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Development of a novel linear ERT sensor to measure surface
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This paper investigates the feasibility of using Electrical Resistance Tomography (ERT) to visualize surface deposit during a
Cleaning-In-Place (CIP) process, which is a common problem in various industries. A pilot scale cleaning rig with a purposely
designed ERT test section was used for monitoring the pre-rinse CIP stage of cleaning milk paste adhering to a test section. The
ERT test section comprises a CIP-ERT multi-linear sensor consisting of 4 planes of 8 electrodes. The Industrial Tomography System
(ITS) P2000 ERT system was used to collect voltage data, which were processed in a MATLAB based ERT toolkit. Three dimensional
(3-D) images were reconstructed using the L-curve Tikhonov method. A feasibility study was conducted to evaluate the performance
of the CIP-ERT sensor. Image analysis showed that ERT is suitable for monitoring and visualizing the CIP process for the materials
which foul similarly to milk pastes. The success of this work contributes to a time/energy efficient industrial process as the cleaning
process can be visualized and over cleaning can be avoided.

Index Terms—ERT, CIP, L-curve Tikhonov, surface deposits, muti-linear sensor.

I. INTRODUCTION

FOULING is a common problem in industries where
a high level of hygiene is required such as the food

industry [1]. Fouling can occur rapidly during processing
as deposits adhere to equipment surfaces [2]. This leads to
lower equipment efficiency and functionality, increasing the
risk of microbial and cross contamination [3] which can be
life threatening when allergens are involved. It is therefore
essential in reducing this risk that equipment is sufficiently
cleaned. Unfortunately, fouling is unavoidable in some cases
due to various thermal processing conditions which ensures
product safety [4].

The use of water and detergents for cleaning impacts
on the environment [5]. Cleaning-In-Place (CIP) refers to
cleaning the interior of processing equipment without dis-
mantling the equipment. This process is widely used and the
cleaning regime is dependent upon the characteristics of the
fouling [6]. CIP utilizes a designated endpoint to monitor
the progress of the cycle and indicate when cleanliness has
been achieved [7]. The choice of sensing technique varies
according to the type of fouling, sensitivity and accuracy
of the technique for the processing equipment and fouling
material, ease of implementation and cost effectiveness. In-
line sensing techniques in CIP systems may rely on heat
transfer, pressure drop, ultrasound, chemical/microbiological
properties, optical properties or electrical properties such as
capacitivity and conductivity [7]. A common problem among
these techniques is the difficulty in sensing the endpoint [8].
Many of these methods monitor material being removed rather
than material remaining [1], [6], [7]. Integrated measurements,
such as overall heat transfer, pressure drop and liquid electrical
properties, focus on overall change but lost the sensitivity
to local variations [7]. Ultrasound, as a localized sensing

method, has limited resolution of deposit thickness and are
sensitive to temperature and gas bubbles in the washing
liquid [9], [10]. Optical methods, either by vision or optical
devices (near-infrared or ultraviolet), have access to the surface
and are limited in use for inline measurement of invisible
pipelines [10], [11]. Other problems typically experienced in
localized sensing methods include the difficulty in identifying
representative locations to position the sensor [8], [12].

Electrical resistance tomography (ERT) is a type of elec-
trical impedance tomography (EIT). ERT was first reported
for medical use in the late 1970s and subsequently identified
as a useful technique for industrial processes [13] due to its
non-invasiveness and ability to visualize an optically inacces-
sible material. ERT relies on arrays of electrodes measuring
the electrical resistance to deliver cross-sectional images by
combining measurements from the objects periphery. To date,
ERT has been widely used in industry and research for process
monitoring and analysis [14], [15], [16], [17] and simulation
verifications [18], [19], [20], [21]. Although conductivity mea-
surement is commonly adopted in industrial CIP process, the
use of ERT for monitoring cleaning process is rarely discussed.
ERT is suitable for visualizing the cleaning process as the
electrodes which monitor fouling are mounted almost flush
onto the interior of equipment surfaces where fouling occurs.
Wang and Yin [22] summarized possible algorithms that could
be utilized for identifying the endpoint of a CIP process. Hou
[8] utilized ERT to monitor the removal of shampoo from
pipework at 15 ◦C, a lower temperature than those typically
used in a CIP process; and identified issues with monitoring
the wall where there were no electrodes with conventional
circular designs.

