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Abstract 10 

Ultrafiltration (UF) membrane modules are a viable pre-treatment technology for reverse osmosis 11 

processes; they however are susceptible to fouling.  In the current study, we demonstrate the use of 12 

benchtop MRI to provide quantitative structural and velocity images of an UF membrane module 13 

showing velocity inside each individual fiber and proceed to provide unique insights into both 14 

subsequent fouling and cleaning events.  The module consists of 400 fibers, these all were correctly 15 

identified from the MRI images based on an implemented fiber identification algorithm.  Velocity 16 

imaging of the UF module, revealed significant water flow in only 91% of the fibers.   Following 17 

fouling with a calcium alginate gel, only 73% of the fibers were observed to be active which only 18 

recovered to 79% on application of a cleaning protocol using acetic acid.  Fouling was clearly isolated 19 

to specific fibers in which flow was effectively eliminated; this is not consistent with the assumption 20 

of uniform fouling deposition on the inner fiber walls.  This also restricts the access of cleaning 21 

solutions which effectively by-pass the fouled fibres.  This level of novel, quantitative insight is 22 

available on benchtop MRI equipment, which displays significant promise for further hollow fiber UF 23 

module design, manufacturing and fouling development and control studies.            24 
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1. Introduction and Background 37 

Increasing global population and the increasing pollution as a result of human 38 

activities has resulted in severe pressure on the supply of safe, clean drinking water [1].  39 

Seawater desalination and water reuse are viable solutions to potable water scarcity issues in 40 

many countries, including Australia, which in the last two decades has significantly increased 41 

its use of reverse osmosis (RO) technology to this end.  Microfiltration (MF) and 42 

ultrafiltration (UF) are used for pre-treatment of the feed water before RO in order to remove  43 

micro-particles and macromolecules (e.g. inorganic particles, organic colloids and dissolved 44 

organic matter)  in order to extend the lifespan of the RO modules [2-4].  In this context 45 

hollow fiber ultrafiltration modules are typically used to remove extracellular polymeric 46 

substances (EPS) from the feed water [3, 5].   These UF modules generally consist of a large 47 

number of parallel hollow fibers (a typical fiber inner diameter would be 0.8 mm). Two types 48 

of hollow fiber UF membranes are common: outside-in Polyvinylidene fluoride (PVDF) and 49 

inside-out Polyethersulfone (PES) membranes; Our research focus is on the inside-out 50 

operated PES membrane module where the feed water solution flows through the hollow 51 

fibers with the permeate being collected in the space between the fibers [6].      52 

  Membrane fouling is frequently considered the major restraint on the wider 53 

deployment of desalination and water recycling operations [5, 7, 8]. Fouling can originate 54 

from a variety of feed water contents and is broadly categorized into organic, 55 

inorganic/scaling, biological/microbial and particulate fouling [9].  Loss of membrane 56 

performance occurs due to the accumulation of fouling material both on the membrane 57 

surface and adjacent support structures [7], often culminating in the formation of a cake on 58 

the membrane surface [10].  The large numbers of small diameter fibers in UF modules 59 

makes fouling monitoring much more difficult [11]. The parallel narrow diameter fibers 60 

readily experience non-uniform flow distribution and a changing transmembrane pressure 61 

drop (TMP) along their collective length and hence variable flux distribution [12]. A wide 62 

array of experimental techniques have been used for studying such fouling processes in 63 

membrane system, ultimately aimed at both improving our ability to predict a fouling event 64 

and in an applied context to provide an early warning signal of fouling development [13].  65 

These include monitoring of flux decline, TMP and analysis of the feed water composition 66 

[14, 15].   Non-invasive fouling detection options include electrical impedance spectroscopy 67 

(EIS), ultrasonic time-domain reflectometry (UTDR), and sodium chloride tracer test [16-18].  68 

 Another alternative for such fouling detection that has been demonstrated in the 69 

laboratory, and which shows significant potential as a field detection tool, are various forms 70 

of non-invasive Nuclear Magnetic Resonance (NMR).  In a laboratory context, the use of 71 

Magnetic Resonance Imaging (MRI) has been demonstrated to reveal novel insights into both 72 

membrane module structure and the flow field it contains [19] predominately using high field 73 

