ± 0.01ls and that between
peaks A and C remained constant at 4.03 ± 0.01ls.
These data imply either displacement of the entire
filter element relative to the housing or equal expan-
sion of the wrapping and the outer and inner
membranes by 165 lm. Although data from additional
transducers would be required to distinguish between
these alternatives, these results indicate the utility of
arrival time analysis for insights regarding module
operation unrelated to fouling.

It might seem surprising that the fouling detected
by the UTDR amplitude data in Table 1 did not cause
any measureable change in the spacer channel thick-
ness throughout the entire fouling and cleaning cycle.
Since peaks B and C correspond to the outer and
inner membranes for the outermost feed channel in
the 2521 spiral-wound module, fouling should cause
the transit time for peak B to increase and that for
peak C to decrease. Note that a fouling layer having a
thickness of 20 lm would cause a change of less than
0.01ls in the arrival time for peaks B and C. The

effect of fouling layer deposition on the transit time is
completely masked by the 165 lm displacement of
envelope layers. Some prior studies have attempted to
infer the thickness of the fouling layer on the mem-
brane by the change in transit time for the waveform
reflection from the fouled membrane surface. The
results presented here indicate that it is critical to
determine if there is any displacement of the mem-
brane envelope layers in the spiral-wound module,
since this can cause a much larger decrease in the
transit time than the buildup of the fouling layer. It is
standard practice when using UTDR to detect mem-
brane fouling to reference the reflected waveform
from the fouled membrane to the reflection from some
fixed surface. It is important that this reference be a
surface that is unaffected by the fouling and not dif-
ferentially affected by any displacement of the filter
layers.

3.2. Fouling and concentration polarization

Fouling is usually inferred from either a decrease
in permeate flux and/or salt rejection or an increase
in the transmembrane pressure. However, these can
change for reasons other than fouling such as concen-
tration polarization and/or membrane compaction.
One would like to distinguish between changes
caused by concentration polarization and those caused
by membrane fouling, since only the latter ultimately
requires some type of remedial action. In order to
assess whether UTDR detection of membrane fouling
would be compromised by concentration polarization,
a test was done on a 2521 spiral-wound module
whereby an initial deionized distilled water feed was
abruptly changed after 1.5 h of operating time to an
aqueous solution of 2.1 g/L of sodium chloride. Then
at an operating time of 6.5 h, the feed was abruptly
switched back to deionized distilled water. Table 2
summarizes the normalized permeation flux, retentate
salt concentration, and normalized UTDR amplitude
as a function of operating time. Fig. 5 plots the nor-
malized flux and normalized UTDR amplitude of
peak C on the left ordinate and the NaCl concentra-
tion on the right ordinate (note the different ordinate
scales) as a function of the operating time. The initial
switch to a salt solution feed (shown by the vertical
dotted line on the left in Fig. 5) caused a gradual
increase in the retentate salt concentration, whereas
switching back to a deionized distilled water feed
(shown by the vertical dotted line on the right in
Fig. 5) caused a gradual decrease in the retentate salt
concentration. A marked decrease in the permeation
flux is observed to track the increase in NaCl
concentration owing to the concentration polarization.
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However, the UTDR amplitude remains constant at
101.8 ± 0.9 g/L throughout the entire 19.5 h of the test.
This clearly establishes that the UTDR response is not
confounded by concentration polarization. While in
principle, the higher salt concentration associated with
a concentration polarization boundary layer would
result in a correspondingly higher acoustic velocity,
the resolution of the relatively low frequency trans-
ducer required to penetrate the spiral-wound module
is insufficient to detect this effect. As such, UTDR can
be used to determine when fouling rather than con-
centration polarization causes the flux decline.

3.3. Temperature and pressure effects on UTDR response

Preliminary experiments were conducted to demon-
strate that temperature and pressure effects could com-
plicate interpretation of the UTDR response. This is a
potentially important consideration given that ultra-
sonic velocity and amplitude can vary with respect to
changes in these important operating parameters. Such
changes should be relatively small, but have not been
extensively characterized for spiral-wound membrane
modules. The range of operating conditions considered
was 0–2.7MPa (0–400 psig) for the transmembrane
pressure, 10–25˚C for the temperature, and 0.74 g/L for
the aqueous CaSO4 feed concentration. Table 3 summa-
rizes the absolute amplitude (mV) of peak C emanating

from the inner membrane of the outermost feed
channel in the 2521 spiral-wound module as a function
of the feed temperature and transmembrane pressure.
Fig. 6 shows a plot of the amplitude of peak C in mV
vs. the temperature in˚C at a pressure of 0.09MPa
(13 psi) (left ordinate and lower abscissa) and vs. pres-
sure in MPa at a temperature of 20˚C (right ordinate
and upper abscissa). As a result of these systematic
stepped changes in temperature and pressure, the
amplitude of peak C increases monotonically with an
increase in temperature and decreases monotonically
with an increase in pressure.

