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Abstract: The clogging behavior of the micro-orifice under a flow accelerated condition was investi-
gated after 500 h of immersion in high-temperature water. The results indicated the residual area
of the micro-orifice was reduced to one-third of its original size after 500 h of immersion due to
the deposition of corrosion products. In this process, the clogging behavior of micro-orifice can be
divided into three stages: the stable deposition stage, the quick recovery stage, and the dynamic
equilibrium stage. The corrosion products were porous and consisted of many deposited particles.
The process of particle deposition and removal was carried out simultaneously.

Keywords: flow accelerated region; corrosion product deposit; TEM; interface; high-temperature
water; stainless steel; micro-orifice

1. Introduction

During the operation of pressurized water reactors (PWRs), corrosion products would
gradually deposit on the surfaces of components exposed to the coolant. Steam generator
(SG) tubes, which occupy 65% of the surfaces, are the main place for corrosion product
deposition [1-3]. The deposition of corrosion product in SG tubes has several adverse
effects on the safety and operation efficiency of the plant, such as impeding coolant flow
and subsequent heat from being transferred to the secondary circuit [4], causing constant
friction between the tube support plate (TSP) and the SG tubing [5,6], and leading to local
environmental deterioration, etc. [7].

One type of deposition is called ‘clogging’, which is a severe deposit build-up in the
TSP quatrefoil-shaped holes between TSP and SG tube, where the flow rate is accelerated.
Some investigations in plants showed that the holes of the uppermost TSP were partially or
completely clogged by deposits formed by corrosion products [8]. The TSP clogging leads
to a fluid-induced vibration. Besides these hazards, this phenomenon also can decrease
the secondary side effective flow of water available for cooling, which can induce local
overheats, causing dramatic consequences for SG tubes [9]. Details about the phenomenon
have been reviewed by Yang et al. [1].

Most of the downtime maintenance cycle of nuclear power plants is based on expe-
rience instead of a regular reminder for service in the nuclear industry [10]. Clogging
behavior is usually found to occur on the front face of the restriction as well as within the
tubing and/or orifice plate in the secondary loop. The linear velocity of the water can
reach from a few meters per second to tens of meters per second in the flow accelerated
region [11-13]. In actual nuclear power plant conditions, when water flows through the
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clover-shape pore between the SG tube and TSP, the linear velocity suddenly increases
from 8.8 m/s to 23.6 m/s [14]. The sudden increase of linear velocity was usually attributed
to the clogging phenomenon.

To investigate such flow-accelerated conditions under the PWR environment in the lab-
oratory, a special flow cell device needs to be designed and incorporated into a recirculated
autoclave. McGrady et al. [15] used a set-up involving micro-orifice fluidics experiments
to investigate clogging formation in primary circuit regions of PWR where the water flow
accelerated. Post-test analysis of the deposit showed that both crystalline and particulate
species were found, suggesting more than one mechanism of clogging was present. In
another study [16], the research team investigated the effects of the local environment
including flow velocity, material, and Fe concentration on clogging. It has been proved
that higher Fe concentrations in solution facilitated clogging within the orifice whereas
an increased flow velocity reduced clogging. Cassineri et al. [12] studied the deposition
of corrosion products on 304 stainless steel (SS) with a micro-orifice under different flow
velocities, dissolved hydrogen levels, and other water chemistry parameters. The results
indicated that the clogging at the micro-orifice was more obvious with the increase of
dissolved hydrogen due to the dissolution of 304 SS.

Up to now, studies on clogging are still limited and mainly focus on several research
groups. Furthermore, the experimental parameters in previous studies deviate from actual
working conditions to some extent due to safety concerns [15]. For instance, the temper-
ature used by former researchers (230 °C) was slightly lower than the actual operating
temperature (290 °C) of the secondary circuit, which is one of the important factors for ion
dissolution and deposition [17,18]. The amount of ion concentration in the circuit directly
affects clogging formation because the temperature affects the solubility of iron ions in the
circuit, as well as the dissolution rate of the SG tube and TSP tube [19]. In addition, the
test durations in previous research were relatively short (tens of hours). So, the clogging
behavior obtained by current study may have some gaps to reflect the actual clogging
happened in steam generators. In other words, previous studies only provide relatively
limited microscopic analysis of deposited layers, which hinders the understanding of the
formation mechanism of deposit.

