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Cryogenic carbon capture (CCC) is a potential technological solution to reduce CO3 emissions and achieve the
needed environmental targets. CCC provides a relatively compact solution to industries where more mature
technologies would have difficulty scaling down economically. However, there is a lack of research on frost
formation of CO, within packed bed systems, despite the influence of the CO; frost layer on thermal conductivity
leading to excessive cooling costs. Understanding the rate of CO; frost growth and accumulation within a packed
bed is critical to the design of the capture column. Therefore, real-time quantitative imaging becomes increas-
ingly desirable to study the CO» frost formation during cryogenic carbon capture, but it may be difficult by most
of the traditional measurement methods. This study aims to investigate the use of an Electrical Capacitance
Tomography (ECT) to monitor the real-time CO5 frost formation in a fixed packed bed. In this work, the evolution
of the permittivity distribution during the capture process has been investigated in detail by experiments,
elucidating the effect of the bed material type and bed material temperature. An ECT sensor was constructed to
measure frost distribution to elucidate the mechanisms of CO; frost formation by first testing on ice frost in the
packed bed. The ECT images of ice formation were reconstructed by measurement data with a conventional
algorithm. The results show that ECT could effectively monitor the changes of relative permittivity caused by the
frost formation in real-time. With the help of an image reconstruction algorithm, the outline and position of the
permittivity change area can be monitored. These results indicate that ECT has the potential to be a novel
technique for monitoring CO, frost formation during cryogenic carbon capture.

1. Introduction

As the world’s total energy consumption is projected to increase
around 25 % in the Business-as-usual (BAU) scenario [1], where
excessive emissions of COy accelerates climate change [2]. Scientific
evidence suggests that one of the dominant causes of climate change is
the release of greenhouse gases (e.g., CO2) [3]. The ambitious target of
net zero-carbon emissions by 2050, agreed by the UK and other coun-
tries, has now made carbon capture and storage (CCS) a necessity.
Carbon capture has focused on mature technologies, such as chemical
absorption using amine-based solvents that require significant thermal
energy for solvent regeneration. Post-combustion COy capture is the
preferred method for reducing CO, emissions [4], wherein the COy
being emitted by industries using fossil fuels is captured and either
sequestered or used to generate a useful product [5]. The most common
technology for post-combustion CO; capture uses chemical solvents;
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however, current technologies are too energetically intensive for wide-
spread adoption, and emerging lower energy options will require more
development and demonstration under realistic conditions [6]. For large
emitters, other methods of post-combustion carbon capture are more
appropriate [7]. In previous studies on factors affecting post-combustion
carbon capture absorption efficiency, experimental studies or pilot tests
with column inner diameters from 19 mm to 597 mm with different
types of packing have been summarized [8]. New technologies are
emerging to overcome this shortcoming including membranes, calcium
looping, direct air capture, cryogenic separation and liquefaction, but
most face different technological challenges [9].

There is growing interest in cryogenic carbon capture (CCC) to
address the need for new methods to capture carbon dioxide to tackle
the current climate change crisis [10]. This method does not require
chemicals, is capable of high CO, removal levels and delivery of a high
purity of COg, which could be utilized in the food industry or to produce
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chemicals. In general, the cryogenic process involves very low temper-
atures (around —100°C or below) that freezes CO5 on the surface. Pre-
vious studies on energy minimization in cryogenic packed beds during
purification of natural gas with high CO, content has been carried out by
Ali et al. [11], who investigated the effects of process parameters like
initial temperature of the cryogenic bed, feed composition, and feed
flow rate on energy requirement, bed saturation, bed pressure, and
cycling times. Modelling work has been carried out to aid the prediction
of carbon dioxide frost points of natural gas in LNG systems [12].
Further studies have found that the formation of the CO5 frost and ice
layer on the surface of a heat exchanger cause a decrease in the heat
transfer rate and thus a decrease in process efficiency [13,14]. Those
studies recognized the need for advanced configurations using packed
beds that require periodic switching between CO, capture, sublimation
and bed cooling conditions, by using several parallel beds [15]. Another
configuration overcomes this limitation by using a moving cold packed
bed, the advanced cryogenic carbon capture (A3C) process, which
feasibility has been assessed through modelling and economic analyses
[16]. The moving bed configuration allows frosted bed material to be
regenerated in a continuous stage and be then recycled back into the
capture column. Furthermore, the velocity of CO, frost advance within a
static packed bed has been measured to support the design of a moving
bed column to achieve continuous CO, removal [17].