In the absence of any effects on the material prop-
erties of the layer media, the amplitude should not be
significantly affected by the changes in pressure.
However, an increase in amplitude with increasing
pressure might be expected to the extent that higher
pressure causes compression (compaction) of one or
more of the layers. The situation with respect to tem-
perature is somewhat more complex since material
properties of the polymeric layers do depend upon
temperature, and increased absorption at higher tem-
peratures would most likely result in decreased
amplitude. However, the temperature range consid-
ered here is sufficiently small that any such changes
should likewise be relatively small. Thus, the distinct
trends indicated in Fig. 6 are more likely due to
changes in the morphology of the reflecting surface as
a result of fouling.

Table 2
Normalized permeate flux, NaCl concentration in the feed, and normalized UTDR amplitude as a function of operating
time during which the feed was abruptly switched at 1.5 h from deionized distilled water to an aqueous NaCl solution
and then abruptly switched at 6.5 h back to deionized distilled water at a pressure of 0.68MPa and temperature of 20˚C

Phase Time (h) Normalized flux (%) NaCl concentration
in feed (g/L)

Normalized UTDR
amplitude (%)

H2O 0 100.0 0 100.0

1.5 101.4 0 102.5

Aqueous NaCl 2.0 92.0 0.304 102.0

2.5 83.6 0.674 101.9

3.0 76.1 1.035 102.3

3.5 69.5 1.362 102.4

4.5 61.0 1.775 101.8

6.5 58.7 2.112 106.2

7.0 58.7 2.112 102.1

7.5 70.4 1.515 103.8

8.0 75.6 1.246 103.1

9.0 83.1 0.894 103.1

10.0 88.7 0.637 103.8

12.0 96.2 0.347 101.3

15.5 101.4 0.156 100.2

19.5 105.2 0.029 100.2
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Prior studies have shown that dendritic (needle-
like) calcium sulfate crystals that form rapidly when
the supersaturation created by concentration polariza-
tion is relieved cause a decrease in the UTDR ampli-
tude owing to diffuse reflection of the incident
waveform [11,12]. In contrast, planar crystalline struc-
tures that form more slowly cause an increase in the
UTDR amplitude by providing a relatively smooth
surface for reflection of the incident waveform [11,12].
The solubility of calcium sulfate dihydrate increases
from a value of approximately 1.7 g/L at 0˚C to a
maximum of slightly more than 2.1 g/L at 40˚C, after
which it decreases [36]. Hence, the amplitude increase
with increasing temperature can be explained by the
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Fig. 5. Normalized permeation flux and normalized UTDR waveform amplitude for peak C (left ordinate) and NaCl
concentration (right ordinate) as a function of time at a pressure of 0.68MPa and temperature of 20˚C. The feed was
deionized distilled water until 1.5 h (vertical dotted line on left), at which time the it was switched to a solution of
2.1 g/L of NaCl that caused concentration polarization; at 6.5 h, (vertical dotted line on right) the feed was switched back
to deionized distilled water that progressively swept out the NaCl. The permeation flux decreases owing to the
concentration polarization, whereas the UTDR amplitude remains constant.

Table 3
Effect of transmembrane pressure at a temperature of 20˚C
and temperature at a pressure of 0.09MPa (13 psi) on the
amplitude (mV) of Peak C corresponding to the inner
membrane of the outermost feed channel in the 2521
spiral-wound module

Temperature
(˚C)

Pressure, MPa (psi)

0 (0) 0.09
(13)

0.69
(100)

1.55
(225)

2.75
(400)

10 56.6

15 70.5 62.7

20 92.7 86.0 75.2 63.0 36.6

23 91.6

25 97.6
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increased solubility that causes a decrease in the crys-
tallization rate that in turn will result in the growth of
a larger, more planar crystalline structure that reflects
the UTDR waveform more robustly. However, any
change in the solubility owing to the pressure increase
over the range of 0–2.7MPa (0–400psi) would be neg-
ligible. The amplitude decrease with increasing pres-
sure is caused by the increase in permeation flux that
in turn increases the rate of crystallization and thereby
creates a dendritic morphology that results in diffuse
reflection of the incident UTDR waveform. These
results underscore the importance of maintaining
good temperature and pressure control when UTDR is
used to infer membrane fouling, and provide a com-
pelling rationale for comprehensive experiments
designed to quantify the effects of operating condition
changes on UTDR waveforms.