So, simulating the actual working condition and characterizing the deposition com-
prehensively are beneficial to further investigation of the clogging phenomenon and clar-
ification of relevant deposition mechanisms. In the current study, the micro-orifice fluid
system was used to simulate the clogging behavior between the SG tube and the TSP
under the water chemistry environment similar to the secondary loop with prolonged test
duration. For this, 304 SS was used and the pH of the water was adjusted between 9.6 to
9.8. Various microscopic characterization techniques were used to reveal the deposition
structure in detail.

2. Materials and Methods
2.1. Autoclave System

Figure 1a shows the schematic of the experimental system used in this work, which
includes a low-pressure section and a high-pressure section. The low-pressure section is
composed of a dissolved oxygen (DO) probe, a pH probe, and a conductivity probe (not
marked in Figure 1a), which are used to monitor water chemistry in the water loop and
feedback to the controller. There are two parallel circuits in the high-pressure section. The
primary circuit includes a high-pressure pump (3), a heat exchanger (9), a preheater (10),
a flow cell (14) in the autoclave (13), a condenser (6), and a back pressure regulator (7).
In addition, pressure transducers are installed at the inlet and outlet of the autoclave to
accurately record the pressure. The auxiliary circuit includes a high-pressure pump (3)
and a second back pressure regulator (4). And digital rotameters are installed at the back
of each back-pressure regulator to record the flow velocity of each circuit with a 2 min
sampling interval.
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Figure 1. (a) Schematic diagram of the experimental system used in the present work. (b) Schematic
diagram of the flow cell enclosing the micro-orifice test piece. (c) Schematic diagram of 304 SS disc
with a micro-orifice of 300 um in diameter in the center.

To generate an accelerated flow condition, a special flow cell was designed. As shown
in Figure 1b, the flow cell consisted of the upper part (I) and the lower part (II). The
upper part was connected to the outlet of the autoclave lid. A 304 stainless steel (SS) disc
with a central micro-orifice was placed between flow cell I and flow cell II. The chemical
composition of 304 SS was shown in Table 1, and the geometry of the specimen was shown
in Figure 1c. The diameter of the specimen was 12 mm with a thickness of 0.5 mm. The
diameter of the central micro-orifice was 300 um. Both sides were mirror-polished and
then ultrasonically cleaned. In this experiment, the constant pressure drop model was
used to simulate the clogging behavior of the micro-orifice. In this mode, to guarantee the
pressure drop between the inlet and outlet of the autoclave can reach a preset value, it is
necessary to adjust the two back-pressure regulators at the same time. The auxiliary circuit
was mainly used to share the excess flow flux for the pressure drop at the inlet and outlet
of the autoclave. A detailed description of experimental methods is given in reference [17].

Table 1. Chemical composition of the 304 SS used in this work (wt.%).

Cr Mn Ni Si S P C Fe
18 2 8.5 0.07 0.015 0.035 0.75 Balance

The pH value at room temperature was set at 9.6~9.8 whilst the dissolved oxygen was
<5 ppb, and the test was conducted at 290 °C for 500 h.

2.2. Deposition Characterization

After the experiment, the water was extracted from a valve of the low-pressure section
to analyze the concentration of Fe, Cr, and Ni ions by using inductively coupled plasma
atomic emission spectroscopy (ICP-MS). The surface morphology of the micro-orifice
specimen before and after the test was observed by optical microscope (OM) (LEICA
DM2700 M), and Image ] software was used to measure the area of the micro-orifice.
Raman spectroscope (RENISHAW0120-24) and energy dispersive spectroscope (EDS) were
used to investigate the deposit type and composition. Super-deep 3D microscope (LY-WN-
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HPCCD20) and scanning electron microscope (SEM, M6480LV) were used to observe the
surface morphology of the deposition around the micro-orifice, and FIB-SEM (SMI3050MS2)
was used to observe the cross-section morphology. Finally, the cross-sectional morphology
and lattice structure of the deposition near the micro-orifice were conducted by transmission
electron microscope (TEM, JEM 3200fs), and fast Fourier transform (FFT) was used to
analyze the diffraction pattern of the tiny area by GM3 software. After the experiment, the
clogging morphology was observed, and the linear velocity was also calculated. Details
about the calculation can be found in the Appendix A.

