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A B S T R A C T

Early fouling warning is important for the economical operation of membrane separation systems. In parallel 
multi-channel flow systems, flow re-distribution between channels due to fouling is often associated with 
maloperation. In the current research we use low magnetic field NMR to monitor multi-fiber hollow fiber 
membrane modules undergoing a fouling-cleaning cycle and show that rapid detection of fouling is possible by 
detecting the loss of signal coherence associated with flow re-distribution within the 401 hollow fiber membrane 
module. This effect is demonstrated to be both reproducible, and reversible via membrane cleaning. The results 
demonstrate a strong correlation between the coherence signal magnitude and the number of fibers fouled. This 
may be used in practice for high sensitivity early warning, and to monitor the efficiency of cleaning. This 
approach may also be particularly useful in the case of detecting residual fouling after cleaning, evidenced in this 
research by significant flow re-distribution between the before fouling and after cleaning signal coherence.   

1. Introduction:

Early warning of fouling is important for the efficient operation of
membrane separation technologies by optimising cleaning chemical use 
and downtime (Saad, 2004; Vrouwenvelder et al., 2006; Vrouwenvelder 
et al., 2011). Li et al. (Li et al., 2017) in 2018 reviewed technologies for 
the in-situ monitoring of fouling in hollow fiber membrane processes, 
including magnetic resonance imaging (MRI), concluding that it would 
be of great significance to broaden the application of these technologies 
to industrial processes so as to improve the design of membrane mod-
ules. The same year Sim et al. (Sim et al., 2018) reviewing monitoring 
techniques for reverse osmosis found that only ultrasonic time-domain 
reflectometry (UTDR) and nuclear magnetic resonance (NMR) had 
been shown to be able to monitor membrane performance in spiral 
wound membranes (SWMs) non-invasively in real time. To expand upon 
these current capabilities of NMR real time monitoring of fouling in 
hollow fiber membrane modules, in this work, we present a novel 
technique of monitoring NMR signal diffraction phenomena, caused by 
the breakdown of flow symmetry due to fouling. 

In chemical engineering classical diffraction phenomena based on 
wave scattering are often used for the structural characterisation of 
membranes and catalysts (Marchesini et al., 2003; Tanner, 2013; 
Grunwaldt and Schroer, 2010; Albers and Parker, 2021; Gebel and Diat, 
2005). Barrall et al. (Barrall et al., 1992), building on the work of 
Mansfield and Grannell (Mansfield and Grannell, 1973; Mansfield and 
Grannell, 1975), showed that it was possible to characterise small scale 
sample heterogeneities present in NMR diffraction data using NMR 
Patterson functions, which are analogous to their counterpart in x-ray 
diffraction (Warren, 1990). The benefit of this approach is that the 
number of acquisition points, and therefore acquisition time, required 
reduces to approximately the number of features in the sample. This has 
significant benefits towards increasing the temporal resolution of 
monitoring techniques. This type of NMR diffraction analysis has pre-
viously been used to probe sample structure using direct imaging of the 
sample spatial spin distribution (Barrall et al., 1992) as is done in the 
current work, and sampling of the system structure by spin molecular 
dynamics (Callaghan et al., 1991; Callaghan et al., 1999; Seymour and 
Callaghan, 1997; Song et al., 2000; Shemesh, 2020), for example to 
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measure the surface to volume ratio of porous media (Sen et al., 1995). 
Modern MRI techniques (e.g. compressed sensing (Lustig et al., 

2007) combined with Rapid Imaging with Refocused Echoes (RARE) 
(Schuhmann et al., 2018) allow MRI acquisition on rapid time scales (e. 
g. < 1 s) but their practical application is often curtailed at low magnetic 
fields due to low signal-to-noise (SNR). As SNR ∝ ω0