This paper investigates whether ERT is suitable for real-time
monitoring of a CIP process for removing surface deposit.
A pilot scale CIP rig consisting of a series of pipes and a
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removable test section with an ERT sensor was fouled with
deposits of milk paste and cleaned by recirculating tap water
around the system. Milk is used as dairy fouling in processing
equipment [23]. The ERT sensor utilizes multi-linear structure,
consisting of 4 planes of 8 rectangular electrodes and two
grounded guards at both ends, all placed in one face. The
sensor differs from the traditional circular ERT sensor and
provides high sensitivity close to the electrode face. This linear
sensor structure is ideal for monitoring the removal of surface
deposits, and is capable of monitoring between electrode
planes. The increased sensitivity at the walls means that the
end point of cleaning can be more accurately determined
down to lower amounts of deposit. This can be exception-
ally important if the fouling contains allergenic materials.
Boundary voltages from electrode pairs were measured using
the ITS P2000 ERT system and processed in MATLAB for
reconstruction of 3-D images using the L-curve Tikhonov
method. These results were compared to analyzed photographs
obtained systematically during the CIP process. To the authors’
knowledge, use of ERT to monitor CIP for general surface
deposits has not been reported.

II. MATERIAL AND METHODOLOGY

A. Material

Milfresh skimmed milk powder was sourced from Bidvest
(Salford, United Kingdom) and tap water was used.

B. Instrumentation

Figure 1 illustrates the Piping and Instrumentation Diagram
(P&ID) of the cleaning process. The pilot scale cleaning rig
consists of a 40 L vessel and two pumps which circulate fluid
from the vessel around the system. The flow rate is controlled
by adjusting the pump settings. The system contains two
CLD18 conductivity meters (Endress and Hauser, Manchester,
United Kingdom) with a range of 200-100 000 µS cm−1, lo-
cated on either side of the test section. The CLD18 meters also
measure the temperature. A third conductivity meter, a CLS15
(Endress and Hauser, Manchester, United Kingdom), with a
measuring range of 0.1-200 µS cm−1 is present in the vessel.
The vessel also contains a heating element and a thermostat,
enabling the temperature of the fluid in the system to be con-
trolled. A PROMAG 30H electromagnetic flowmeter (Endress
and Hauser, Manchester, United Kingdom) and two PMP135
pressure gauges (Endress and Hauser, Manchester, United
Kingdom) are located in the system. All sensors are linked
to an Ecograph T RSG35 datalogger (Endress and Hauser,
Manchester, United Kingdom) from which the frequency of
data collection can be controlled. Valves throughout the system
enable the route of the fluid flow to be controlled and therefore
isolation of the test section as the fluid is circulated around
the rest of the system, e.g. for heating the system.

The rig contains two viewing windows enabling cleaning to
be observed. They are located at the front and above the test
section. The test section consists of a separate piece which is
inserted into the system. The ERT test section (built by In-
dustrial Tomography Systems, Manchester, United Kingdom)
has a fouling area of 695 × 38 mm2, as shown in Figure 2

Fig. 1. P&ID of CIP process

(a). Figure 2 (b), presenting a clearer version of electrode con-
figuration, is the simulation model generated by a MATLAB
based toolkit– Electrical Impedance Tomography and Diffuse
Optical Tomography Reconstruction Software (EIDORS) [24],
[25]. Two approaches were utilized to monitor the cleaning: 1)
employ a digital camera (Canon EOS 6D) to take a photograph
of the side view of the fouling area every 1 minute; 2) use
the ITS P2000 ERT system to measure voltage variations and
generate 3-D images, representing the conductivity distribution
of the fouling area. The CIP-ERT sensor contains 4 vertical
planes of 8 electrodes and two grounded guards embedded in
plastic on a stainless steel plate. Each electrode is rectangular
in shape and 20 mm in length and 2 mm in height. There is
a 4 mm gap (centre to centre) between electrodes and 32 mm
gap (centre to centre) between electrode planes. The length
and height of the grounded guards are 180 mm and 2 mm,
respectively. The Signal-to-Noise Ratio (SNR) of the ERT
system is 51 dB.

