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Abstract: Biomass with a large amount of moisture is well-suited to be processed by supercritical
water gasification, SCWG. The precipitation of inorganics, together with char formation and re-
polymerization, can cause reactor plugging and stop the process operations. When plugging occurs,
sudden injections of relatively large mass quantities take place, influencing the mass flow dynamics
significantly in the process. Reactor plugging is a phenomenon very well observed during SCWG of
industrial feedstock, which hinders scale-up initiatives, and it is seldom studied with precision in the
literature. The present study provides an accurate evaluation of continuous tubular reactor dynamics
in the event of sudden injections of water. An interpretation of the results regarding water properties
at supercritical conditions contributes to comprehending mass and heat transfer when plugging
occurs. Experiments are then compared to SCWG of a biomass sample aiming to give key insights
into heat transfer and fluid dynamics mechanisms that could help develop operational and control
strategies to increase the reliability of SCWG. In addition, a simplified model is presented to assess
the effect of material integrity on burst-event likelihood, which states that SCWG is safe to operate,
at 250 bar and 610 °C, in tubular reactors made of 0.22 wall thickness-to-diameter ratio Inconel-625
with superficial microfractures smaller than 30 pm. We also suggest improvement opportunities for
the safety of SCWG in continuous operation mode.

Keywords: biomass gasification; supercritical water; operational issues; process operation

1. Introduction

The world population is forecasted to be over 9 billion by 2040 [1], and sustainable
development measures are indeed needed. One of the most important aspects of sustainable
development is reducing the adverse outcomes of electricity production processes [2]. In
addition, the energy need for the same population is also increasing, and by 2040 it is
estimated to be 150 trillion megawatt-hours per year [3]. Sustainable solutions must be
implemented on a large scale and quickly to reduce greenhouse gases associated with
energy consumption being released into the atmosphere. Biomass is often referred to as a
renewable energy source and represents only a small percentage of the feedstock used for
power conversion. It is reported that the yearly biomass availability could be estimated
to be in the range of the equivalent of 10!! tons of oil [4]. There are still many different
industrial processes dealing with biomass, and therefore, large quantities of organic waste
or industrial streams are available for energy production without deforestation. In the EU,
about 88 million tons of food waste is generated annually [5]. Biomethane production is
currently less than 5% of the estimated overall potential, while full utilization of biomethane
could cover some 20% of current worldwide gas demand [6]. Nevertheless, biological
processes need long retention times to give favorable conversions to bio-methane [7], which
is a disadvantage to fully meeting the future demand of biogas.
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In thermal gasification, moisture reduction is necessary since it will reduce the process
efficiency [8]. Most biomass requires a previous drying process for most gasification pro-
cesses to be commercially available since they were developed for coal and peat gasification
in the first place [9]. On the other hand, for organic streams of more than 40% moisture
content, supercritical water gasification, SCWG, is particularly suitable for converting the
incoming feedstock to gaseous fuels with comparable hydrogen yield when compared to
thermal gasification: between 5 and 70 mol H; per Kg of biomass [10,11]. This is because
water itself acts as a medium and as a reactant in the SCWG of biomass. However, thermal
gasification has been investigated more in detail for solutions such as chemical looping, for
instance [12], and safety pitfalls are well understood.

SCWG can be considered low-temperature gasification (with good carbon gasification
efficiency around 600 °C), and the product gas composition can vary depending on the
temperature and pressure adopted. However, it has been shown that pressure does play a
minor role in the composition [13,14]. In addition, SCWG allows for more precise tuning
of the produced syngas composition with respect to the temperature. SCWG can be
applied together with several kinds of processes. The feedstock used can differ in terms of
composition and properties while avoiding the energetically intensive drying step required
for conventional thermal gasification.