MRI hardware featuring superconducting magnets. Arndt et al. [20] imaged the effects of 74 

alginate fouling in a single ceramic hollow fiber using superconducting high field MRI to 75 

interrogate the structure of the formed alginate layer.  Schuhmann et al. [19] extended this 76 

work to a seven channel polymer membrane.   Extrapolation to visualization of fouling 77 

development inside membrane modules is less frequent but does include the use of 2D cross-78 
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sectional velocity maps inside spiral wound reverse osmosis and ultra-filtration membranes 79 

[21-23], which revealed significant flow heterogeneity development in response to module 80 

biofouling.  Spatially unresolved NMR techniques have also been demonstrated to be able to 81 

provide early detection of fouling development in such systems, these included analysis of 82 

both NMR relaxation properties [24] and signal moment analysis [13] and was performed 83 

using mobile and comparatively cheap earth’s magnetic field NMR apparatus.    84 

  Whilst bench-top permanent magnet MRI systems offer a lower signal to noise ratio 85 

(SNR) relative to high field MRI devices, they are more accessible and cheaper and still 86 

capable of non-invasively resolving both the microstructure and the velocity field inside 87 

hollow fiber membrane modules.  Yang et al. [22] imaged the flow distribution in the space 88 

between various hollow fiber packings for membrane distillation modules using such MRI 89 

hardware.  Wypysek et al. [25] studied the shell and lumen flow and pressure communication 90 

during permeate and filtration with silica deposition in a polymer membrane module 91 

consisting of seven channels.   In the current study, we apply benchtop MRI (using a 92 

spectrometer originally designed to interrogate rock cores) to determine both the structure 93 

and flow field in a 2D cross-section of the fiber bundle in a 400 fiber ultrafiltration (UF) 94 

module.  As such, the measurements are both non-destructive and non-invasive.  The imaging 95 

protocol required implementation of a fiber identification image analysis algorithm and 96 

included a coarse resolution of the velocity field inside individual fibers.   The MRI 97 

measurements were repeated for the UF module fouled with alginate and again following 98 

cleaning with an acidic solution.  Comparison of the resultant series of images, prior to and 99 

following fouling, allows for direct visualization and identification of the fouling mechanism 100 

and its effect on the flow distribution between fibers; the system following a cleaning regime 101 

was similarly assessed.      102 

  103 
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2. Materials and Methodology  104 

 105 

2.1 Equipment  106 

The UF hollow fiber membrane module used in this study was a lab-scale device 107 

constructed by Asahi Kasei Corporation, which mimicked an industrial unit.  It contained 400 108 

closely packed straight hollow fibers whose inner diameters (ID) were 0.8 mm and whose 109 

length was 205 mm.   These were contained in a cylindrical chamber with an inner diameter 110 

of 36 mm.  The PES membrane has an asymmetric porous structure that is all made of the 111 

same polysulfone material. The module housing and the fiber distribution and collection 112 

manifolds were made from polysulfone and epoxy resin respectively.   A photo of the module 113 

is shown in Figure 1(a), whilst a simple schematic diagram of the internal flow paths is 114 

shown in Figure 1(b).    In the current configuration the module is operated with feed water 115 

pumped through the 400 fibers, permeate is thus allowed to collect in the space between the 116 

fibers and is removed via one of the lateral module entrance ports with the other entrance port 117 

is sealed.  Once permeate side is full, it is sealed so that there is no further permeate 118 

production occurring during velocity measurements. A summary of the module specifications 119 

is contained in Table 1.  To observe fouling of the entrance region of the module photographs 120 

(e.g. Fig 1d) were acquired after fouling to show that alginate gel was fouling the fibers.  In 121 

this photograph white alginate gel can be seen in and around the entrance of some of the 122 

fibers, while other fibers appear to have no alginate fouling at the entrance.    123 

           124 

Figure 1. (a) The UF membrane module; (b) Schematic diagram of the UF (not to scale); (c) 125 