The factors that affect overall CO2 removal quality and efficiency in
CCC systems are, therefore, the initial bed temperature, inlet CO5 frac-
tions, packing material and the frost layer produced on the surface of
packing material [18]. Research concerning crystal (or nucleation) and
frost growth is mostly related to water in moist air or refrigeration cy-
cles. The one report available regarding binary data of nitrogen and CO,
mixtures for the variation of frost thickness, density and thermal con-
ductivity in a cryogenic plate used visual observations and photographs
through the transparent packed column pipe [19]. However, visual
observations and photographs can only provide information of the frost
layer at the outer circle of the packed column and the overall volume
fraction of frost cannot be directly calculated.

Thus, this study addresses this research gap through the application
of a visualisation tool — Electrical Capacitance Tomography (ECT) to
better understand CO5 frost formation under varying factors. ECT has
previously shown great potential for imaging and quantifies gas-liquid
two-phase carbon dioxide flow in various CO2 capture process applica-
tions [20,21]. This technique was earlier used for monitoring the dis-
tribution of co-current and counter-current flow in the packed column
using tomography for liquid gas interactions for carbon capture using
chemical absorption [22]. Recent studies [22,23] have shown an ECT
system able to measure the liquid distribution of the liquid hold-up in-
side the packed column, whilst Xia et al. [24] used an electrical capac-
itance volume tomography to image LN»-VN, phase distribution.
Previous studies have confirmed the effectiveness of ECT sensors for
large-scale applications. For example, Isaksen et al. [25] have attempted
an ECT of 1 m diameter to measure multi-interfaces in an oil separator,
and Wang and Yang [26] scaled up and tested successfully a 12-elec-
trode ECT sensor of nearly 1 m diameter on a pharmaceutical fluid-
ized bed. However, ECT has never been used to withstand extremely
low-temperature conditions used in desublimation processes as stud-
ied in this research.

In this research, the imaging techniques of ECT is applied to monitor
the grow of frost by the cryogenic carbon capture progress in a packed
bed. An eight-electrode ECT sensor was constructed and a high-
performance digital ECT system was used. The work aims to identify if
there is dependence of ECT capacitance on the measured material
composition (relative permittivity) and other operation conditions (e.g.,
temperature) used for cryogenic carbon capture, which should make
possible the monitoring of CO5 frosting progress and quantify the COy
frost by ECT using suitable algorithms. This study will enable a better
understanding of the behaviour of CO; frost formation from a mixture of
gases during controlled experiments in a packed column. To our best
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knowledge, this is the first investigation of the CO; frost formation
during cryogenic carbon capture using ECT.

2. Materials and methodology
2.1. Principle of electrical capacitance tomography (ECT)

ECT measures capacitances of materials between all electrode pairs.
The measured data together with a pre-calculated sensitivity map are
computed to estimate the cross-sectional permittivity changes within
the sensing area. ECT estimates the internal permittivity distribution of
the sensing area through boundary measurements. The mathematical
theory of ECT is composed of two parts: the forward problem and the
inverse problem. The forward problem corresponds to the calculation of
the electrical capacitance on the electrodes from a known voltage and
the relative permittivity distribution. For the forward problem, the
linearized model describing the relationship between normalized
capacitance data Cpomm and the normalized permittivity change g is
expressed as:

8= Silcrmrm (1)

where S is the sensitivity distribution matrix of normalized capaci-
tance with respect to normalized permittivity, giving a sensitivity map
for each electrode pair. The inverse problem corresponds to the calcu-
lation of the relative permittivity distribution from the known voltage
and measured capacitance. Common image reconstruction algorithms
were reviewed in reference [27].

The two methods used for calibration are described below. Two end
calibration method: The ECT was calibrated between the lowest and the
highest permittivity limits so that the intermediate pre-pixel normalized
capacitance change at each measurement projection during the cryo-
genic carbon capture gas-solid conditions is expressed as.