SCWG can be applied to industrial facilities where the amount of biomass processed is
very large. The feedstock presents a large amount of moisture, or if the feedstock presents
a danger to the environment. In that case, SCW oxidation is applied [15]. One of these
processes of interest is pulp and paper production, where lignin is separated from the
cellulose and hemicellulose fraction by a cooking process. This step can be carried over
through kraft pulping, and a black liquor stream is produced. In the literature, various
studies can be found on SCWG of black liquor [14,16,17], and new methods are proposed
on how to utilize black liquor in more efficient ways. Two of these methods include the
LignoBoost and LignoForce technologies [3,18-20]. To understand the importance of black
liquor fuel in Finland, the production of electricity employing BL processing is comparable
to the amount produced by using fossil fuels in the country [21].

Through these years, our research group has studied black liquor SCWG [22]. The
idea behind those studies is that part of the process stream could be diverted to the SCWG
reactor system to produce fuel gases and allow for more capacity in the boiler. This is
the same approach as the LignoBoost and LignoForce processes; however, in our case,
only SCWG is applied. Based on this motivation, to successfully carry out SCWG of black
liquor, the reactor clogging due to inorganics and char precipitation should be investigated
systematically. As an alternative, the combustion of black liquor is very well described [23].
The same feedstock is also studied in regards to gasification [24], co-gasification with
different feedstock [25], pyrolysis [26], and hydrothermal carbonization [27], and even its
gasification has been investigated to produce methanol [28]. The problem of corrosion
should also not be underestimated. Corrosion, together with plugging, can lead to imme-
diate shutdown of the SCWG operations; nevertheless, this is an important issue when it
comes, for instance, to using water in nuclear reaction processes. One example is the water
used to harvest energy from nuclear processes such as fission or even the new nuclear
fusion trials. In this respect, Hirose et al. [29] studied the corrosion/stress phenomena
to crack ferritic/martensitic steel in SCW. These conditions are the ones experienced, for
instance, in a water-cooled solid breeder (WCSB) blanket, which can be used in nuclear
power plants. The problem there is to capture the highest amount of heat by having the
smallest thickness of envelope since, in this way, the efficiency is greater. SCW also gives
higher thermodynamic efficiency to normal power plants.

In the literature, various simulations were made to prove the feasibility of SCWG and
its integration within biorefineries [30]. However, the operational problems encountered in
this process were seldom taken into account [31]. In SCWG, salts, and inorganics precipitate
since the dielectric constant of water drops to very low values, giving the possibility of
separating valuable chemicals. On the other hand, clogging can occur because of this



Energies 2021, 14, 2863

30f19

phenomenon. It is beneficial to remark here that, in almost the totality of the studies
reported on SCWG of industrial feedstock, it is very seldom mentioned that processes had
to be interrupted because of clogging of the reactor, stress-related issues, or the reactor
leaking [32]. Demonstration scale tests had to be stopped since the fluid flow demonstrated
very different behavior from what was expected for the experiments [33].

The problem of reactor clogging is investigated in the present study. More in detail, the
authors focus on a typical behavior observed when plugging occurs for a short period. By
precipitating, inorganics form a wall-kind clog at the inlet section; because of the upstream
rising in pressure, the clog experiences a series of ruptures, which provokes sudden
injections of mass into the reactor. This investigation aims to study these sudden injections
and provide key information regarding reactor strain as described in the following sections
of this manuscript. The investigation reported here was done using distilled water only,
injected at precise time steps by a pneumatic pump. Among all our experimental trials, we
chose to focus on the main medium, water, for the following reasons:

e  Feedstock should be used in a diluted form in SCWG, which means that water accounts
for most of the inlet mass, which means that the medium expansion represents the
major concern for pressure difference; and

e By using water only, the experimental results are more homogeneous; this gives a
more stable data series.

The controlled, sudden mass injection is finally compared to when complete clogging
took place for a longer period. The case presented for the comparison is related to SCWG
experiments done on diluted sucrose and by running the experiments in continuous mode.
This controlled experiment illustrates the case when an incident happened, even in the case
of a feedstock with no inorganics. The final example is also used here to demonstrate that
such non-controlled sudden injections may cause the pressure and temperature conditions
to go below the critical point, and this might give additional implications, discussed in
the manuscript.