3. Results
3.1. Water Analysis

Concentrations of Fe, Cr, and Ni ions of water extracted from the water loop after the
experiment are shown in Table 2, which are 18 ppb, 12 ppb, and 5 ppb respectively. It is
worth noting that the concentration of one element in different forms (ion or particle) can
not be differentiated by using ICP-MS.

Table 2. The content of cations in the aqueous solution in this work (ppb).

Time/h Fe/ppb Cr/ppb Ni/ppb
500 18 12 5

3.2. Deposit Surface Characterization

Figure 2 shows the morphology change before and after the test near the micro-orifice
observed by OM. The boundaries of the central micro-orifice are marked by dotted lines
before and after the test. A significant reduction of the micro-orifice area can be observed,
which decreased from 70,650 um? to 21,197 um? as calculated by Image J. After the test, the
shape of the micro-orifice was an irregular polygon.

200 pm

Figure 2. (a) Surface morphology of the micro-orifice before test observed by OM (b) Surface
morphology of the micro-orifice observed by OM after 500 h of the test at 290 °C. The lines in the
figure show the counterline of the micro-orifice before and after the test.

As shown in Figure 3a, the solid red line is the contour line of the deposit around
the micro-orifice. The initial position of the micro-orifice can be roughly determined by
the contour line and the baseline in Figure 3b, and the clogging parameters defined in
the Appendix part can be obtained. The length of Br (the definition can be found in the
Appendix A) is about 56 um, and the width of Bg (the definition can be found in the
Appendix A) is about 200 pm.
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Figure 3. The geometry of the micro-orifice after 500 h of immersion at 290 °C. (a) The three-
dimensional shape of the micro-orifice. (b) The depth profile of the line shown in (a).

The SEM image of the post-tested micro-orifice is shown in Figure 4. As shown in
Figure 4a, the circle indicates the periphery of the micro-orifice before the experiment, and
the deposits outside the circle are loose and porous with different shapes. The morphologies
of rectangles inside the circle are given in Figure 4b—d, respectively. Particulate (Figure 4c)
and ridge-like (Figure 4b) deposits can be observed. What is more, there are several
holes with the size of tens of microns in the clogging area as shown in Figure 4b,c. The
composition of the deposit was analyzed by EDS in the area of the dot in Figure 4d. As can
be seen from the EDS results in Table 3, these oxide particles are all Fe oxides.

Figure 4. (a) The surface morphology of the micro-orifice observed by SEM after 500 h of immersion
at 290 °C. (b—d) The magnified surface morphology indicted respectively in the rectangle regions I, II,
and III; in the (a). A composition of the point in (d) was analyzed by EDS.
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Table 3. EDS point analysis in Figure 4d (wt.%).

Element Point
O 33.84
Cr 0.13
Fe 64.87
Ni 0.07

Figure 5 shows the Raman spectra results of different regions near the central micro-
orifice. Figure 5a gives the Raman spectrum of position outside the Bs range, while
Figure 5b is within the Bs range. Fe3O,4 and Fe,O3 peaks are detected at both locations, but
Fe, O3 peaks within the range of Bs are very weak, while Fe;O3 peaks outside the range
of Bs are very strong. This indicates that the deposits in the range of Bs are mainly Fe3Oy,
with a very small amount of Fe;O3. The deposits outside the range of Bs are mainly Fe3O4
and Fe;Os. It should be noted that the Raman spectrum was detected at several positions
in all ranges and the same phenomenon was observed as well.
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Figure 5. Raman spectrum of the micro-orifice after 500 h of immersion at 290 °C (a) outside the