Side view of the UF after removing the end cap.  (d) Photograph taken after fouling, note 126 

white alginate gel in and around entrance to fibers, this was flushed out of the fibers 127 

following reversal of flow.  Note that during velocity imaging measurements module is 128 

sealed (b) so there is no permeate production.   129 

 130 

 131 

 132 
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 133 

Table 1: Module specifications and membrane properties 134 

Module specifications 

Part No./ 
Module Type 

Membrane 
material 

Module housing 
diameter  

(internal) (mm) 
#  

 fibers 

Effective 
fiber length 

(mm) 

Membrane 
Area 
(m2) 

SIP-1013 polysulfone 36 400 205 0.19 
  

Membrane Characteristics 

Fiber I.D. 
(mm) pH Range 

Max. Pressure 
(bar) [26] 

Maximum Permeate  
Flux 

(L/m2h; 25°C) 

MWCO, 
Molecular 
weight cut-
off  (Dalton) 

0.8 1-14 2.0 423  6,000 
 135 

The MRI measurements were conducted using a bench-top Oxford MARAN DRX 136 

NMR Rock Core Analyser (RCA) (photo in Figure 2) featuring a 0.3 T permanent magnet 137 

and a radiofrequency coil (RF coil), wrapped around a sample chamber of diameter 53 mm, 138 

tuned to the 1H resonance frequency of 12.9 MHz; 1H NMR detection was used exclusively.   139 

The sample chamber is a cylindrical shape with unlimited access from above and below; the 140 

sensitive region for imaging purposes extends 40 mm along the chamber (vertical Y) axis.  141 

The module is readily accommodated within this sample chamber (it is just visible at the top 142 

of the magnet in Figure 2) in a vertical orientation and is then connected to required feed 143 

water and discharge piping.  Flow through the fibers is in a vertical direction.   The Oxford 144 

instrument and magnet are equipped with a 3D magnetic field gradient set allowing for 145 

imaging in 2D or 3D.  The systems magnetic field gradients have a Gmax = 0.27 T/m in the x 146 

and y direction, and a Gmax of 0.33 T/m in the z direction. For readership further interested in 147 

MRI velocimetry and its wide range of applications we recommend reviews by Elkins and 148 

Alley [27] and Fukushima [28].           149 

  150 

Figure 2.  Low-field bench-top MRI instrument with UF membrane module placed inside it, 151 

with the magnetic field (B0) parallel to the z-axis direction. 152 

 153 

2.2 Experimental Procedures  154 

 155 
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 Deionized water and alginate were used to formulate the feed solution. Alginate,  a 156 

naturally occurring polysaccharide and a component of extracellular polymeric substances 157 

(EPS), is widely used as a model fouling agent inside both spiral-wound reverse osmosis 158 

(SWRO) and UF membrane systems [5, 23, 29] and is hence deployed here. The alginate 159 

solution at a concentration of 5,000 mg/l was prepared from sodium alginate powder 160 

(purchased from FMC Manugel GMB) and mixed with Ca2+ at a concentration of 700 mg/l 161 

and Na+ at a concentration of 1000 mg/l; the presence of  Na+ initiates alginate-calcium 162 

bonding [30].   The resultant calcium alginate gel used was then at a concentration of 0.5 163 

wt%.   For membrane module cleaning studies, an aqueous solution of acetic acid (50 vol %) 164 

was used as a general cleaning agent.      165 

  166 

 The shell side of the fiber membrane module was initially filled with the DI water and 167 

dry compressed air was then blown through the fibers to remove any residual water. This 168 

enabled better contrast in the initial 2D images required for the location of the 400 fibers.  169 

During all MRI acquisitions, the fiber module was in a vertical orientation in the NMR RCA 170 

magnet.   Following this structural imaging of the fibers, flow through the fibers was initiated 171 

at a flowrate of 100 ml/min (corresponding to a Reynolds number of 6.2 in the fibers) using a 172 