7/4 (Hoult and 
Richards, 1976) where ω0 is the Larmor frequency. The compromise 
between SNR and temporal resolution must therefore be carefully 
considered at low magnetic field strengths. In this work we present a low 
field (LF) NMR signal diffraction based monitoring technique aimed at 
rapid non-invasive in-situ monitoring of hollow fiber membrane fouling 
(Sen et al., 1995; Lustig et al., 2007). To demonstrate this we monitor 
NMR diffraction during a fouling-cleaning cycle for a multi-fiber mem-
brane module, where the foulant is alginate and cleaning agent is a so-
dium hydroxide solution (pH = 11). Fibers experiencing increased 
hydraulic resistance, due to fouling, cause flow re-distribution to non- 
fouled fibers. The resulting increase in heterogeneity is observed 
though the change of the measured nearest neighbour coherence 
pattern. We show that this effect is captured non-invasively by moni-
toring both the NMR Patterson function and power spectrum at different 
stages of fouling. This demonstrates that both the extent and structure of 
membrane module fouling can be determined rapidly using LF NMR 
(Yan, 2021; Fridjonsson et al., 2015). An ability which may be translated 
in future to improved cleaning protocols within the membrane industry. 

2. Relevant background theory 

An MRI is reconstructed via Fourier transform of the magnetic 
resonance signal acquired in k-space (Callaghan, 1993): 

ρ(r) =
∫

S(k)exp[ − i2πk • r]dk (1)  

where ρ(r) is the spin density (Callaghan, 1993) at location r; S(k) is the 
signal and k ¼ γGt

2π , where G is the applied magnetic field gradients, γ is 
the gyromagnetic ratio and t is the duration of applied gradient. The 
Wiener-Khinchin theorem (Cohen, 1998) relates correlation functions of 
one Fourier domain to the square of their transform in the other. Applied 
here the density autocorrelation function (ϕ(Δr)) is given by the Fourier 
transform of the square of the imaging data, where V is the sample 
volume (Barrall et al., 1992): 

ϕ(Δr) =
1

(2π)3V

∫

|S(k)|2exp(− i2πk • r)dk (2) 

Equation (2) allows extraction of statistical information from the 
original imaging data in a manner analogous to conventional scattering 
experiments (Callaghan et al., 1991; Chen et al., 2012). The phase- 
suppressed imaging data, the power spectrum, |S(k)|2 can be plotted 
with diffraction pattern rings indicating underlying regularity in struc-
ture. While the Fourier transform of the diffraction-data |S(k)|2, i.e. the 
NMR Patterson function (Eqn (2), can be used to detail structure-length 
scale statistics. In the case of a system consisting of coherent structures, 
such as the hollow fiber bundles studied in this work, the NMR Patterson 
function will capture the structure coherence and the average nearest- 
neighbour distance, whilst the integral of |S(k)|2 captures changes in 
fouling/cleaning state of the membrane module. This is because fiber 
fouling reduces signal coherence causing reduced intensity of signal 
diffraction peaks, conversely cleaning recovers the diffraction peak 
signal. In this work the use of a flow encoding magnetic field gradient is 
used to enhance contrast between fluid in fouled and non-fouled chan-
nels (Callaghan, 1993). 

3. Materials and Methods: 

The polyethersulfone (PES) ultrafiltration (UF) hollow fiber mem-
brane module used in this study is a laboratory scale Microza SP series 

ultrafiltration module (SIP-1023) developed by Asahi Kasei corporation. 
Inside its 36 mm inner diameter (ID) housing, it has 401 closely packed 
straight hollow fibers as specified with an ID of 0.8 mm, fiber length of 
205 mm with a membrane area of 0.2 m2. The UF membrane has a 
molecular weight cut-off (MWCO) of 6 kDa. A schematic diagram of the 
flow loop used is shown in Fig. 1(a) with membrane module shown in 
Fig. 1(b). For the current experimental protocol, the permeate channel is 
shut after the extra-capillary space is filled with permeate, this is to 
allow for sensitive detection of any changes in ΔP at 0.1 kPa sensitivity 
as the system experiences early fouling. 