range of Bg and (b) in the range of Bg,

3.3. Deposition Dynamics

Figure 6a shows the inlet and outlet pressure with time in the main loop and bypass,
respectively. As shown in Figure 6a, the whole experiment process is divided into two
parts, namely, the pressure drop between the inlet and outlet of the first 140 h was 1.5 MPa,
and after that, the pressure drop was adjusted to 3 MPa online. According to Equation (A4)
in the Appendix A, the linear velocity through the micro-orifice was 36.75 m/s in the
first 140 h, and 54.77 m/s in the last 360 h. The relationship between the residual area of
the micro-orifice and the flow rate of the primary circuit with time can be obtained from
Equation (A3), as shown in Figure 6b. The three stages can be distinguished based on the
evolution of volumetric flow rate and Bg. When the experiment began to run, the flow
rate of the main loop gradually decreased to a steady state, and the Br gradually increased
as shown in Equation (A3). After 140 h, the pressure drop increased, and the flow rate
increased correspondingly. Then, the flow rate decreased evenly during the next 30 h. In
the first 170 h, two pressure drops were applied (1.5 MPa and 3 MPa), and the By increased
continuously. So, this stage is called the stable deposition stage, as marked in Figure 6b.
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Figure 6. (a) The pressure evolution during the test. (b) The relationship between flow rate and radial
build-up of the micro-orifice variation versus time.

As time went on, there was a rapid increase of flow rate, and the Br decreased
correspondingly. However, the pressure drop and linear velocity did not change. This stage
is called the quick recovery stage. After about 20 h of recovery, the experiment entered the

dynamic equilibrium stage in which the B stopped decreasing and was almost stable for
the next 300 h.

3.4. Deposit Cross-Sectional Characterization

Figure 7 shows the cross-section morphologies of deposits around the micro-orifice
after different sputtering times. A small piece of deposit was cut and lifted out by FIB,
and then the cross-section was observed by SEM. The location of sampling is marked
by the red dotted box in Figure 7a. To observe the morphology of the deposit more
comprehensively, the cross-section morphology around the micro-orifice was observed
after sputtering different times as shown from Figure 7b—i. It was further confirmed that the
deposit around the micro-orifice was loose and porous, and the space among particulate
deposits varies from tens of nm to several pm.

Figure 8 shows the element mapping results of the cross section of the deposit. The
deposit mainly consists of Fe and O, with a small amount of Cr and Ni. Table 4 shows the
mass percentages of the four elements in this area.
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Figure 7. Cross-section morphology of different sputtering times of the micro-orifice after 500 h of
immersion at 290 °C observed by FIB-SEM. (a) A small piece of deposit was cut and lifted out by FIB
in the rectangle. (b—i) The interval between each photo was 6 min.

Fe Kal O Kal

2.5pm r25um ! ™25um !
Crkad NiKad

25pm 25pm

Figure 8. (a) TEM image of the cross-section of the micro-orifice after 500 h of immersion at 290 °C.
(b—e) the mapping results of the cross-sectional elemental distribution of (a).
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Table 4. Mass percentages of the different four elements in Figure 8 (wt.%).

Element Point
(@] 23.86
Cr 0.25
Fe 75.48
Ni 0.41

Figure 9a shows the TEM image of the deposit marked in the right rectangle in
Figure 8a to obtain more details on how the particulates deposited on each other. Three
types of interfaces are found in Figure 9b, which are the curved interface such as particle @O
and particle (2) interface; the enclosed interface such as particle (3) and particle ) interface;
and the flat interface such as particle @ and particle @ interface. Figure 9c shows an
HRTEM image of the interface between particle (3) and particle ). It can be observed from
the interface of the two particles that there is a same orientation relationship between the
two particles. The FFT patterns of different regions are shown in Figure 9¢c, and only Fe3O4
is identified from the clear FFT diffraction patterns of different regions. At the same time,
these different regions are located along the [1 12] zone axis. Figure 9d shows an HRTEM
image of the interface between particle (» and particle 2). As shown in Figure 9d, each
particle has an independent crystal orientation, which can also confirm Figure 9if.

© {1V Fe,0,

Lo

0) .
a1y an:

Figure 9. (a) TEM image of local magnification of the position of the right rectangle in Figure 8a.
(b) TEM image of local magnification of the particle (3 in (a). (c) HRTEM image of the interface
between particle 2) and particle @ in (b). (d) HRTEM image of the interface between particle 2) and
particle @ in (b). (e) The FFT patterns of locations IV are marked by the rectangle in (d). (f-h) The
FFT pattern of locations I, II, and III is marked by the rectangle in (c).