The contention that UTDR amplitude is markedly
sensitive to the morphology of the fouling deposits is
supported by the fouling interval experiments
described in Mairal et al. [12]. This set of experiments
was conducted using a Dow BW30 polyamide
membrane in a flat sheet module such that the experi-
ments could be interrupted at different times in order
to carry out scanning electron microscopy (SEM)
analysis of calcium sulfate fouling deposits. The
temperature, transmembrane pressure, axial velocity,
and CaSO4 feed concentration were held constant at
25˚C, 4.14MPa, 9.8 cm/s, and 0.5 g/L, respectively.
Fig. 7 shows SEMs of the fouled membrane surface
taken after 90min (a), 245min (b), and 290min (c) and
the corresponding plot of the normalized reflected
UTDR waveform amplitude as a function of time. The
decrease in the UTDR amplitude is seen to correspond
to a fouling deposit morphology consisting of patches

of dendritic (rosette) crystals (top, left) that progres-
sively spread over the membrane surface (top, center).
However, the dendritic crystal structure evolves into a
planar morphology that covers much of the entire

Fig. 6. UTDR waveform amplitude of peak C as a function of temperature at a pressure of 0.09MPa (13 psi) (left ordinate
and lower abscissa) and as a function of pressure at a temperature of 20˚C (right ordinate and upper abscissa).

Fig. 7. Corroboration between the reflected UTDR
waveform amplitude and fouling layer morphology for
CaSO4 fouling on a Dow BW30 polyamide membrane at
constant temperature, transmembrane pressure, axial
velocity, and feed concentration of 25˚C, 4.14MPa, 9.8 cm/
s, and 0.5 g/L, respectively [12]. The upper panels show
SEM micrographs of the fouling layer morphology when
the experiment was interrupted at 90 (left), 245 (center),
and 290 (right) min. The lower panel is a plot of the
reflected UTDR waveform amplitude showing the times
corresponding to the SEM analyses. The UTDR amplitude
decreases as patches of dendritic crystals progressively
grow on the membrane surface, and then increases as a
planar morphology develops owing to the reduced
permeation flux associated with the fouling layer.
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surface of the membrane (top, right). This occurs
owing to the decrease in the crystallization rate associ-
ated with a reduced permeation flux owing to the
fouling layer and constant pressure operation.

In summary, a dendritic morphology that arises
from rapid crystallization will cause a progressive
decrease in the amplitude of the reflected UTDR
waveform. In contrast, a planar morphology that is
associated with slower crystallization that occurs at
smaller permeation fluxes will cause a progressive
increase in the amplitude of the reflected UTDR wave-
form.

4. Conclusions

This study indicates the value of using individual
peaks of the reflected UTDR waveform in order to
obtain more fundamental information about the foul-
ing process. The amplitude of the reflected UTDR
waveform was found to be a more sensitive measure
of the fouling than the arrival time at the low fouling
rates characteristic of these studies. Interestingly,
UTDR revealed that significant displacement of the
2521 spiral-wound module occurred during the opera-
tion. When using UTDR to infer membrane fouling, it
is critical to use a reference peak based on a surface
that is not subject to the fouling and will not move if
displacement occurs. If this is not done, the change in
transit time could be misinterpreted as being due to
the build-up of a fouling layer.

Conventional indicators of fouling such as perme-
ate flux will experience a decline owing to concentra-
tion polarization, which cannot be distinguished from
that caused by membrane fouling. Hence, flux decline
might be incorrectly interpreted to indicate fouling
that would require remedial action. In contrast, UTDR
is not compromised by concentration polarization and
responds only to membrane fouling, and thereby will
dictate cleaning only when the membrane is actually
fouled.

Results from this study are in agreement with pre-
vious work indicating that changes in amplitude of
the UTDR waveform in response to membrane fouling
depend on the nature of the reflecting interface.
Indeed, the observed UTDR amplitude increase in this
work underscores the need to quantify and differenti-
ate waveform effects due to operating conditions as
distinct from surface changes due to fouling. The
effect of increasing temperature on the UTDR
response during fouling is likely due to an increase in
calcium dihydrate solubility and a corresponding
decrease in the rate of crystallization. In contrast, the
amplitude of the UTDR response will decrease with
increasing pressure owing to an increase in the per-

meation flux that causes an increase in the rate of
crystallization. More rapid crystallization favors the
formation of a dendritic morphology that causes dif-
fuse reflection of the UTDR waveform. Slow crystalli-
zation favors the formation of larger crystals and a
more planar morphology that causes a more robust
reflection of the UTDR waveform.

UTDR is finding increasing application for in situ
characterization of fouling and for fouling detection in
conjunction with membrane process control. In view
of this, these observations and insights indicate a clear
need to quantify the effects of the various factors that
affect the real-time waveforms.

Symbols

A — acoustic impedance defined by Eq. (1)

ci — speed of sound in medium i

Z1 — acoustic impedance of the medium from
which the waveform is propagating

Z2 — acoustic impedance of the medium into which
the waveform is propagating

Greek

qi — mass density of medium i
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