C. Experimental method

A paste was made by mixing 10 g of milk powder (Milfresh
skimmed milk powder, Bidvest, Salford, United Kingdom) and
3 g of water. This mix was rolled onto the right hand side of the
test section to a set height, e.g. 3 mm, as shown in Figure 2 (c)
and (d). The left hand side of the test section remained empty
as a reference. Note that the reference section is not needed
for a CIP-ERT sensor in the practical situation. The use of
the reference section in this paper is only for comparison of
the response between the fouling area and the clean area. The
test section was inserted into the rig and isolated by closing
valves V3 and V4 and opening V1 and V2, see Figure 1,
thereby preventing liquid from flowing through it. The vessel
was filled with fluid which was pumped around the system,
as it was heated to 60 ◦C. When the rig and water reached
the desired temperature, valves V3 and V4 were opened whist
simultaneously closing V1 and V2, enabling fluid flow into
the test section. The flow rate (Q) of the recycled water is
0.72 L s−1, corresponding to a velocity (v) of 1.5 m s−1 in the
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test section. The ERT system settings are detailed in Table
I. The measured voltage was processed in EIDORS. Images
were reconstructed using L-curve Tikhonov method. Details
of the method see [26].
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Fig. 2. CIP-ERT linear sensor, (a) testing section, (b) simulation model with
mesh (side view), (c) test section with fouling seen from front window (side
view), (d) test section with fouling seen from above window (top view)

TABLE I
ITS P2000 DATA ACQUISITION SETTINGS

Setting Value
Excitation frequency 9.6 kHz

Sampling time interval (between frames) 20 ms
Samples per frame 1

Frames per download 1
Inject current 10 mA

Sampling strategy Adjacent
Delay cycles 5

D. Image processing
The photographs of the fouling area were processed us-

ing MATLAB R2013a (MathWorks, Massachusetts, United
States). The purpose of image processing is to segment out the
area of milk fouling from the background for a quantitative
analysis. The challenges encountered during image processing
were: (1) shadows and varying lighting conditions affect the
image quality, and (2) the electrode grayscale is similar to that
of the milk foul.

As milk fouling was only adhered to a part of the test
section, it is not necessary to process the full photograph. A
Region of Interest (RoI) was selected to target the fouling area
for image segmentation. This was the right hand side of the
test section as illustrated in Figure 3. The left hand side of the
test section was utilized to create a reference image, and the
effect of the different lighting conditions for each run were
reduced by subtracting the reference image from the RoI as
both areas shared the same lighting condition. By subtracting
the reference image, the grayscale effect from the electrodes
is also reduced due to the symmetric structure of the CIP-ERT
sensor. The procedure of the image process and the resultant
images are presented in Figure 3. The steps for the image
processing are listed below,

1) Select RoI (right hand side of the test section) and the
relevant reference area (left hand side),

2) Reduce lighting and electrode effect by subtracting ref-
erence area from the RoI,

3) Enhance the subtracted RoI by top-hat and bottom-hat
filtering [27],

4) Segment the area of milk fouling from the background
and generating a binary image, setting the pixels of
remaining milk fouling to 1 and background to 0,

5) Reduce noise in the binary image by median filter
6) Fill holes in the filtered binary image

 

 