Figure 10a shows the TEM image of the deposit marked in the left rectangle in Figure 8a.
As can be seen from Figure 10a, the particles are randomly arranged together, the same
as a skeleton. In Figure 10b, it can be observed that there are some overlapping zones
among particles by outlining particle boundaries with dotted lines. In terms of embedding
depth, particle ) is embedded almost to the larger particle (7) at the lower left, and the
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other two particles are also embedded with each other for more than ten nm. Figure 10c is
an HRTEM image of the interface between particle ¢) and particle (¢), from which a clear
lattice structure and complex overlapping region can be observed. The interface between
particle 5 and particle 6 is defined as a mixed interface. FFT is performed on regions I and
IT in Figure 10c respectively. Fe3O4 can be identified clearly in the FFT diffraction pattern of
region I. The FFT diffraction pattern of region II is formed by the superposition of different
diffraction patterns, and the overlapping width between the two particles is more than
10 nm. The above information of interface types gives lots of hints in the mechanism of
micro-orifice clogging formation.

&

B

¥
.

S [111]]5 1/om

Figure 10. (a) TEM image of local magnification of the position of the left rectangle in Figure 8a.
(b) TEM image of local magnification of the position of the red rectangle in (a). (¢) HRTEM image of
the interface between particle (5) and particle ® in (b). (d,e) The FFT patterns of locations I and II
marked by the rectangle in (c).

4. Discussion
4.1. Evolution of Clogging

As shown in Figure 6, there are deposits of various ranges at the micro-orifice boundary.
Due to the presence of the accelerated flow region, the electrokinetic effect is a key factor
which affects the clogging behavior. When a metal contacts with the solution, ions in the
solution would be rearranged to maintain charge neutrality within the local region of the
metal surface, resulting in the formation of an electrical double-layer (EDL). The iron ion
moves along the flow direction, resulting in a streaming current parallel to the inner wall
of the flow cell [3,20,21]. In the flow-accelerated condition, such as facing a step (the disc
in the current study), the streaming current increases rapidly. In order to maintain the
overall electric neutrality, the wall current, which is parallel to the disc is generated to
balance it. From the whole matrix, it could be seen that the wall current at the edge of the
micro-orifice is higher, which has been proved by the theorical calculation [22]. Raman
spectra in Figure 6 indicate that Fe3O4 is more prone to deposit than Fe,O3 in the flow
accelerated region.

The BURR is an essential parameter reflecting the clogging dynamics, which can be
obtained from the stable deposition stage based on Equations (A1)-(A4). Scenini et al.
systematically studied the clogging behavior of the micro-orifice. They found that the
BURR gradually decreased with the increase of the linear velocity through the micro-orifice
with 300 pm at 230 °C in the pure water [12,20]. Moreover, when the flow velocity is 36 m/s,
the BURg is 3.86 um/h. Besides the obvious differences in temperature, pH, and testing
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time, the BURR (0.25 pm/h) in the study is about 1/15 of previous studies at the same
linear velocity through the micro-orifice, which demonstrates that temperature and/or pH
are the key parameters affecting the BURR. Moreover, these key parameters mainly affect
the solubility of Fe3O4 particles in the loop. Biernatet al. studied the solubility of FesOy
particles at different temperatures when the pH was 7 and 10 [19,23,24]. The solubility
of Fe;Oy4 particles varies under different temperatures and pH values. The concentration
of iron ions in the loop was lower than the solubility of Fe;O, particles in Scenini et al.’s
work [22]. However, according to the results of ICP-MS in Table 2, the concentration of
iron ions in the loop was higher than the solubility of Fe;O, particles. Compared with the
solubility of Fe3O,4 under different conditions, the concentration of Fe ions in the loop leads
to a different deposition mechanism which will be discussed later. The other factor affecting
the deposition process is the adsorption energy of Fe?*. As calculated by Ren et al. [25],
the adsorption energy decreased with increasing temperature in the range of 483 K to
563 K, which means the higher the temperature was, the weaker the adsorption strength of
agglomerating Fe3Oy.