Reactor plugging is not only limited to stopping the operations, but it can also have
serious consequences when a feedstock with a high amount of organics is used. To the
author’s knowledge, this issue, related to biomass concentration, is never mentioned in
literature studies regarding SCWG. The problem of plugging (or also known as clogging)
in SCWG was mentioned by Heidenreich and co-authors [34], where the process was
described to take place typically at 30 MPa. In other works, it was also determined that char
can be formed from complex organic feedstock and this, together with salt precipitation
and metal oxide formation, is responsible for clogging [35-37].

On the other hand, the re-polymerization phenomenon is the cause of unexpected
trends in concentration profiles within the reactor. This is because, at longer residence
times and high temperatures, more char could be produced from those reactions. Therefore
this will heavily influence the concentration of produced gases [38]. A similar situation
was also mentioned in regards to supercritical water oxidation, SCWO [36].

The dominant mode of heat transfer within the current state of the art of SCWG is
conductive heat transfer, and thus, it is important to consider any accumulation of salts or
plugging. Such an accumulation may lead to additional pressure build-up and deviation
from standard conditions. This may also lead to slow reheating of the reactor after feed
entry, which will keep the system away from the set operating conditions and may provoke
burst events [32,35].

To our knowledge, no systematic studies on the clogging aspect in SCWG have been
investigated. The scope of this research study is to investigate the reactor behavior and
the SCWG process operation when a stepwise feeding system is adopted. This is done, as
mentioned, to simulate sudden ruptures of plugging clogs formed during the deposition
of char and inorganics. Clogging is one of the major issues that hinder the scale-up of
SCWG [32]. We assessed this issue by designing a controlled experiment that aimed to
generate the same effect on density variations within the reactor.
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The modeling of the thermodynamic parameters concerning this dynamic behavior is
not straightforward. As a matter of fact, diverse factors should be considered: heat and
mass flow, valve characteristics, operating parameters, and related dimensions. The heat
transferred to the fluid from the reactor walls plays an important role in modeling the
system as well. Therefore, it is of utmost importance to accurately describe the mode of
operation for an SCWG system since these types of studies give the necessary information
that can be readily used for new kinds of reactor designs [39]. Furthermore, water content
is as high as 95% of feed composition by mass in supercritical water gasification. Thus,
studying the properties of supercritical water and its dynamics is essential for a deeper
understanding of the gasification process.

This work aims to deliver insightful results to describe the system behavior, and
therefore, a more reliable economic analysis on the operational risks can be performed.
Our research on SCWG for diverse kinds of industrial feedstock provided us with a
large amount of experimental data. To some extent, a continuous mode of operation
can forecast the frequency of plugging and sudden mass injection based on the type
of feedstock adopted. When plugging occurs with an industrial type of feedstock, the
fluid dynamics within the reactor system are similar to the simulation presented here.
One example demonstrated in this study relates to previous SCWG experiments carried
out in a continuous operation mode when sudden plugging and rupture of the formed
clog occurred [31]. Data provided in this work can contribute to identifying failures due
to clogging that could help develop control strategies to increase the safety of SCWG.
Lastly, we propose a simplified model to assess the effect of material integrity on burst-
event likelihood on duty and suggest safety improvements for the continuous operation
of SCWG.

2. Materials and Methods
2.1. Experimental Setup

SCWG of any industrial feedstock can be subject to clogging. When this occurs, the
flow to the reactor can stop for a variable time, and the pressure upstream could increase.
Because of this increased pressure, the plugging wall at the entrance of the reactor could be
partially or totally broken (this does not happen always), allowing for a sudden injection
of biomass stream into the reactor. This phenomenon is the one targeted, and it was
simulated by utilizing water and then dynamically comparing it with the behavior of a
sucrose solution in similar conditions. The sudden injection of fluid by fast removal of the
plugging wall was simulated by employing a ball valve, as described in detail later in this
section. The system consists of a high-pressure pump, feed cylinders, a tubular reactor, a
condensing section, and a collecting unit.