An Oxford MARAN DRX NMR Rock Core Analyser (RCA), as shown 
in Fig. 1(c), employing a 0.3 T permanent magnet with a 1H resonance 
frequency of 12.9 MHz was used to conduct the measurements. The RCA 
system has an inner bore diameter 53 mm, sufficient to accommodate 
the module (see Fig. 1(c)), and features 3D magnetic field gradients for 
spatial encoding thus enabling the performance of 2D imaging and ve-
locity mapping across of transverse plane along vertical (Y) axis in these 
measurements. The maximum gradient strengths (T/m) are 0.27, 0.26 
and 0.33 in the X, Y and Z direction respectively. 

3.1. Experimental procedures 

Deionized water was used as the flowing medium. A commercial 
sodium alginate powder (FMC Manugel GMB, MW = 170–230 kDa) was 
used to prepare the alginate solution at a concentration of 2,000 mg/L, 
CaCl2 (LabServ) and NaCl (Analytical Reagent) were added at a con-
centration of 700 mg/l and 1,000 mg/l respectively to form algina-
te–calcium bonding, with Na+ as the bonding-initiator (Yan, 2021). The 
resultant 0.2 wt% calcium-alginate solution was used as the foulant in 
all experiments performed. The foulant stock solution was diluted to 20 
ppm in the feed-solution for the membrane element. Sodium hydroxide 
pellets (Analytical Reagent) was dissolved in deionized water to prepare 
the membrane cleaning solution with pH 11. The details of the flow loop 
used has been previously reported by Yan et al. (Yan, 2021). The total 
volumetric flow rate Qtotal was set at 100 mL min− 1 for all imaging 
measurements. 

The NMR experimental procedure performed was as follows using 
same fouling and cleaning procedure as reported in (Yan et al., 2023): 
seven consecutive MRI images were acquired. First MRI image (Image 1) 
was acquired for a clean module, then a dose of 20 ppm alginate solution 
was added 30 min before an MRI image (Image 2) was acquired. Another 
20 ppm dose was added and 30 min later MRI image (Image 3) was 
acquired. Then four doses of 1 L of the pH 11 NaOH solution were 
sequentially added to the flow loop with each dosing taking 10 min. MRI 
image (Image 4) was acquired after 30 min of flowing at 100 mL min− 1 

(no soak case), Image 5 was acquired 30 min after allowing NaOH so-
lution to soak module for 20 min. Image 6 was acquired 30 min after 
soaking module in NaOH solution for 1 h, and Image 7 was acquired 
after soaking module in NaOH solution for 10 h. Total experimental time 
was 24 h. Concurrently, single line of k-space (Gphase = 0) was acquired. 
The full procedure of fouling and cleaning was performed twice for 
membrane module to test reproducibility of results. NaOH solution 
soaking was used in the current study to effectively minimise chemical 
usage, as flow channelling occurs during flash cleaning whereby NaOH 
solution preferentially travels through un-fouled fibers. 

3.2. Imaging protocol 

A spin echo imaging pulse sequence (Callaghan, 1993) using a Car-
tesian k-space raster was used with the MRI image plane set in the 
perpendicular-to-flow direction at distance of 40 mm from the fibers’ 
entrance manifold. 2D MRI images were acquired with a field-of-view 
(FOV) of 75 mm by 75 mm with 512 by 512 voxels (phase direction 
was 152 zero-filled to 512) in the transverse plane resulting in an in- 
plane resolution of 146 µm and a slice thickness of 30 mm. To pro-
duce sufficient flow contrast the flow direction gradient strength was set 
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at 0.8 Gauss/cm, with δ = 2 ms and an echo time (TE) of 38 ms. This flow 
contrasting accentuates the NMR signal attenuation due to flow inside 
the channels resulting in enhanced signal difference between fast 
flowing channels and channels experiencing a decrease in flow due to 

fouling. The number of scans was set at four as a four step phase cycle 
was used. Using a repetition time of 4 s the total acquisition time for 
each MRI was 42 min. For the single line k-space acquisition, with sweep 
width of 100 kHz, to obtain a coherence peak rapidly, the total 