Cmea(i) - CI([) -

Coom = 172~,"'7N (2)

Cuy) — Cuy) |
where j is the location of the measurement projection, N represents
the total number of measurements. Cpeq(j) is the measured capacitance
at the jth location. Cyj) and Cpyj are the reference capacitance at the jd‘
location when the sensitive field is full of low permittivity media (e.g.
CO> gas) and high permittivity media (e.g. CO5 ice) respectively.
Single end calibration method: In cryogenic carbon capture appli-
cations, the high calibration with high permittivity media Cyg is
inconvenient to acquire as it would require the column cross section to
be filled with CO5 ice. A normalization method with single reference
media can also be used in this work in order to expand the ECT’s
application [22]. The normalization model is expressed in Eq. (3):

0 j=1,2,-+N 3)

Crom = Coer(i

where Gy is the reference capacitance when the packed column is
full of low permittivity media.

The absent of high calibration could have a detrimental effect on the
accuracy of the results. To compare the results with and without high
calibration, the root mean square (RMS) error, Egys under the single end
calibration condition is evaluated from the following equation:

1
2

M—1~M 2
Eove — P Ej:i+1(c"0r/n(fJ) — 1) (&)
RMS — M(M=1)
2

where M is the number of electrodes, Cpomj is the normalized
capacitance of the electrode pair i —j.

2.2. Experimental set up

The capture column test rig consists of a small-scale cryogenic
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carbon capture application as shown in Fig. 1, located at the University
of Chester and more details can be found in [17]. The experimental rig is
made from a PTFE pipe, the internal and external diameters of the col-
umn are 72 mm and 95 mm, approximately 1 m in height. Two feed gas
injector pipes feed into the capture column, i.e. a vertical cooling gas
injector and a horizontal mixed gas injector. The gas injector pipes are
made from copper pipes with a series of 1 mm width perforations across
the length of the pipe that is located inside the column, on opposite sides
of the copper pipe to allow gas to flow into the column uniformly. The
ECT sensor electrodes were located approximately 120 mm from the
bottom of the column. The capture column was tested using small
ceramic beads of Zirconia partially stabilized with Yttria from Chemco
Advance Material Co., Itd., ranging between 1.4 and 1.7 mm in diam-
eter. The temperature of the bed material is recorded using thermo-
couples and data loggers. The thermocouples are inserted into the
capture column from the top of the column and are adjusted to an
appropriate height above the horizontal mixed gas (-60 °C) injector.

Nitrogen and CO; for the gas streams are supplied by BOC cylinders,
with purities of 99.98 % and 99.8 %, respectively. The two gas injectors
are used for the cooling step and capture step. The vertical cooling gas
injector feeds nitrogen gas that is first cooled to —140 °C by passing
through the liquid nitrogen bath, which cools down the ceramic bed
material. The horizontal mixed gas injector feeds in a mixture of nitro-
gen and CO; gas. The mixed gas is controlled by two automatic Bronk-
horst El-Flow mass flow controllers, which set the flow rates for CO, and
nitrogen gas before mixing the two gas streams together. The mass flow
controllers provide a mixed gas flow at a specific CO; concentration v/v.
The mixed gas is partially cooled by passing through a liquid nitrogen
bath and further cooled by the bed material in the capture column.
When the mixed gas is sufficiently cooled, the CO, present in the gas
phase will desublime out of the gas phase and onto the bed material as a
frost.

The composition of the mixed gas before entering the capture column
and after leaving the capture column are measured with GSS CO; gas
sensors, which have a precision of 0.001 %. The sensor in line before the
capture column can detect between 0 and 20 % vol. CO; and the gas
sensor in place at the outlet of the capture column can detect between

(a) Photo of experimental test rig
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0 and 5 % vol. CO».

2.3. ECT sensor for cryogenic tomography

An ECT sensor with eight electrodes is designed in this study. Fig. 2
(a) shows the schematic illustration of the sensor. The sensors are made
of copper foil. Eight electrodes of 6 cm length are mounted outside
cryogenic packed beds and enclosed by an earthed guard electrode.
Fig. 2 (b) illustrates the picture of the manufactured sensor equipped
with a bubble wrap for insulating operation and shield electrode.