Masterflex peristaltic pump (Cole-Parmer), a pulse dampener was installed in between the 173 

peristaltic pump and the lower end of the UF module to ensure steady flow.  This allowed for 174 

the measurement of a 2D cross-sectional velocity map.   A schematic of the system piping 175 

and instrumentation is shown below in Figure 3.  The differential pressure drop across the 176 

membrane module was measured using a Cerabar T device (Endress and Hauser); the data 177 

was recorded using an Ecograph T RSG30 (Endress and Hauser). 20 ml of the 0.5 wt% 178 

alginate foulants was then continuously injected immediately upstream of the peristaltic 179 

pump using a syringe at an average volumetric flowrate of 10 ml/min whilst ensuring that the 180 

total flowrate through the module remained at 100 ml/min.  The resultant alginate 181 

concentration of the feed fluid is 500 ppm.  To make sure that the fouling material was a 182 

homogeneous liquid (and not a coherent gel) that readily entered the module fibers, it were 183 

tested outside the magnet by passing the foulant formulation by gravity though a 0.4 mm 184 

mesh. This resulted in no retention of alginate blobs.  Due to factors such as local variation in 185 

shear, deformation and subtle differences in alginate preparation fouling patterns are expected 186 

to result in variability of fouling at the fiber-to-fiber length scale.  A period of 30 minutes was 187 

then required before the pressure drop across the membrane module had stabilised; the 2D 188 

velocity map acquisition was then repeated.  500 ml of the acetic acid cleaning solution was 189 

then fed into the system immediately upstream of the peristaltic pump at a flowrate of 100 190 

ml/min.  Flow was then continued for a period of 30 minutes before the 2D velocity map 191 

acquisition was repeated.      192 

 193 

 194 

 195 
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 196 
Figure 3. Schematic of the piping and instrumentation used for MRI structural and velocity 197 

imaging. The foulants or cleaning agent solutions were dosed into the system immediately 198 

upstream of the peristaltic pump.   199 

 200 

2.3 Imaging Protocols  201 

 2D structural spin echo (SE) MR imaging [31] and 2D phase-contrast velocity MR 202 

imaging [32] were performed in a cross section plane perpendicular to the membrane 203 

module’s longitudinal axis at a distance of 40 mm from the entrance manifold to the fibers.  204 

The field of view (FOV) was 75 mm × 75 mm, which for an image consisting of 512 x 512 205 

pixels resulted in an isotropic in-plane spatial resolution of 146 µm.   The effective slice 206 

thickness in the fiber and flow direction over which signal was acquired was 30 mm, 207 

exploiting the symmetry of the system in this direction.   Total acquisition time for a 2D 208 

structural image was 4.5 hours.    209 

 210 

 The phase-contrast velocity imaging pulse sequence used is shown in Fig. 4.  A 90° 211 

soft RF pulse is accompanied by weak slice-selection gradients in the slice (fiber) direction.  212 

Two flow gradients (Gf) are used to encode for velocity (via a NMR signal phase shift) in the 213 

fiber/flow direction.  All imaging and slice selection gradients are flow compensated [31, 33] 214 

meaning that they have no effect on the NMR signal phase as induced by flow.    215 
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 216 

Figure 4 Pulse sequence used for velocity mapping in 2D (adaptation of the Flow90 pulse 217 

sequence as provided by Oxford Instruments).  Imaging gradients (Gs, Gr) are flow-218 

compensated.  The isotropic in-place spatial resolution was 146 µm; the effective slice 219 

thickness was 30 mm; the flow encode gradient duration, δ was 2 ms; the flow encode 220 

gradient separation, Δ was 20 ms; the echo TE was 38ms and the repetition time TR  was 4s. 221 

 222 

 The phase shift (ϕ) due to one of the imposed velocity gradients, Gf, as shown in 223 

Figure 4 can be expressed as:   224 

φ = γ � ��� ∙ 
�� dt
�

�
                                     (1) 225 

where γ is the gyromagnetic ratio 1H (used exclusively here  for NMR detection) and r(t) is 226 

the signal displacement in the direction of Gf.  The residual phase shift (ϕd) due to both 227 

velocity encoding gradients can then be expressed as:   228 

�� =  γ ����� � �                                        (2) 229 

where �� is the uniform velocity in the direction of the velocity encoding gradient and is 230 

hence measured for each voxel in the acquired 2D image.  Images were acquired effectively 231 

with the application of Gfs in opposite directions, with the resultant phase shift subtracted 232 

from an image of a stationary system; this allowed for further correction of any additional 233 

phase shift artefacts.  All images were acquired averaging across 4 repetitions.  Total 234 

acquisition time for a 2D velocity image was thus 9.1 hours.  This long total acquisition time 235 