Fig. 1. (a) Schematic of the piping and instrumentation used for MRI velocity imaging experiments. The foulant or cleaning agent solutions were dosed into the 
system at the same inlet as the DI water upstream of the peristaltic pump. (b) Image of hollow fiber membrane module and (c) the low field benchtop MRI instrument 
with hollow fiber membrane module placed inside the magnet bore, with B0 in the positive Z-axis direction in the transverse plane. Reproduced from Yan et al. (Yan 
et al., 2023). 

Fig. 2. MRI images (top row) and k-space images (bottom row) with flow encoding gradient obtained during the fouling/cleaning cycle of a membrane module – (a) 
Experiment 1 and (b) Experiment 2. k-space plot is plotted using absolute values on log10 scale, while the MRIs show membrane region (see supplementary material 
for full MRIs) – this is to better visualise the k-space coherence ring structure, and ease visual comparison with the membrane region in MRIs as the coherence ring 
structure disappears and re-appears while system is fouled (1–3) and cleaned (4–7). The x and z represent read encode direction and phase encode direction 
respectively. The images are acquired 40 mm from the fiber’s entrance manifold. 
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acquisition time was 16 s. Velocity imaging protocol used for the ex-
periments as outlined in detail in Bin et al. (Yan et al., 2023), and these 
were performed at the same time as the reduced k-space MRI images 
were acquired. 

4. Results and discussion 

4.1. MRIs and k-space 

Fig. 2 shows MRIs obtained whilst the hollow fiber membrane 
module was fouled twice using alginate (2, 3) followed by cleaning using 
NaOH solution (pH = 11), first by flash cleaning (4) then followed by 
soaking for 0.33 h, 1 h and 10 h (5, 6 and 7). Below each image is the 
corresponding k-space with the ring-like coherence feature visible. This 
experiment was repeated to produce the second set of measurements 
(Fig. 2b). Below each set of MRIs is the reduced k-space, in phase di-
rection (kz), where the coherence feature (ring-structure) is observed to 
disappear and reappear during the experiment going from MRI 1 to 7. 

4.2. Model vs. Experiments: Diffraction 

To assess the effect of signal change inside the membrane module 
fibers on the resultant k-space coherence feature a model was produced 
consisting of a discretised matrix (512 by 512) with the fiber bundle 
generated using the masked fiber bundle obtained from MRI (1) of the 
hollow fiber (HF) membrane module. In the model MRI voxels inside 
each fiber and voxels outside the module were set to zero, while voxels 
outside the fibers but inside module were set to one (see Fig. 3a). Fig. 3b 
shows the resultant NMR Patterson function produced using Eqn. (2) 
with the water filled modules size and circular shape captured by the 
main signal attenuation. Fig. 3c shows the zoomed in view of the centre 
of Fig. 3b which shows the diffraction pattern due to nearest neighbours 
produced by fibers. This corresponds to distance of ~ 1.2 mm, which is 
on the order of the outer diameter of the closely packed fibers. 

To model the effect of random stagnation of flow in the fiber, flowing 
fibers were switched off by simulating them as contributing the same 
total signal as an equivalent volume of stagnant fluid when they were 
‘fouled’ (all voxels changing from zeros to ones). This was done in in-
crements of 50 randomly chosen fibers until all fibers were ‘fouled’. 
While the model does not contain the intricacies of the actual system 
such as partial voxel signal contributions and noise, the fidelity of the 
model to the actual system is indicative of the relative importance of 
these features. Using this simple model, it is possible to systematically 
‘foul’ fibers (voxels transition from zeros to ones inside fibers) to 
calculate the effect this has on the nearest neighbour diffraction pattern 
in the respective Patterson function. 