Fig. 3 illustrates the ECT system used in this work, and includes
sensors, a data acquisition system and a computer with imaging soft-
ware. The excitation signal is a sine wave with 14 Vp-p and 200 k Hz
frequency. The ECT sensor is composed of 8 electrodes, providing a total
of 28 independent capacitance measurements. The second component of
the ECT system is a data acquisition system, which is a control circuit
that allows all acquired signals are conditioned by the C/V circuit and
transmitted to the computer through the USB [28]. The maximum
signal-to-noise ratio (SNR) is 76.73 dB, and the minimum SNR is 62.25
dB among all the channels [22]. For image reconstruction purposes, the
effect of random noise and system noise is mitigated by using averaged
and normalized capacitance, which can be obtained from the single end
or two end calibration. The data collected by the proposed measurement
system can be used for real-time imaging at a frame rate of 714 fps.

2.4. Experimental campaign

The experimental procedure begins with an empty air-filled pipe ECT
reference calibration measurement to check if all electrodes work nor-
mally. Next, the dry ceramic beads are added into the column and a
second ECT measurement is made to determine calibration with dry
ceramic beads. The position of thermocouples is adjusted based on ECT
images. The temperature profiles from the thermocouples placed above
and below the ECT were used to estimate the temperature of the bed
material within the region of the ECT sensor.

For CO4, frost experiments, the cooling stage delivered nitrogen gas at
—140 °C to the bed material. When the bed material reached the desired
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Fig. 1. Pilot scale fixed bed experimental flow loop.
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Fig. 2. Picture of (a) the manufactured ECT sensors with guard electrode and (b) bubble wrap with shield electrode.
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Fig. 3. Measurement principle of ECT.

temperature of roughly —120 °C, the cooling stage was ended by shut-
ting off the cooling gas stream. The ECT measurement procedure began
when a cold ceramic-filled pipe ECT reference calibration measurement
was taken for the ceramic packing with low permittivity material Cjg).
The capture stage started by feeding a mixture of COy and nitrogen
through the mixed gas injector. The mixed gas, fed into the column at 40
L per minute (LPM) with 18 % CO» v/v, is partially cooled by passing
through a liquid nitrogen bath to reach roughly —70 °C. Heat transfer
between the bed and the mixed gas within the capture column would
then provide sufficient cooling to the mixed gas to cause CO; to desu-
blime out of the gas phase as a frost and deposit onto the bed material.

The temperature profiles would be expected to show an increase in
temperature and plateau at the desublimation temperature of COq, for a
gas of 18 % CO,, v/v, the desublimation temperature would be —97.2 °C
(estimated using the Span and Wagner equation of state [29]). The
presence of this plateau in the temperature profiles identifies that COy
frost is forming within the bed and has reached equilibrium. As mixed
gas continues to pass through the column, the temperature plateau will
destabilise due to CO5 defrosting at a faster rate than it is desubliming.
Using the thermocouples above and below the ECT sensor helped to
estimate when frost formation would be occurring within the region of
bed material that the ECT sensor was measuring. When CO, starts
defrosting, a second ECT measurement is made to determine ceramic
packing with high permittivity material Cyj. Finally, after these two
calibration references are taken, the ECT is connected to a computer
where visualisation of the real-time images can be accessed on the
computer screen, to determine whether the ECT sensor is able to detect
frost formation. Also, ECT measurements were used to off-line recon-
struct the permittivity distribution using the calculation method intro-
duced in Section 2.1.

3. Results and discussion
3.1. CO; frosting experiment

Fig. 4 shows that ECT profiles at different bed temperatures do not
change much, particularly at lower capacitance values. A small relative
change of capacitance indicates that the relative change of permittivity
is small, which means the relative permittivity change caused by CO,
frost was insufficient to be detectable by the ECT sensor. A greater
relative change of capacitance means that the change of actual size and
position of the relative permittivity differ from the original value, thus
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Fig. 4. ECT profiles for ceramic bed versus different temperature.
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the reconstructed image can be a good presentation of the CO» frost
change.