The reactor used in this research was provided by a US company named High-Pressure
Company. In order to comply with the safety requirements, the model had to pass a series
of tests before being sold. The equipment has a particular system that enables it to be
locked and avoid leakage. For safety reasons and to avoid extra possibilities of leakage
and pressure drop, there are no embodiments that could allow for the temperature to be
measured into the reactor. The temperature should be measured on the external wall. The
wall is thermally insulated by a ceramic fiber insulation that contains the heating system.
This system is described below.

A drawing of the reactor is reported in Figure 1, and Table 1 summarizes the wall
material properties. The specifications are a capacity of 81 mL, an internal diameter (I.D.)
of 1.43 cm (point C), and an outside diameter (O.D.) of 2.54 cm (point D). In reference to
Figure 1, the length A is 50.8 cm while the length B is 58.42 cm. The reactor wall material is
Inconel-625°.
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Figure 1. Reactor specifications. Adapted from HiP Company.

Table 1. Physical properties of the reactor wall [40].

Property Value Unit
Density (20 °C) 8440 kg/m3
Coeff. Of thermal expansion (538 °C) 14 pum/m-K
Specific heat (21 °C) 410 J/Kg-K
Thermal conductivity 9.8 W/m-K
Tensile strength (21 °C) 8550 Bar
Tensile strength (540 °C) 7450 Bar
Tensile strength (650 °C) 7100 Bar
Stress-rupture strength (650 °C; 100 h) 4400 Bar
Stress-rupture strength (650 °C; 1000 h) 3700 Bar
Maximum working pressure (21 °C) 1360 Bar
Maximum working pressure (650 °C) 1130 Bar

The pump used to inject water through a stepwise method was a WellChrom® Pneu-
matic Pump K-1900 from Knauer. The pump has a maximum flow rate of 750 mL/min at
30 MPa. The system is equipped with cylinders (Swagelok, Stockholm, Sweden) otherwise
used to store and inject biomass feedstock into the reactor. This is done to allow for more
flexibility on the type of biomass used. The system of using feeding cylinders allows for
a continuous operation of the reactor [41]. The cylinder material is stainless steel 316 L,
and they have a maximum pressure tolerance of 40 MPa. The experimental setup had two
cylinders with a capacity of 500 mL each.

It was preferred to use a manual adjustment of the relief valve (Figure 2) since this
allows for better control. If automated, the valve would respond inappropriately if a rise in
pressure were detected due to a formed plugging. This is because the software is unable to
recognize a clog or pressure variation due to other reasons.

&

-
~
~—

=~~~ Spring

\ = Quad seal O-ring
O ="
-

-

”,— Outlet

= Seat

Figure 2. Relief valve used for manual adjustment of pressure.
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Since the relief valve used as a backpressure regulator influences the dynamic mass
flow of the reactor feedstock, some additional information is added here. The minimum
reseal pressures are given by the manufacturer as a percentage of the set pressure and
given in Table 2 [42].

Table 2. Reseal and set pressure of relief valves. Swagelok.

Minimum Reseal Pressure as

Series Test Set Pressure (bar) Percentage of Set Pressure, %
0.7-1.3 50
RL3, RL4 12.0-15.5 91
6.8-13.7 50
R34, R4 58.5-68.9 84

The heating system constitutes two semi-cylindrical heating modules made of Fi-
brothal. They have metallic heating elements and ceramic fiber insulation. The company
that provided this system was Kanthal. The power of the heating system is 2600 W, and to
reduce thermal stress on the reactor walls, the heating rate of the reactor was 140 °C/hour.

The thermocouples used to monitor temperature values at the outlet walls of the
reactor were K-type. They can perform measurements between —200 °C and 1260 °C with
a sensitivity of 41 uV/°C.