of 9.1 hours is required to achieve sufficient SNR and hence spatial resolution in the images 236 

of the fibers such that the influence of fouling can be sensitively detected. Coherent images 237 

require steady-state flow over this whole acquisition time, any significant fluctuations in flow 238 

over this time period would lead to significant imaging artefacts – these were not observed 239 

for the measurements performed in this work.   240 

 241 

 242 
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This velocity imaging pulse sequence, its implementation on the Oxford Instruments 243 

low field NMR spectrometer and the imaging and velocity encoding pulse sequence 244 

parameters deployed were validated using flow in a simple 21 mm inner diameter tube.  The 245 

acquired cross-sectional 2D velocity maps produced the expected parabolic shape for laminar 246 

flow in a pipe – flowrates up to 300 ml/min were tested with integration of the 2D velocity 247 

maps producing mean velocities that were within 3% of the expected values based on 248 

gravimetric flowrate measurements.  For readership further interested in MRI velocimetry 249 

and its wide range of applications we recommend reviews by Elkins and Alley [27] and 250 

Fukushima [28].           251 

 252 

2.4. Image Fiber Detection Algorithm    253 

 The total number of fibers specified by the module manufacturer was 400.  Each fiber 254 

has an internal diameter of 0.8 mm which given the imaging resolution of 0.15 mm results in 255 

the diameter of the fiber being resolved by approximately 5.3 pixels, which is admittedly a 256 

relatively course resolution.  Figure 5 shows the 2D structural image of the module prior to 257 

fouling.  As described above, water is located in the module shell whilst air occupies the 258 

internal space of the fibers.  Whilst the individual fibers are clearly distinct, the relatively 259 

coarse resolution, the thick imaging slice and subtle spatial signal variations means that 260 

simple conventional circle/edge detection algorithms are inadequate to determine the position 261 

(and hence total number) of the fibers as well as an approximation of their individual cross-262 

sectional area. [34].   263 

Consequently the following image analysis process was developed and implemented.  264 

Initially the image was binary gated to identify pixels whose contents were predominately 265 

water; a mask was also applied to remove the peripheral space outside the membrane module.  266 

Canny’s edge detection algorithm was then applied to the 2D MRI image [35].  This is an in-267 

built function in Matlab and is generally recognised to outperform other edge detection 268 

algorithms [36].   It essentially works by locating local image edges (water-fiber interfaces in 269 

this context) via searching for local gradient maxima in the image of interest.  All identified 270 

edge pixels are then allocated a value of 1 whilst all other voxels are allocated a value of 0.   271 

 272 
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Fig. 5.  A cross-sectional 2D MRI image of the membrane module with only the shell 273 

(permeate) space flooded with water (the exclusive source of NMR signal).  The in-plane 274 

pixel resolution is 0.15 mm/pixel.    275 

 276 

A second masking value was then applied to remove the outer surface of the whole assembly.  277 

The algorithm then proceeds to remove any isolated, unconnected edge voxels via a search 278 

space consisting of 3x3 pixels which is systematically scanned across all edge containing 279 

pixels.  The algorithm proceeds to search for various circle-like shapes as constituted by the 280 

edge containing pixels by expanding the sub-space around each edge pixel until the 281 

maximum density is determined in the process effectively identifying the individual fiber’s 282 

centre of gravity.  This hence enables detection of the pixels defining the fiber walls and the 283 

pixels they enclose. After a fiber is identified it is removed from the image and the process 284 

repeated until all fibers are identified.  The total algorithm, so deployed, is schematically 285 

summarized in Appendix A.    The accuracy of this approach is verified in the next section.   286 

  287 

  288 
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3. Results and discussion 289 

 290 

3.1. Automated fiber detection validation  291 

 The automated capillary detecting program, as schematically detailed in Appendix A 292 

and discussed previously, was tested using a cross-sectional 2D image of the capillary bundle. 293 

This had a field of view of 75 mm which for an imaging resolution of 512 x 512 pixels 294 

resulted in an isotropic in-plane resolution of 146 μm.   Figure 6(a) shows the initial image. 295 