4.3. NMR Patterson functions 

When the NMR Patterson functions for the model results are analysed 
(see Fig. 4) it can be observed that for the clean image (Fig. 4a) there is a 
nearest neighbour diffraction pattern. Modelling random fouling of fi-
bers, shown here using an increment of one hundred fibers, a gradual 
change in diffraction pattern is observed with increasing loss of nearest 
neighbour diffraction peaks. Fig. 4f shows the radial integral of the NMR 
Patterson function, showing nine curves at 50 fouled fiber increment (0 
to 401 fouled fibers). Insert image is zoomed into the 0–4 mm length 
scale. A nearest neighbour diffraction peak at ~ 1.2 mm is observed 
corresponding well to the size of the tightly packed hollow fibers (outer 
diameter: 1.2 mm). 

Fig. 5 shows the radial integral of the Patterson functions acquired 
during the fouling/cleaning cycle of a membrane module for experiment 
1 and 2 respectively. Both experiments show the same pattern with the 
coherence peak associated with nearest neighbours (~1.2 mm) largely 
disappears during the course of fouling (Test 1 to Test 3), but then re- 
emerges during the cleaning process (Test 4 to Test 7). The ineffec-
tiveness of flash cleaning during the current study (Test 4) is evident in 
the results, while the soaking of the module for extended periods of time 
(Test 5 to Test 7) eventually recovers the coherence feature, although it 
is now less prominent due to the presence of residually fouled fibers 
(Yan et al., 2023). 

The observed diffraction peaks are observed to be sensitive towards 
apparent residual fouling (Yan et al., 2023) of the module as the before 
fouling (Test 1) and after cleaning (Test 7) show similar diffraction 
peaks, but the intensity of the diffraction peaks is diminished. This 
observed sensitivity to residual fouling is of particular interest for early 
fouling warning. A further impetus for this mode of fouling monitoring is 
that it offers a rapid NMR based monitoring technique as only limited 
frequencies of k-space corresponding to the length-scale of coherence 
feature (Barrall et al., 1992) need to be monitored. 

4.4. Correlation of diffraction peak intensity and number of fouled fibers 

Fig. 6a shows the evolution of |S(k)|2 generated using the model as an 
increasing number of fibers are fouled which shows a systematic 
decrease in the coherence peak. This allows comparison with the results 
from the fouling/cleaning experiments (Fig. 6b and Fig. 6c) which shows 
a similar location of the coherence peak (~1 mm− 1) whilst an observed 
decrease in the coherence peak can be directly compared by to the 
number of flow active fibers (Yan et al., 2023) during Test 1 to Test 7. A 
pattern emerges in the experimental data where the loss of fibers causes 
the diffraction peak to diminish in intensity until it is only weakly 
evident during Test 3, after two doses of foulant have been added. The 
coherence peak gradually recovers during the subsequent cleaning (Test 
4 to Test 7). It is notable that the peak is less intense in Test 7 than Test 1, 

Fig. 3. Shows (a) model MRI image (binary values), (b) NMR Patterson function, (c) zoom-in plot of (b). The nearest neighbour ring seen in the Patterson function is 
at ~ 1.2 mm (consistent with the outer diameter of the closely packed fibers). 
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indicating that there is a residual fouling effect in the module even after 
10 h of NaOH soaking. It is also important to note that the results are 
highly reproducible between experiment 1 and 2. 

4.4.1. Rapid detection of signal coherence loss (single line k-space 
detection) 

To assess whether these diffraction patterns (Fig. 6) are able to 
quantify the percentage (%) fibers fouled, velocity images obtained from 
experiment 1 and 2 were assessed using approach presented in Bin et al. 