RoI RoI Subtracting Ref Enhanced RoI 

Binary RoI Median Filtered RoI Final RoI with Holes Filled 

Original Photograph 

RoI Ref 

Fig. 3. Image processing on photograph at 60min

III. FEASIBILITY STUDY: SELECTING MEASUREMENT
STRATEGY

The aim of the feasibility study was to determine the
measurement strategy for the CIP-ERT sensor. The linear
sensor model created in EIDORS is shown in Figure 2 (b).
All parameters of the sensor are consistent with the physical
CIP-ERT sensor. Only the length of the grounded guards
was changed to 136 mm for ensuring the efficiency and
accuracy of the modeling. Three possible measuring strategies
were proposed for the sensor. As illustrated in Figure 4,
all measuring strategies utilize adjacent measuring method,
i.e. current is injected through the neighboring electrodes,
e.g. electrodes 1 and 2, and voltages are measured from
the remaining neighboring electrode pairs, e.g. electrodes 3
and 4. The current is then injected to the next neighboring
electrodes and the voltage measurements are repeated. The
sequence is repeated until all independent measurements have
been taken. The difference of the three measuring strategies
relies on the numbers of electrodes per plane: (1) the first is
the 8-electrode configuration that each linear array (column)
forms a plane and each plane consists of 8 electrodes. This
configuration results in 80 independent measurements for each
frame. (2) The second is a 16-electrode configuration where
the 16 electrodes in the two linear arrays from the right
hand side are combined as one plane and the remaining
16 electrodes are for the other plane. (3) The third utilizes
all 32 electrodes as one plane and runs full measurements
with all the electrodes. The total number of independent
measurements by the 16-and 32-electrode configurations were
208 and 464, respectively. Theoretically, the more independent
measurements, the higher resolution of the resultant image.
However, the number of independent measurements affects the
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data acquisition rate in practical use. Taking the ITS P2000
ERT system as an example, the data acquisition rate of the 8-
electrode configuration is approximately one frame per second,
and the 16- and 32-electrode configurations are only about 0.5
and 0.2 frames per second, respectively.

Figure 5 enables comparison of the sensitivity of the three
measuring strategies. The upper three figures show the overall
sensitivity distribution in 3-D version and the lower three fig-
ures are visualizations of slices of the test section from the 3-D
sensitivity graph. By using either 16- or 32-electrode configu-
ration, the sensitivity can be enhanced (1) in the electrode area,
(2) in the gap between neighboring electrodes and (3) between
the neighboring electrode planes, when compared to the 8-
electrode configuration. The 32-electrode configuration has the
highest sensitivity. High sensitivity is observed at the surface
of electrodes and the sensitivity gradually reduces along the
perpendicular direction to the electrode face. At the opposing
face to the electrodes, it is almost zero, compared to 0.2 in
the most sensitive area. Table II lists the average sensitivity in
the gap (electrode face) by three measuring strategies. The
sensitivity in the gap between electrode planes remarkably
increases with the 16-and 32-electrode configuration, which
are 9 times and 14.5 times of the sensitivity with 8-electrode
configuration.

TABLE II
AVERAGE SENSITIVITY IN THE GAP (ELECTRODE FACE) BY 3 MEASURING

STRATEGIES

Measuring Strategy Area 1 Area 2
8-electrode 0.142 0.012
16-electrode 0.178 0.116
32-electrode 0.200 0.175

Area 1: gap between neighboring electrodes
Area 2: gap between neighboring electrode planes

Figure 6 plots (1) solid lines: the ratio of simulated voltages
and the maximum voltage value of each electrode configura-
tion (|V/|Vmax||) with homogeneous phase in the sensing area,
and (2) dash lines: |V/|Vmax|| = 0.001. As an ERT system has
limitations in measuring voltage between electrode pairs, it is
difficult to measure the boundary voltage if it is either too large
or too small, i.e. |V/|Vmax|| is below 0.001. From Figure 6,
inaccurate measurement of boundary voltage may be predicted
for the 32-electrode configuration in the experiment as there
are numbers of |V/|Vmax|| values below the dash line.