As noted previously the signal is received only from the water between the fibers as the 296 

internal contents of the fibers was air-filled and as such delivered no 1H NMR signal. The 297 

fibers are clearly visually evident in this image.  Figure 6(b) shows the image voxels 298 

identified as edge voxels following application of Canny’s edge detection algorithm as well 299 

as removal of the module outer circumference.  The final resultant corrected fiber edge map 300 

is shown in Figure 6(c) following the fiber shape recognition function; the centre of the fibers 301 

is plotted in Figure 6(d).  The final location of the fibers superimposed on the original image 302 

of the assembly is shown in Figure 6(e).  The statistics regarding the fibers can be readily 303 

generated from the image – in this case (Fig. 6) the number of fibers identified was 400 304 

which represents a 100% identification rate.  By comparison, simply applying Canny’s edge 305 

detection resulted in erroneous identification of only 114 fibers.  This was repeated for three 306 

repetitions on the imaging, with the module in different orientations.  In all cases a 100 % 307 

fiber identification rate (400 fibers) resulted.  The mean inner diameter of the fibers (as 308 

determined by the area of the individual fibers and assume a spherical cross-section) was 309 

determined to be 840 microns.  This is consistent with the stated manufacturer’s fiber inner 310 

diameter of 800 microns, particularly given the imaging resolution of 150 microns and the 311 

assumption of a cylindrical geometry (and thus perfectly perpendicular fibers to the imaging 312 

plane).              313 
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 315 

Fig. 6. (a) Original image with dimension shown of 36 mm by 36 mm.  Isotropic resolution 316 

of 150 microns. (b) The image after the application of Canny’s edge detection and removal of 317 

the module outer circumference.   (c) and (d) Individual fiber identification and individual 318 

fiber centres following application of the fiber shape recognition function.  In figure 6(e) the 319 

identified fibers are superimposed onto the original image. Yellow dashed circle refers to the 320 

inner surface of the UF casing.        321 

 322 

3.2 Velocity Mapping  323 

 The lumen of the fibers in the UF module was subsequently filled with water by 324 

flushing the fibers continuously at 100 ml/min.   Fig. 7 shows the differential pressure (dP) 325 

across the fiber side of the whole module (location shown in Fig. 3) as a function of time; this 326 

is relatively modest and consistently below 12 kPa.  The alginate foulant was pumped into the 327 

system after 9 hours (as indicated in Fig. 7) a distinct spike in pressure is evident as the extra 328 

fluid is accommodated in the system.  However there is no discernible difference in dP before 329 

and after fouling injection. A smaller spike in pressure drop is evident after 19 hours, when 330 

the cleaning agent was injected and again reflects the increased fluid in the system.  The dP 331 

reading before and after injection of this cleaning agent were again very consistent.    During 332 

the course of the experiment, over 29 hours, the dP reading increased very gradually from 5.5 333 

(a) (b) 

(c) (d) 

(e) 
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kPa to 7 kPa.  This very modest overall increase we attribute to dP measurement drift, fouling 334 

effects such as foulant rearrangement within the flow loop and other subtle effects such as the 335 

small amounts of air accumulation in the system over the long experimental time employed.  336 

A measurement drift of 1 kPa was reproducible for measurements performed on an unfouled 337 

membrane module at the same flow conditions over a 10 hour period.    338 

 339 

 340 

 341 
 342 

Fig. 7.  Differential Pressure measurements during course of fouling and cleaning treatments.   343 

 344 

 345 

Shown below in Figure 8 are the 2D velocity maps acquired (a) for the UF module before the 346 

introduction of the alginate fouling, after fouling (b) and after the implementation of the 347 

cleaning regime (c).  Fig. 8(a) clearly demonstrates that we are able to adequately resolve the 348 

velocity distribution in the individual fibers. Secondly, the velocity in the module shell side is 349 

approximately zero as expected for these operating conditions.  Using the fiber map 350 

generated in Figure 6(c) we are able to determine the location and hence volumetric flowrate 351 

through individual fibers – the resultant adjusted velocity maps overlain with fiber locations 352 

(only for those fibers featuring a non-zero flowrate) are shown in Fig. 8(d)-(f) respectively.   353 