The temperature profiles in Fig. 5 show that the temperature below
the ECT reached a plateau at approximately 150 s. The presence of the
temperature plateau shows that indeed CO; frost is forming on the bed
material.

As shown in Fig. 5, the capture step was started at roughly 80 s and
the thermocouple below the ECT records a temperature profile roughly
70 s into the capture step. The plateau destabilises after 400 s as the
temperature starts to rise again, indicating that the bed material is
beginning to defrost. These results are consistent with data obtained in
experimental analysis of CO5 frost front behaviour studies [17]. Ac-
cording to Tuinier et al. [15], deposition of COy causes a rise in bed
temperature to an equilibrium value of approximately — 93 °C and CO,
breaks through after approximately 200 s. In our study, the equilibrium
of approximately — 92.8 °C was obtained by thermocouple above the
ECT and CO; breaks through after approximately 130 s. The tempera-
ture profile for the thermocouple above the ECT did not demonstrate a
plateau, which makes uncertain how fast frost accumulated in the cap-
ture column. Comparison with the ECT sensor readings during the CO»
capture step is less accurate as a result.

Frost front velocity cannot be accurately predicted experimentally as
the temperature profile above the ECT did not form a stable plateau.
However, simulated predictions can be made for this experimental work
and compared with simulated predictions using experimental results
from Tuinier et al. [14] using correction factors derived in [17]. The
correction factors consider the differences between flow rates, column
dimensions, and bed material between the experimental set-ups, using
equation 5 provided again below:

dvdy
dc,dp

(%)

where y represents the volume fraction of CO3 in the gas phase and v
represents the superficial velocity, c, represents the specific heat ca-
pacity of the bed material and p represents density of the bed material.
Simulated frost front velocities were calculated from equation 6:

9

Apc,dT ©®

Ufmxl =

where Uy, is the frost front velocity, Qg is the cooling duty required
by the gas phase, A is the cross-sectional area of the capture column and
dT is the temperature change. Table 1 compares simulated results
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Fig. 5. Temperature profiles of thermocouples above ECT, below ECT and gas
injector under 40 LPM 18% v/v CO,,
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Table 1
Frost front velocity comparison.

Simulated results Frost front velocity (mm/s)

This paper 1.12
Tuinier et al. [14] 1.33

produced for conditions in this paper and for experimental conditions
from Tuinier et al.’s experimental work, which differ slightly by 18 %.
One modification was made to Tunier et al’s work before applying the
correction factors which was to alter the starting temperature of the bed
to match this work.

The reason the temperature profile above the ECT sensor does not
show an obvious plateau was likely due to the ECT sensor. The ECT
sensor attached to the capture column required the removal of insu-
lation around the capture column, this caused the temperature of the
bed material to be slightly higher than what the capture column can
usually achieve. Applying the insulation around the ECT sensor affected
the sensor’s readings by increasing the effect of random artefacts that in
the reconstructed images.

The ECT measurement procedure began when the capture stage was
started by feeding a mixed gas of CO, and nitrogen through the mixed
gas injector. Fig. 6 show that the ECT capacitance has little change
during the entire COs frost capture progress. In contrast, the presence of
the temperature plateau in the temperature profiles in Fig. 5 shows that
CO;, frost is forming on the bed material. Based on the experimental
results, we concluded that the designed ECT sensor and proposed image
reconstruction methods could not properly estimate the permittivity
change within the packed column in CO; frost capture progress.

The experimental rig fed through a gas mixture containing 18 % v/v
CO; could not be detected by the ECT sensor. Increasing the concen-
tration of CO5 in the gas mixture would increase the mass of frost being
deposited on the bed material which may have been detectable by the
sensor; however, the experimental rig designed to feed up to 20 % CO4
would not be able to accurately measure the concentration of the gas
mixture and would risk desublimation of CO; frost within the liquid
nitrogen precooler. Since detecting CO2 frost at lower concentrations
would be more difficult for the ECT sensor to detect, sensitivity analysis
of the CO, frost experiments was not continued.

The tomography sensor could not accurately detect CO; frost growth
on the surface of the bed material. This could be due to the relative
permittivity of CO» in the solid and vapour phase as well as the ceramic
bed material or the set up of the experiment is ineffective. Further ex-
periments were conducted to determine whether the tomography sensor
is able to detect frost growth of water droplets, which would show a
much larger change in relative permittvity from phase change compared
to CO,.