In the simulation models, a set of objects are placed in a
diagonal line across the sensor. The conductivity of the objects
is 20% less than the background material. Noise with SNR
of 51 dB was added in the models. Two cases are discussed
in the simulation study. In Case 1, the objects are located
on the surface of the electrodes and in Case 2, the objects
are located 1 cm away from the electrodes, as illustrated in
Figure 7. Images were reconstructed by L-curve Tikhonov
method, performed in MATLAB 2013a. Figure 8 (a) shows the
reprocessed images by ParaView (Kitware, New York, United
States). To evaluate the images, the correlation coefficient (CC)

is used and expressed as

CC =

∑N
i=1(gi − ḡ)(refi − ref)√∑N

i=1(gi − ḡ)2
∑N
i=1(refi − ref)2)

(1)

where gi and ḡ represent the image to be evaluated and its
mean value, refi and ref denote the reference image and its
mean value and N is the total number of elements in the image,
N = 12965.

As illustrated in Figure 8 (a), a prominent diagonal line can
be seen in the side view image by using either 16- or 32-
electrode configuration. In terms of CC, in Case 1, the CC
increases from 0.512 in the 8-electrode configuration to 0.607
and 0.640 by 16- and 32-electrode configuration. Following
visual inspections, despite the 32-electrode configuration hav-
ing the highest CC, the simulation model with the 16-electrode
configuration showed a more prominent diagonal line with less
noise. In Case 2, the line can still be observed in the 16-
and 32-electrode configuration. However, these images were
blurred and the CC is lower.

An experiment was conducted with a transparent plastic
cuboid placed over the CIP test section and its two diagonal
corners fixed to the top right of the vessel near E1-8 and the
bottom left near E4-1 using pressure sensitive adhesive, as
shown in Figure 9, where the cuboid was marked with dashed
lines. The CIP test section was filled with tap water to ensure
connection of the electrodes. To achieve higher sensitivity, the
cuboid was located as close as possible to the electrodes.
All of the boundary voltage measurements were acquired
using ITS P2000. The data acquisition settings are shown
in Table I. Although the 32-electrode configuration provided
the best simulation results, this was not practical due to the
long distance between the electrodes at both ends, i.e. voltage
cannot be measured when injecting current to E1-1 and E1-2
and measuring from E1-31 and E1-32 (as illustrated in Figure
4, 32-electrode configuration). The problem can be solved by
increasing the injected current. However, an increase in the
injected current results in saturation of the adjacent electrode
pairs. Thus, only the 8- and 16-electrode configuration were
utilized in the experiment.

Figure 10 shows the reconstructed images obtained using
the L-curve Tikhonov method and reprocessed using ParaView.
Similar to the simulation results, the image obtained using
the 16-electrode configuration shows the cuboid clearly. Com-
pared to the 8-electrode configuration, the linear sensor with
the 16-electrode configuration provides higher image contrast
of the cuboid. Additionally, Figure 10 shows a larger area
with larger conductivity change at the bottom left than the top
right because the cuboid was placed in an angle to the face of
electrodes, i.e. the bottom left side of the cuboid was close to
the electrodes whilst it is slightly away from the electrodes at
the top right. This phenomenon is confirmed by the simulation
results that the sensitivity reduces with the increase in the
distance to the surface of electrodes.

Conclusions can be made from the feasibility study that,
• Although 3 measurement strategies were suggested by the

simulation study, only 8- and 16- electrode configurations
can be utilized practically.
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Fig. 4. Electrode configuration by 3 measuring strategies
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Fig. 5. Comparison of sensitivity by 3 measuring strategies
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Fig. 7. Simulation models for evaluating linear sensor

• The 16-electrode configuration enhances sensitivity and
results in an image with high CC to the true distribution.