Relevant fiber statistics have been extracted and are reported in Table 2.  Fig. 8(g(i, ii, iii)) 354 

shows a zoom into one region of the velocity images shown in Fig. 8(a)-(c) to better 355 

exemplify the detail seen in each velocity image.  356 

 357 
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 360 

 361 
 362 

 363 

 364 

 365 

 366 

 367 

 368 

 369 

 370 

     (g) 371 

 372 

 373 

Fig. 8. 2D cross-sectional MRI velocity images of the UF module at a resolution of 146 374 

microns.  (a) before fouling; (b) after fouling (0.1 g calcium alginate gel was introduced as 375 

detailed above) and (c) after cleaning with 0.25 L of the acetic acid solution. Flow velocity 376 

ranges from 0 (dark blue) to 35 mm/s (maroon). Total volumetric flow rate fed through the 377 

fiber array is 100 ml/min.  The velocity image position corresponds to a 30 mm thick cross-378 

sectional plane close to the entrance side of the fibers.  In (d) to (f) the location of individual 379 

fibers (using the location map generated in Figure 6) is superimposed for fibers showing non-380 

zero flow. Yellow dashed circle refers to the inner surface of the UF casing.  To exemplify 381 

the detail of each velocity image (g) shows a zoomed-in region (red dashed box) before 382 

fouling where (i), (ii) and (iii) corresponding respectively to this region before fouling (Fig. 383 

8a), after fouling (Fig. 8b) and after cleaning (Fig. 8c).   384 
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 385 

 With reference to Fig. 8 and Table 2, what becomes clear is that, even prior to fouling, 386 

there are sections of the module in which no flow is occurring through the fibers.  This is the 387 

case for 9% of the fibers.  Upon fouling with the alginate, it is clear in Figure 8 that flow 388 

ceases in a large number of fibers; this is compensated by an increase in velocity in the 389 

remaining fibers given the constant volumetric flowrate.  The percentage of flowing fibers is 390 

reduced from 91% to 73%.  This is a critical insight as it is clear that fouling causes the 391 

cessation of flow in individual fibers in addition to an inner surface deposition causing flow 392 

channel narrowing.  Following application of the cleaning regime, the % of flowing fibers is 393 

observed to increase from 73% to 79%.  Given the removal of flow from fouled fibers, this 394 

poor cleaning performance is expected as the cleaning fluid predominately does not access 395 

the fouled fibers and instead simply by-passes them.   With reference to Table 2, the 396 

measured volumetric flowrate, as determined by integration of the velocity values in the 397 

pixels located within the fibers, is 89-93 ml/min across the three stages of the experiment 398 

(pre-fouling, post-fouling and post-cleaning).   This is predominately a consequence of the 399 

coarse resolution of the individual fibers in which the cross-section diameter is only resolved 400 

into 5-6 pixels, for flow in such fibers we estimate an approximate error of 10%.  It is 401 

instructive to observe that these substantial changes in flow through the collection of fibers 402 

are not reflected in the subtle pressure drop measurements reported in Fig. 7.     403 

 404 

Table 2.  Analysis of velocity images (no fouling, fouled & cleaned: Stage 1-3). Total 405 

available fibers is 400; under an evenly distributed flow condition of 100 mL/min across 400 406 

fibers, the average velocity is 8 mm/s, the average volumetric flow rate is 0.25 mL/min.  407 

Stage Flowing fibers 
(#) 

Activated 
fibers (%) 

Flow rate   
(mL/min) 

Avg. flow rate   
(mL/min) 

Avg. Vel.  
(mm/s) 

Avg. dP 
(kPa) 

1st  365  91% 90 0.25 8.14 5.7 
2nd  291 73% 89 0.31 10.28 6.0 
3rd  317  79% 94 0.30 9.81 6.6 

 408 

 A histogram of the number of fibers featuring a particular volumetric flowrate is 409 

shown in figure 9 for the three respective stages.  Prior to fouling (figure 9(a)), this is 410 

distributed around the expected mean of 0.25 ml/min.   Following fouling this peak shifts to a 411 

central location of 0.35 ml/min with the emergence of an additional peak around 0.15 ml/min.  412 