3.2. Wet packing frosting experiment

Since the ECT sensor could not effectively detect CO; frost, the
experimental procedure was changed to use water frost to explore the
gas dynamic during ice frost formation progress in the packed column.
The purpose of these experiments was to investigate two factors: firstly,
whether the ECT sensor would detect water frost and subsequently
whether tomography sensors were suitable for use with the experi-
mental rig; and secondly, whether the freezing of water on the surface of
the bed material gave any indication on the flow of gas through the
capture column. If the ECT sensor detects water frost across the entire
cross section of the capture column equally then that is evidence that the
flow of gas through the capture column is uniform and predictable.
Water was used as a replacement for CO; frost as the change in relative
permittivity from water to ice (from 80 to 3.2) was substantially larger
than from CO gas to frost (from 1 to 1.6). Water relative permittivity is
88 at 0 °C and drops with rising temperature, e.g. to 55.3 at 100 °C.
However, water (ice) relative permittivity is about 3.2 at —2 °C. The
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Fig. 6. ECT profiles for ceramic bed during CO; frost formation progress (RC: relative change of capacitance).

relative permittivity of the PTFE pipe is approximately 2.1. First, the
ceramic bed material was wetted with water before being fed into the
capture column, as the water would otherwise freeze inside the gas pipes
when passing through the liquid nitrogen bath. Then cooling nitrogen
gas was fed into the column at —15 °C to freeze the water present in the
capture column. The nitrogen gas fed into the mixed gas line was used as
the cooling gas for water related experiments, in order to simulate the
mechanism of frost formation between the mixed gas and the bed ma-
terial. The flow of cold gas through the column of wetted bed material
caused the water to freeze. Thus, observing the freezing of water
through the ECT showed the general flow pattern of cold gas through the
bed material.

Fig. 7 shows the temperature profiles for the water frost and ceramic
bed material experiments under different cooling gas flow rates. The gas
injector’s temperature profile mostly fluctuates within the range of —10
°C to —20 °C. Keeping the temperature of the cooling gas stable proved to
be more difficult due to the high cooling duty the liquid Ny supplies to
the cooling gas.

The temperature profile below the ECT sensor is dependent on the
flow rate of gas. The temperature profile reaches 0 °C at roughly 250 s
and —10 °C at 400 s for the 100 LPM graph (Fig. 7b), whereas the
temperature profile reaches 0 °C at 500 s and —10 °C at 1000 s for the 50
LPM graph (Fig. 7a). The temperature profiles above the ECT sensor still
have difficulty reaching the freezing temperature of the water. Due to
the water being present on the bed material, the cooling duty must be

e Above ECT
4 Below ECT
Gas injector

T

Temperature (°C)
S

-10
-
-20
-30 T
0 1000 2000 3000 4000
Time (s)
(a)

supplied by the cooling gas. The ceramic bed material density and the
water are far higher than the cooling nitrogen gas. As a result, the poor
cooling duty supplied by the gas phase slows down the cooling of the bed
material.

Unexpectedly, the temperature profiles do not show a temperature
plateau at 0 °C. The reason for this is not entirely known. The most likely
reason for the lack of a temperature plateau is that the ceramic bed
material is wetted before being added to the capture column, which
means there is minimal water present on the thermocouples during the
experimental runs. Whereas in CO, frost experiments, the CO, frost
desublimes out of the gas phase onto the bed material and likely desu-
blimes onto the thermocouples as well. With no water freezing on the
thermocouples, no temperature plateau is measured. The ECT sensors
record a significant change in relative permittivity of the capture col-
umn, which indicates that water is freezing inside the capture column.
Furthermore, samples of bed material taken from the capture column
after the capture step showed frost present on the bed material.