• The sensitivity of the ERT sensor is dependent on the
proximity of the object to the sensor. The closer the object

a. Case 1: On surface Case 2: Away from electrodes 
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Fig. 8. Comparison of different simulation models by (a) ERT images, (b)
correlation coefficient
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Fig. 9. Linear sensor with plastic cuboid, (a) side view, (b) top view
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Fig. 10. Comparison of images by linear sensor with 8- and 16-electrode
configuration

to the sensor, the greater the sensitivity. Thus, ERT is
ideal for monitoring surface deposits.
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IV. RESULTS AND DISCUSSION

Figure 11 shows the calibration curve for the relative change
in conductivity by varying milk concentrations ranging from
0 to 0.25 g L−1. The figure was constructed by taking the
average of seven experiments as described in [1], the error
bar represents the standard deviation. The relative change in
conductivity is the ratio of the conductivity change to the
starting conductivity. As shown in Figure 11, the more milk
powder dissolved in the hot water, the greater relative change
in conductivity measured by the CLS15. At 60 ◦C, the relative
change in conductivity σr with the milk concentration C is
given by,

σr = 0.6043C (2)

This can be used to calculate the removed fouling at the test
section during CIP process for determining the endpoint. The
percentage of the volume of the removed fouling is expressed
as,

%volr =
σr

0.6043volwater/ρ

minit/ρ
× 100 (3)

where minit is the initial mass of the milk, volwater is the
volume of the water and ρ is the density of the milk paste,
assuming that ρ is not changed during the process. For our
experiment, minit = 10 g and volwater = 40 L, which gives,

%volr = 6.6192σr × 100 (4)
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Fig. 11. Calibration curve for the relative change in conductivity with the
concentration of the milk in water at 60 ◦C (error bars are the full range of
collected data)

As a result of the finding from the feasibility study, the
16-electrode configuration was selected as the ERT measuring
strategy. Figure 12 shows 2-D side view and top view slices
from the reconstructed 3-D ERT images by the L-curve
Tikhonov method. The side view provides the conductivity
distribution of the plane that is 0.5 mm directly above the
surface of electrodes, while the top view is taken from the
central plane from the top. Three samples have been selected:
before (0 min), during (25 min) and after (120 min) the CIP
process. At 0 min, the right hand side of the test section
was fully covered by the milk fouling. ERT images show
in red the areas of higher conductivity. Fouling was partially
washed off after 25 min and the overall conductivity of the
circulating water increased. This reflects the left hand side of
the test section, where a larger number of light blue pixels were

observed. As the top view is taken from the central plane, the
rightmost area at 25 min was light blue rather than red in color,
suggesting that the fouled material in this area was removed.
The bottom two images shown in Figure 12 are the side view
and top view of the test section at 120 min which is the end
of the CIP monitoring. The images show that the fouling has
been fully washed off.

Time 
(min) 

Side View Top View  

0 

 
 

 

 

25 

 
 

120 

 
 

 

Fig. 12. Reconstructed ERT images, before, in and after CIP

To evaluate the ERT images, a quantitative study was
conducted with the conductivity values of each element in the
3-D ERT images. Figure 13 shows four statistic parameters
during CIP process. The coefficient of variation CV , and index
of dispersion D are the parameters related to the standard
deviation S and to the mean σ. As the right hand side of the
test section was fouled with milk powder, the conductivity of
this area was found to vary more than the left hand side in
the first 80 min of the CIP process. Figure 13 (c) shows the
CV , the right hand side shows a high starting value, while
the starting value of left hand side is relatively small, which
confirms the ability of the method to detect the milk fouling.
During the CIP process, it was observed that the CV value
continually decreased for 80 min, despite no fouling adhered
to left hand side of the test section throughout the process.
A reason for the decrease in CV on the left hand side is the
increase in conductivity of the recycled water. Comparison of
the two curves shows the blue dash-dotted curve (reference)
only decreases by 6%, most of the change occurring in the first
10 min, whilst the red curve (fouling area) shows a significant
drop until 80 min. After 80 min, the two lines overlap. Similar
phenomena are shown in the other three statistic parameters.