(Yan et al., 2023) to obtain the percentage (%) of fibers which are 
assessed fouled in this work if a fiber has its volumetric flow (Qfiber) 
reduced by greater than 5% from the initial non-fouled flow (i.e. Test 1). 
This allows for better comparison with the binary model data results. 
Fig. 7 shows a plot of the signal attenuation against % fouled fibers, with 
signal obtained from the first coherence peak using only the centreline of 
k-space (Fig, 7). The signal shown is the full width at half maximum 
(FWHM) peak signal, divided by the initial FWHM peak signal before 
fouling/cleaning cycle commences. For the modelled data results a 

Fig. 4. Simulated MRI module images (left) and Patterson functions (right) for (a) to (e): 0, 100, 200, 300 and 401 fouled fibers. The nearest neighbour diffraction 
pattern seen in (a) disappears as more fibers are fouled. (f) shows the radial integral of the full Patterson function (0–40 mm), averaged over 50 model runs, with the 
insert image showing the central region of the Patterson function (0–4 mm). See S1 in supplementary material for model MRI and Patterson functions for all nine 
fouling cases modelled (from 0 to 401 fibers fouled in increments of 50 fibers). 
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Monte Carlo simulation was run with n = 50 runs at each increment and 
the average result is plotted. 

A strong correlation is observed between the signal and number of 
fouled fibers consistent with expectations based on the NMR Patterson 
function results (see section 4.3). It is observed that the experimental 
data is scattered and skews slightly towards smaller values than the 
model, which may be partly due to the binary nature of the model, and 
due to the real system experiencing a range of fouling and membrane 
signal effects within the fibers at each fouling/cleaning stage which 
modulate the fiber signal (Yan et al., 2023) and may deviate from 
random fiber fouling due to non-random fouling structure effects. 
However, importantly the results show that there is a strong correlation 
between the number of fouled fibers and signal, and that this is 
reasonably well captured by a random fouled fiber model. This dem-
onstrates the possibility of measuring only the coherence feature signal 
to monitor the extent of fouling inside the membrane module. This type 

of information could then be directly communicated to an operator 
when monitoring fouling extent and cleaning efficiency. 

Further refinement of the assessment of fouled fibers may improve 
the accuracy of this technique, as the current assessment of fouling is 
dependent on the reduction in flow compared with initial volumetric 
flow within a fiber. This can also be an indicator of change in flow field 
upstream of membrane module due to fouling which causes a measur-
able redistribution of flow through the channels. This is an area of 
particular interest for further study as the determination of sensitivity of 
the technique to early and residual fouling due to the observation of 
large signal attenuation measured at relatively modest changes in the 
flow field (i.e. Test 1 and Test 7). It is important in this respect to note 
that based on pressure measurements performed (Yan et al., 2023) (i.e. 
feed channel pressure drop (FCP) measurement at 0.1 kPa sensitivity) 
Test 1 and Test 7 are indistinguishable for both Experiment 1 and 2. 

A fundamental reason for the high sensitivity of this monitoring 

(a)

(b)

Fig. 5. Shows plots of the radial integral of the Patterson func-
tions obtained during the fouling/cleaning cycle of a membrane 
module – (a) Experiment 1 and (b) Experiment 2. See S2 and S3 in 
supplementary material for MRI and Patterson functions for all 
seven tests. Insert plots show the initial 4 mm length scale to 
better show the coherence peaks in the data. A minimum is seen 
at ~ 0.9 mm. Corresponding to the nearest neighbour’s coherence 
structure. As fouling progresses (Test 1 to Test 3) there is a loss in 
diffraction peak, while during progressive cleaning (Test 4 to Test 
7) there is a re-emergence of the coherence peak, however due to 
residual fouling it does not return to its original shape.   
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technique is because very small changes in hydrodynamic resistance can 
divert flow in a parallel fiber membrane module. These observations of 
the monitoring technique’s sensitivity, which combined with rapid 
detection (on order of seconds), opens the potential for very early 
warning of flow changes within a multifiber hollow fiber membrane 

module or similar parallel flow systems suitable to NMR monitoring. 
Further research is ongoing to improve the modelling of the system with 
a focus on both different fouling structures (e.g. random voxel fouling), 
signal attenuation (e.g. non-binary model of fouling) and influence of 
SNR contributions on the modelling, to determine the influence of these 
factors on the resultant diffraction signal monitoring. 