Fig. 8 shows the ECT profiles for the water frost and ceramic bed
material experiments during the water ice forming progress. Due to the
different physical properties of water and CO», ECT for the wet packing
frosting experiments needs to be calibrated separately. Based on the
temperature profile, the temperature below ECT is 0 °C at approximately
4 mins. Two minutes later, the ECT capacitance reaches a peak value and
this point is used as high calibration in the image reconstruction. A few
minutes later, capacitance is keeping stable, and those points are used as
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4 Below ECT

Gas injector

Temperature (°C)
S)

l.-v‘~4'4.4\

0 1000 2000 3000
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(b)

Fig. 7. Temperature profiles of thermocouples above ECT, below ECT and gas injector under (a) 50 LPM (b) 100 LPM (100% Ny).



Y. Chen et al.

Fuel 328 (2022) 125271

148 1
1 Point used as high
146 1 <—— calibration in post image
1 reconstruction.
144 ]
o ]
& ]
= ]
% 142 1 Point used as low
S ] calibration in post
£ 140 A image reconstruction.
= ]
% ]
O 138 ] Point where the temperature
below ECT sensor is 0 °C
1 based on temperature profiles.
136 1
134 —r————

20 25 30 35 40

Time (mins)

Fig. 8. ECT profiles for ceramic bed and water frost experiments.

low calibration in the image reconstruction. The calibration measure-
ments are not made instantaneously, rather they are averaged over 60 s
at a rate of 714 frames per second. This curve is consistent with the
change of water relative permittivity with temperature. The recon-
structed imaging therefore is expected to gradually change in permit-
tivity distribution as high relative permittivity material (water) is
frosting to low relative permittivity mater (ice).

3.3. Real-time measurement of frost distribution

In this section, dynamic imaging on ceramic packing cooling and
water wetted ceramic packing frosting progress was carried out to
validate the performance of the designed sensor. In ECT analysis, the
capacitance change is used as an indicator to infer the frost formation in
the packed column. Fig. 9 shows the reconstructed permittivity images
for the experimental time sequence of frost development after the
ceramic beads are wetted. The colour map of the reconstructed images is
set to the same scale to facilitate the comparison. Two end and single end
calibration methods used have been already described in Section 2.1.

In Fig. 9, the processes in the bed over time is reconstructed in real-
time with two calibration methods. The overall trend of the two cali-
bration methods is the same. While for the two end calibration method,
the full calibration with high permittivity media Cpyj is inconvenient to

0 minutes 1 minutes 2 minutes 3 minutes 4 minutes

5 minutes
P S

s., \.‘

acquire as it would require the packed bed to be completely filled with
water. Therefore, this calibration method can be less accurate as water
only exists on the surface of ceramic packing during our experiment.
Comparing the image in the single end calibration group and the double
end calibration group shows that the high permittivity material (water)
has the highest proportion at the beginning of frosting progress and the
low permittivity material (ice) almost filled the column after a 10-min-
ute treatment in the cooling gas.

The single end calibration method was chosen because it signifi-
cantly reduces the error caused by inappropriate Cpg) required to
reconstruct the image when compared to the two end calibration
method and is therefore more suitable for a new technology to monitor
real-time frost progress. According to Yang [30], the average Egys of the
single end calibration method was 7.1 % compared with two end cali-
bration method. The quantitative assessment in this work shows an
acceptable decline in accuracy with the single end method using the
values of low calibration data only, with Egys~5% (using Equation (4)).
In the single end calibration group results, a clear boundary of a circle
shape can be identified in the centre area of the reconstructed images.
Results on Fig. 9 show that the cooling progress has less effect on the
permittivity located at the centre of the packed column. In the experi-
mental data, liquid on the surface of ceramic beads causes the ECT
capacitance to change from 0.41 % in the first minute to 2.96 % after ten
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Fig. 9. Image reconstruction result of the wetted ceramic packing with (a) two end calibration method with Landweber algorithm (b) single end calibration method
with Landweber algorithm (c) single end calibration method with MSBP algorithm from 0 min to 10 min.
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minutes, which shows a clear effect of permittivity change during frost
forming progress. A reasonable explanation for the result is that water
has permittivity changes in a different form (liquid and solid). Prior to
frost formation, the wetted ceramic beads with high permittivity are
kept in the packed column. Later, the frost formed during the cooling
results in the change of overall permittivity distribution after the frost
appears. As a consequence, the permittivity within the packed column is
decreased and the change of permittivity distribution is monitored by
ECT. However, the reconstructed images in both methods have some red
area close to the boundary of the image. The most likely explanation for
those red dots is that there is considerably less water at the boundary
close to the pipe wall than the centre area, so the frost formation
permittivity change contributes significantly less at these areas. It has
been proved that for cylindrical ECT sensors, the average spatial reso-
lution greatly increases near the electrodes. Therefore, the teeth around
the edges could be an artefact caused by ceramics beads as the whole
cylindrical packing are filled up. Fig. 9 (c) shows the image recon-
struction of the packed bed using the single end calibration method and
MSBP algorithm [31]. In comparison with the two end calibration
method result shown in Fig. 9 (a), the single end calibration method
shows better reconstruction accuracy and better noise tolerance.