To compare the ERT images to photographs taken from
the digital camera, both images were processed into binary
images. The image processing method for the photographs
was described earlier in this paper. For the ERT images, a
threshold was selected according to the pixel conductivity
when the cleaning process was nearly finished, in order to
differentiate the milk fouling from the water. As the left hand
side of the test section was not fouled, the conductivity of this
area can be used to calculate the threshold. Figure 14 shows
the maximum conductivity of the pixels from left hand side of
the test section. The change in maximum pixel conductivity
was found to be proportional to the temperature change. By
calibrating with temperature, the maximum pixel conductivity
of the left hand side of the test section is around 0.266, thus
the threshold is chosen as 0.267 which is slightly above the
maximum value.
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Fig. 13. Quantitative study of reconstructed images by comparing (a) standard
deviation, (b) mean, (c) coefficient of variation and (d) index of dispersion
between fouling (right) area and reference (left) area
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Fig. 14. The change in maximum pixel conductivity (ERT) of the left hand
side of the test section, the calibrated maximum conductivity and the change
in temperature measured by inlet CLD18 (close to V3) with time slot from
90 to 110min

The binary ERT images and the binary photographs are
shown in Figure 15. Only the fouling area is shown, using
the original RoI by photograph as references. After 120 min
of cleaning, the photograph still shows some milk fouling,
most of which is observed in the gap between electrodes.
For the ERT images, although the overall sensitivity has
been enhanced using the 16-electrode configuration, the gap
between each electrode, particularly between electrode planes,
still lacks sensitivity compared to the area with electrodes.
Through comparison to the binary photographs, the ERT image
presents a good estimation of the fouling on the electrodes but
it fails to show the remaining fouling between the gaps around
the electrode as the cleaning approached an end. As a result,
within the final 20 min of the cleaning process, i.e. 100 to
120 min, the binary ERT image cannot present the remaining
milk at the bottom of the test section. The photograph at still
shows a small amount of milk fouling in the gap between
electrodes at the end of CIP process.

Figure 16 plots the removed milk fouling by the photograph
against the removed milk fouling by ERT at the same time. For
the photographs, the milk fouling was obtained by counting
the numbers of pixels (element value =’1’) in the binary
photograph as shown in Figure 15. The milk fouling by ERT
was calculated by the total volume of pixels whose element
value is ’1’ in the binary images. It can be seen from Figure
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Fig. 15. Images of CIP process by photography and ERT

16 that the change in removed fouling estimated by ERT has
good agreement with the change by photograph within the
first 15 min and they are no longer fitted afterwards. At the
end of the CIP process, about 15% of fouling is still observed
in the photographs. The reason is that the photography only
produces 2-D images which show the area of the fouling; ERT,
on the other hand, provides 3-D images which can be used to
calculate the volume of the fouling.
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Fig. 16. Removed fouling by photography and ERT

Figure 17 compares the relative conductivity change of
the recycled water by different methodologies. The relative
conductivity change is calculated as

%σr =
σ − σ0
σ∞ − σ0

× 100 (5)
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where σ is the conductivity of the water, σ0 and σ∞ are the
conductivity of the water before and after the CIP process. The
conductivity was obtained by three methods. (1) In the first
method, the conductivity of the water was read by conductivity
meter CLS15. (2) The second method is to calculate the
conductivity from the boundary voltages (V ) measured by the
ERT system, because the conductance is derived by I

V , where
I is the inject current, which is constant during the experiment.
Thus the σ in Eq. 5 is replaced by 1

Vm
, where Vm is the mean

of the boundary voltages of the electrode pairs in the left hand
side of the sensor (reference plane). (3) The third method is
based on the reconstructed ERT images, using the element
data from the left hand side of the test section (reference
area). The σ in Eq. 5 is replaced by

∑
σERT × volERT ,

where σERT is element data of ERT images and volERT is
the volume of each element. Ideally, any two methods should
show the same relative change in conductivity throughout the
CIP process. However, as shown in Figure 17(a), within the
first 2 min, σr by the CLS15 increase by 35%, which is double
of the change by voltage measurements. One possible reason
for this is the bulk of the removed milk paste staying in the
vessel at the beginning of the CIP process, which increases
the conductivity in the vessel more than in the water flowing
through the test section until the removed milk paste fully
dissolved in the water. By comparison with the σr by voltage
measurements, the σr by the ERT image of the left hand side
of test section shows more serious deviations from that by
CLS15 at the beginning of the process. According to Figure
17(b), σr by CLS15 increases by approximately 70% in the
first 9 min whilst σr by ERT images only increases by 20%.
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Fig. 17. Relative conductivity change by different methodologies (%), (a)
relative conductivity change by CLS15 and by measured voltages of reference
plane, (b) relative conductivity change by CLS15 and by ERT images of
reference plane