During the rapid recovery stage, the residual area of the micro-orifice was calculated
to increase by about 3850 um? according to the calculated Bg. Such a decrease of By is
not commonly reported in the literature. One hypothesis is that in this stage a part of the
deposit was removed for some reasons. It can be seen from Figure 5a that an area (marked
by dotted triangle BCD) bulges out at the lower-left corner of the residual micro-orifice,
which (3850 pm?) is approximately equal to the increase in the residual area during the
rapid recovery stage. Before the beginning of the rapid recovery stage, an area (marked
by dotted triangle BCD) at the lower-left corner of the residual micro-orifice is considered
as an independent region. The deposit of this region was removed, then the solution can
gradually flow through the BCD region as time goes on, and the BCD region becomes
completely integrated with the central micro-orifice. As a result, the clogging radius of the
micro-orifice decreased.

The dynamic equilibrium stage in the last 300 h indicates that the generation rate
and removal rate of the deposit are almost equivalent. The deposit can be removed by
either chemical dissolution or mechanical shear force of the flow. It is obvious that the
degree of mechanical removal depends on the interfacial binding force between different
deposit particles, which will be discussed in detail in the next section together with the
deposition mechanism.

4.2. Deposition Mechanisms

Two deposition mechanisms are mainly reported in the literature [1]: the first one is
the direct attachment of particles (particle deposition mechanism), and the second one is
the precipitation of ions (soluble iron precipitation mechanism). According to the results
of ICP-MS, the concentration of iron ions in the loop was higher than the solubility of
Fe304 particles, which proves that Fe3Oy, particles are present in the loop. This means
the two deposition mechanisms may coexist in current study. It should be noted that
the two different deposition mechanisms can lead to a certain difference in the interface
between particles. Namely, if the deposition mechanism is ion precipitation, the ions prefer
to deposit along the same crystal planes, and the new deposited part and the origin part
have a coherent interface, as indicated by the theoretical calculation of Ren et al. [26,27].
However, if a particle in the solution just attaches to the surface, the orientation relationship
in the interface would be weak. Figures 9 and 10 show four types of interface, namely, the
curved interface, the enclosed interface, the flat interface, and the mixed interface, and
the interface structures are also presented. The enclosed interface and mixed interface in
Figures 9 and 10 have lattice orientation match or lattice superposition, indicating that
deposited particles may be formed by the soluble iron precipitation mechanism. Such
deposits, which formed on the surface itself, was also called crystallization fouling, are
tenacious and difficult to remove [1]. Whereas in fact, the flat interface of particle @ and
particle @) has no lattice orientation match, indicating that the deposit may be formed by
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the particle deposition mechanism. For the curved interface of particle (1) and particle @),
the detailed interface structure was not analyzed. It seems that particle (D hit particle ),
leaving a curved interface. Generally, different interfaces formed by different mechanisms
have different binding forces, which can affect the removal of the deposit.

Figure 11 shows the mechanism diagram of the micro-orifice clogging process. For
the interface between the 304 SS and the solution to remain neutral, the charge held onto
the 304 SS was balanced by the redistribution of ions of opposite charge in the solution
close to the 304 SS, leading to an EDL shown in Figure 11a [28,29]. When the solution
flows into flow cell I, the flow acceleration area forms in it, resulting in the rapid increase
of streaming current, and then the transfer of wall current generated from the 304 SS to
the metal/solution interface [15,16,22,30]. In the meantime, the “Karman vortex street”
phenomenon will occur in the flow accelerated region, making the pressure difference
between the micro-orifice on both sides increase, and causing a new current loop to promote
particle deposition [19,31-34]. According to previous calculations, the current was the
highest at the edge of the flow accelerated region. This means that the metal dissolved the
fastest around the micro-orifice. The dissolved metallic ions can precipitate on the surface
around the micro-orifice, and the flowing particle in the solution can also deposit around
the micro-orifice directly. As shown in Figure 11b, in the stable deposition stage, ions and
particles continuously deposited on the surface of the deposits by two different deposition
mechanisms, thus reducing the residual area of the micro-orifice. It should be noted that
the deposit-removal process also occurred simultaneously, the difficulty of which relied on
the binding force between different deposit particles. Figure 11c shows the schematic of
deposit formation and removal processes, and the balance of the two processes results in
the dynamic equilibrium stage.
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Figure 11. Schematic of the growth process of the clogging behavior formed on 304 SS disc with
a micro-orifice of 300 um in diameter drilled in the center. (a) Ionic dissolution stage. (b) stable
deposition stage (c) dynamic equilibrium stage.