The reconstructed images show the phase of water in the bed ma-
terial from liquid droplets to solid frost. The reconstructed images show
that the colour change is roughly uniform across the cross-section of the
capture column, and as previously mentioned, indicate that the gas flow
through the pipe is relatively uniform. However, there appears to be
some areas close to the wall which did not change in colour due to
permittivity close to the wall not changing over time, this is most likely
attributable to water not being present close to the wall due to the
experimental set-up. The calibration method would therefore record no
change at the wall.

It was found that in CO; frosting experiments shown in section 3.1,
ECT results were affected by packing material selection. The results
presented for water frost showed potential for the application of ECT to
cryogenic carbon capture. But the high relative permittivity of the
ceramic bed prevents the ECT sensor from detecting the small relative
change in permittivity of CO, phase change. It would therefore be rec-
ommended in future work the selection of a bed material with a lower
relative permittivity. It is anticipated that a packing material with lower
permittivity, such as glass beads, should improve the detection of CO2
frost. In addition, the preliminary model used in this work predicted that
ceramic bed material with a high relative permittivity would see a large
decrease in relative permittivity when CO; frost form on the surface.
Complete coverage of CO- frost on the ceramic surface would affect the
total permittivity of the ceramic material. It was expected that a bed
material with high relative permittivity would show the greatest level of
change in experiments. However, this has not been the case in the ex-
periments, which could mean that CO; frost is not fully coating the bed
material. The likely reasons for this are either that the bed material will
have points of contact with each other to prevent frost completely sur-
rounding each individual bead or that the frost nucleation and growth
does not uniformly cover the surface of the bed material. Future modi-
fications to the testing rig such as using a transparent column would help
the observation of CO» frost formation phenomena. In order to perform
sensitivity analyses, it is recommended to change more experimental
conditions and variables to test their impact on frost distribution.
Considering the low-temperature environment, the effect of change in
temperature on the measurement capacitance must be recompensed.

4. Conclusion

In this study, the application of ECT for frost formation monitoring
relevant to cryogenic carbon capture in a packed bed was investigated.
Early experiments showed that the level of CO; frost formation was not
readily detected using ECT, probably due to the large relative permit-
tivity difference of the packed bed material and CO; frost. To validate
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the use of ECT in a packed bed under phase change conditions, experi-
ments were conducted to substitute CO5 for water, forming ice rather
than COs frost in the bed. An ECT sensor for frost imaging was applied
and the single calibration method showed better performance. The
experimental results with wetted ceramic packing showed that ECT
could detect the progressive permittivity changes inside the packed
column due to frost formation with a high temporal resolution. This
demonstrates that with an improved experimental design, imaging of
CO;, frost formation on fixed packed beds could provide valuable in-
formation about deposition processes within the column.

Most notably, this is the first study to our best knowledge attempting
to investigate CO; frost formation during cryogenic carbon capture with
ECT. This study enables the potential ECT application to capture the
instance change of frost distribution during cooling progress. However,
this study only shows the preliminary results of water frost due to covid-
19 restrictions that deterred further experiments, and the qualitative
analysis is limited. Future studies should therefore focus on the quan-
titative analysis of the CO. frost formation during cryogenic carbon
capture and data verification by proven techniques.

Data Availability

Information on the data supporting the results presented here,
including how to access them, can be found at https://www?2.bgs.ac.
uk/ukccs/accessions/projects.html#item162545?projectID=20909612
, an open-source online data repository hosted at UKCCSRC Data and
Information Archive [32].
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