Finally after cleaning this smaller volumetric flowrate mini-peak is removed and the 413 

distribution centres around 0.3 ml/min.  These show a general trend that as fibers are 414 

effectively de-activated due to fouling there is a shift to higher volumetric flow rates in the 415 

remaining active fibers. There is also a smaller subset of fibers featuring slower volumetric 416 

flows which have experienced partial fouling and as such have not fully ‘de-activated’.  After 417 

cleaning there is a re-emergence of a mono-modal fiber velocity distribution, however as the 418 

system has not been fully cleaned the mean is still higher than for the distribution before 419 

fouling. 420 
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  421 
Fig. 9. (a) – (c)  histograms of the volumetric flow rate inside the individual fibers for the 422 

three different stages: 1, 2, and 3.  423 

To further demonstrate the technique a lower concentration of alginate foulant (20ppm) was 424 

dosed into a clean fiber module, followed by an overnight (10h) soak using a pH 11 NaOH 425 

solution.  Velocity images acquired at the three stages are reported in Figure 10.  These 426 

results show that alginate fouling causes a loss of fiber activation in this case from 393 fibers 427 

(or 98% of fibers) to 332 fibers (or 83% of fibers), and after NaOH soaking that there are 371 428 

fibers active (or 93% of fibers).  This confirms that the fouling/cleaning pattern seen in Fig 8 429 

is also observed for a much lower alginate concentration, and also confirms as suspected that 430 

more aggressive cleaning using a NaOH soak causes greater re-activation of the fibers. 431 

                       Before fouling       After fouling                  After cleaning 432 

 433 

Fig. 10. Shows series of velocity images obtained (a) before fouling; (b) after fouling with 434 

20ppm alginate solution; (c) after soaking the module in a pH = 11 NaOH solution for 10 435 

hours.  436 

The current technique used on a HF membrane module during no permeate production will in 437 

future work be tested on permeate producing systems at variable heights along the length of 438 

the module under steady-state operation, attempts will also be made to reduce the total image 439 

acquisition time so that more data can be acquired, by methods such as compressed sensing 440 

[37].  Whilst the focus in the current paper is on demonstrating the insights possible using 441 

benchtop MRI systems on membrane modules containing hundreds of fibers, future work 442 

could also consider similar measurements using higher field medical MRI systems featuring 443 

superconducting magnets [38] to allow commercial modules.  These could offer an in-plane 444 

resolution on the order of tens of μm [39] which offers the possibility of resolving stationary 445 
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fluid inside the membrane support structures.  The fouling conditions observed are impacted 446 

by the fouling protocol used, it is the aim of future studies to study a much wider range of 447 

fouling protocols and hence conditions.  These include the use of larger diameter fibers 448 

and/or lower fouling concentrations as these may result in more uniform fouling of UF HF 449 

module. 450 

 451 

4. Conclusion 452 

 This research study made use of 2D MRI and velocity map to characterize the 453 

structure and performance of the closely packed UF membrane module. A novel algorithm 454 

was developed to automatically identify the capillaries with a 100% precision. The results 455 

obtained clearly demonstrated the ability of more widely accessible and portable low-field 456 

MRI to be able to resolve the location size and velocity distribution inside the fibers of an 457 

operating UF module.  Flow was recorded in 91% of the clean 400 fiber bundle.  This was 458 

reduced to 73% following fouling with an alginate solution.  Fouling was clearly observed to 459 

occur in individual fibers and result in them effectively presenting no flow conditions.  This 460 

significant change was however only reflected in a subtle change (5.7 to 6.0 kPa) in the 461 

system pressure drop.  Upon implementation of a cleaning protocol using acetic acid, flow 462 

was only restored in 6% of the fiber channels consistent with poor accessibility and simply 463 

by-passing by the cleaning fluid.     The MRI imaging protocols are able to, even on the 464 

simplified instrumentation used, provide unique insights into fouling of these fiber bundles 465 

and how they respond to cleaning treatments.   466 
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Highlights: 

 

1. Velocity field of commercial ultrafiltration module with 400 fibers monitored using benchtop MRI. 

2. Demonstrates MRI monitoring of fouling and cleaning of module with large number of fibers. 

3. Imaging technique provides unique insights into flow redistribution between the hollow fibers. 

4. Plugged fibers shown to be not accessible for cleaning; partial flow constriction observed. 
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