The current research using the technique presented in this research 
will be in the future extended to permeate fluxing HF membrane mod-
ules containing 100s to 1000s of fibers with an aim to correlate the local 
NMR diffraction measurement presented here with more traditional 
permeate flux monitoring. This will allow examination of the local 
structural correlation features measured with the technique presented, 
such that the sensitivity of the localised observation of the effect of 
permeation can be correlated to the measured bulk permeation to 
quantify sensitivity to localised fouling. 

5. Conclusions 

Early and rapid detection of fouling of hollow fibers is demonstrated 
in this study. In this research we have obtained NMR Patterson functions 
during a fouling/cleaning cycle for a multi-fiber hollow fiber system. 
The nearest neighbour diffraction peaks were observed to disappear and 
re-appear as the module was fouled using sodium alginate and subse-
quently cleaned using NaOH solution (pH = 11). The nearest neighbour 
distance measured (~1.2 mm) was consist with the outer diameter (1.2 
mm) of the hollow fibers in the tightly packed fiber bundle. Monte Carlo 
modelling of fouling as a binary effect on fibers corresponded well with 
the measured data from the fouling measurements. Using the power 
spectrum (|k|2) data and integrating over the full width at half maximum 
(FWHM) peak of the first coherence peak a strong correlation was ob-
tained between the signal attenuation and the number of fibers affected 
by fouling. This shows that it is possible to monitor a single line of k- 
space to monitor the fouling state of the module, therefore not neces-
sitating full k-space imaging. This allows a rapid modality of fouling 
monitoring of multi-fiber systems. The approach demonstrated in this 
work for a fouling/cleaning cycle for a hollow fiber membrane module 
may be translatable to systems which exhibit similar strong structural 
coherence and resultant diffraction peaks, where a flow encoding 
gradient can be applied to suppress signal from a flowing fluid compo-
nent, and may be used for complex flow system if the relevant length 
scale of interest is separable (different) from other length scales in the 

Fig. 6. (a) Model result for the radial integration of |S(k)|2 function as the number of ‘fouled’ fibers increases – with the location of fibers determined randomly. (b) 
and (c) Experimental |S(k)|2 results for the 1st and 2nd experimental fouling/cleaning cycles. The coherence feature largely disappears at the 2nd fouling (Test 3) and 
1st cleaning (Test 4) stage – indicative of ineffective cleaning – whilst subsequent cleaning results in the gradual recovery of the feature (Test 5 to Test 7). It is notable 
that the feature is quite a bit lower in Test 7 than Test 1, indicating that there is residual fouling in the module even after 10 h or NaOH soaking. 

(a) 

Fig. 7. Shows the correlation between the signal obtained for the |S(k)|2 

coherence peak from the centre-line of k-space plotted against the % of fibers 
with greater than 5% reduction in volumetric flow which is fibers assessed from 
velocity images (see (Yan et al., 2023) for reference). For comparison the same 
correlation for the Monte Carlo model (n = 50) is shown for random fiber 
fouling (black dash line). It can be seen that there is a strong correlation be-
tween % fibers affected by fouling and the magnitude of the coherence peak. 
Experiment 1 & 2 are detailed in Section 3.1; They consist of two experimental 
runs, where in each run the module experiences two doses of alginate fouling 
(1st and 2nd fouling stage) followed by four cleaning stages using pH = 11 
NaOH solution (1st C: flash cleaning; 2nd C: 20 min soak cleaning; 3rd C: 1 h 
soak cleaning and 4th C:10 h soak cleaning). 
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