Similar phenomenon is shown in the estimation of the
removed fouling by ERT images, as seen in Figure 18(a). Note
that, the amount of the removed fouling was calculated by
elements from the right hand side of the test section (fouling
area). At 9 min, the ERT image shows that 38% of fouling
has been removed from the test section, whereas, a removal
of 70% of fouling is indicated by the CLS15. Three possible
reasons for the difference by the two methods at the beginning
of the CIP process are: (1) the coarse and non-uniform mesh
by the ERT model lowers the image resolution, particularly
in the area away from the electrodes, where coarse mesh is
generated; (2) the thick milk paste blocks the current flowing

through the sensing area; (3) the ERT image fails to show the
fouling in the gap between electrodes, although the sensitivity
of the gap is enhanced by the 16-electrode configuration. As
a result, few pixels, e.g. only 833 pixels, were counted as the
initial amount of fouling in ERT images. Low accuracy by
ERT can be predicted at the beginning of the process if the
initial fouling paste is too thick due to the coarse mesh and
low sensitivity in the area away from the surface. When %volr
by ERT is calculated from 9 min using the %volr by CLS15
at 9 min as the starting point, the estimated %volr by the two
methods are well matched, as shown in Figure 18(b). From
85 min onwards, the %volr by the ERT images achieved 100%
because no fouling is shown in ERT images. According to the
conductivity measurement by the CLS15, more than 98.5% of
fouling was removed at 85 min and 99.93% of fouling was
removed at the end of CIP.
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Fig. 18. Removed fouling by conductivity meter CLS15 and by ERT images
of fouling plane (%), (a) full time scale, (b) from 9min

V. CONCLUSION

This paper introduces a pilot scale CIP rig with ERT
linear sensor for measuring surface deposits. A feasibility
study was taken to find the optimal measurement strategy
of the ERT system for monitoring the CIP process. The
results show that the 16-electrode configuration enhances the
sensitivity in the gap between electrodes and contributes to
an image with high CC to the true distribution. The pre-rinse
procedure of cleaning the milk fouling was monitored by ERT,
using processed photographs and the conductivity meter in
the vessel as references. An image processing method was
introduced and successfully used in photographs to segment
out the fouling from the background for a quantitative analysis.
The results show that ERT is capable for monitoring CIP
because of its high sensitivity at the surface where the fouling
is located. The 3-D ERT images show the volume change
of the milk fouling which is more sensitive than the 2-D
photographs giving the change of the fouling area. Compared
to the conductivity meter, the ERT is able to localize the
fouling and is sensitive to a low volume of fouling at the
test section. The ERT technique successfully tracks the change
in the milk fouling during the CIP process. The ERT results
show that there are two key stages for the measurements.
The first is at short time (before 10 min) when the sensor
recorded the change in fouling area of the test section that
fits the change by photograph, this is due to the thickness of
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the fouling exceeding the sensitive distance of the sensor. The
second is at long time (after 10 min) when the sensor recorded
the change in fouling volume attached to the surface, which
agrees with the measurements by the conductivity meter. When
there is a very small amount of fouling remaining on the
surface, such as 1.5% of the initial amount, the ERT sensor
was sensitive enough to detect changes. Future work could
focus on using ERT for the detergent rinse and post-detergent
rinse or to visualize the fouling process. In addition, an
improvement in the design of the CIP-ERT sensor would be
beneficial as the current design utilizes an uneven surface; the
neighboring electrodes makes grooves inbetween and results
in an inefficient cleaning process. This study shows ERT to be
suitable for monitoring the pre-rinse stage of CIP for materials
which foul similarly to milk pastes. As this process can be
conducted in real time, it is a convenient technique and can
save time and money as the cleaning process can be visualized
and over cleaning can be avoided.
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