Crystals 2022, 12, 749

13 of 15

5. Conclusions

The deposition process in the flow accelerated region at 290 °C was studied by using a
micro-orifice specimen, and the following conclusions were reached:

1.  The three stages, which are the stable deposition stage, the quick recovery stage,
and the dynamic equilibrium stage, can be distinguished in the deposition process.
The BURR in the stable deposition stage is 0.25 pm/h, while BURR in the dynamic
equilibrium stage was almost unchanged.

2. The deposit preferred to form near the micro-orifice. In the range of Bs, the deposit
was mainly Fe3Oy, while out of the Bs, the amount of Fe,O3 in the deposit increased.
Only a small amount of Cr and Ni was detected in the deposit.

3. Thedeposit was porous and consisted of particles. The size of the pore among particles
can be tens of nm to several um.

4.  Three types of interfaces, namely curved interface, enclosed interface, and flat inter-
face, were found between the deposit particles. Both the ion soluble iron precipitation
mechanism and the particle deposition mechanism were confirmed according to the
detailed interfacial analyses. For interfaces with lattice orientation match or prepo-
sition, the ion soluble iron precipitation mechanism was the dominant mechanism.
On the contrary, for the interface without an orientation match, the deposit may be
formed through the particle deposition mechanism.
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Appendix A

Residual area calculation methods

The clogging behavior can be quantified by three parameters [15]: Bg, Bs, and Br. Br
represents the clogging width of the micro-orifice, which can affect the pressure difference
between the inside and outside of the micro-orifice and the linear velocity through the
micro-orifice. Bg represents the width of corrosion product deposited on the surface. Br
represents the deposition thickness of the inner micro-orifice. Among them, Br plays an
important role in the overall running state, following Equation (Al).

Do — Dg

BURg = ——

(A1)

where: Dy is the initial diameter of the micro-orifice. Dg is the equivalent diameter of the
micro-orifice, following Equation (A2). t is the experimental deposition time.

Dy = \/ 4 x residual area of micro-orifice (A2)

7T

Therefore, once the real-time residual area of the micro-orifice is obtained, the change
rule of Bg can be obtained.

Br is related to the residual area of the micro-orifice only, as can be seen from
Equations (Al) and (A2). The key to obtaining the connection between flow rate and
BR is to find the connection between flow rate and residual area of micro-orifice. In general,
the residual area of the micro-orifice, as an important parameter that directly reflects the
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degree of clogging, is not in a regular shape, and the By calculated can only be used as a
reference value. Therefore, it is more important to find the corresponding relation between
the residual area and flow rate of micro-orifice with time.

The residual area of the micro-orifice can be obtained from the continuity equation
satisfied by the flow, as shown in Equation (A3) [35].

Q=VxA (A3)

where: Q is the flow rate through the micro-orifice. V' is the linear velocity through the
micro-orifice. A is the residual area of the micro-orifice.

As shown in Figure 1, there is a digital rotameter behind the back pressure valve in
the main loop, through which the evolution of flow rate in real-time can be obtained by
recording value at an interval of 2 min. The linear velocity through the micro-orifice can be
calculated by Bernoulli’s equation, as shown in Equation (A4) [36].

1 1
Pt 5pVi® = Py + 5pVa? + {pV (A4)

where: P; is the inlet water pressure; P; is the outlet water pressure; p is the density of
water; ( is the local resistance coefficient; V1 is the linear velocity through the flow cell; V5 is
the linear velocity through the micro-orifice; P; and P, can be recorded by pressure sensors
installed at the inlet and outlet of the autoclave; ¢ can be calculated by Equation (A5).

1
(=501-59) (A5)

where: A; is the area of the inlet of the flow cell; A5 is the real-time area of the micro-orifice.
When A; > Ay, Ap/A; goes to 0, and ( is approximately 0.5. The linear velocity
through the micro-orifice can be obtained from Equations (A4) and (A5).
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