Thermocouples were positioned on the reactor’s outer wall using custom-made ducts;
temperatures are measured along the reactor right after the inlet, at the middle, and right
before the outlet. Piping and fittings were provided by the company Swagelok (Stockholm,
Sweden); the pipes have an internal diameter of 3 mm and an outside diameter of 6 mm
with a working pressure of 420 bar. A relief valve R3A from Swagelok was positioned after
the cooling section of the system and before the outlet gas sampling section.

Since the pressure used was in the range of 250 bar, the minimum reseal pressure
was estimated as more than 95% of the set pressure. The digital pressure sensor used was
a Trafag model 8251.84.2517 with an accuracy of £0.5% of maximum reading. Figure 3
shows a simplified version of the system used to support the description of the methods.

P FC R
A

Ball Valve Backpressure
regulator

Figure 3. Schematics of the experimental procedure. Feed cylinder (FC), ball valve, inlet section
(A), reactor (R), thermocouples (1; 2 and 3), outlet section (B), backpressure regulator, and sampling
bag (SB).

Before starting with trials, the system was tested for any leaks or pressure drops since
those could affect the results and jeopardize the operational safety of the system. The
following procedure was performed for the experiments. The pump filled the system
constituted by a feed cylinder, tubing, a reactor, and a backpressure regulator set at 250 bar
pressure. The reactor was heated to the test temperatures, which were, in this case, 510 °C
and 610 °C. When the test conditions were reached, the experiments could start. Water
was injected through a stepwise injection method employing the high-pressure pump. The
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pump is volumetric and designed with a double piston. Pressurized air is used to run it,
and therefore no electrical connections are needed. If different values of flow rates are
needed, there is the possibility of changing the pump head. For this purpose, four types
of pump heads can be utilized (100 mL, 250 mL, 500 mL, 1000 mL). For the experiments
provided here, the 250 mL type was used.

To run the experiments, the pressure for the pump was maintained at values higher
than the setpoint; in this case, 260 bar over a 250 bar set pressure for the SCWG tests.
Regarding Figure 3, the ball valve sited before the reactor was first kept closed. The
stepwise injection was carried out by opening and closing the valve at intervals of 20 s.
Because the pump is volumetric with a double piston, the check valve opens twice during
a total revolution of the pump outlet. This can be verified during the operations since
opening and closing the valve is done to complete a total revolution before closing. Pressure
and temperature were recorded for 15 min with a sampling frequency of 2 Hz.

2.2. Operational Conditions of SCWG

Our investigations on SCWG of diverse feedstock groups focused on temperatures
between 500 °C and 700 °C [16,22,30]. From these studies, it was acknowledged that the
maximum yield of hydrogen was achieved at 600 °C by the effect of using a reactor formed
of Inconel-625%. Tt was also noticed that higher temperatures are not always favorable
when it comes to syngas yields since there could be reactions of re-polymerization. In
addition, at higher temperatures, when a sudden injection of mass occurs in the reactor, the
effect of metal contraction due to thermal cooling is larger. The expansion of matter due to
a sharp decrease of density is also faster. These effects provide more probability for reactor
opening and rupture. With reactor opening, it is meant that the inlet mass from the reactor
exits from an opening made on the locking bolt because of thermal stress or breakage. This
is possible since the sealing cone walls pull away, leaving cleavage for the mass to go out
of the system. This is shown schematically in Figure 4.

1 Safety Hole

Figure 4. Sealing method and safety system for the SCWG reactor.

When the sudden injection of mass was simulated, these factors were considered
and, after several trials on how to operate the simulation, the temperatures of 510 °C and
610 °C were chosen. These are the two setpoint temperatures used here. Temperatures
were recorded at the inlet, middle point, and outlet of the reactor, and the overall pressure
was also recorded, as shown in Figures 5 and 6.
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Figure 5. Temperatures and pressure values, recorded for the duration of one experiment at a set point temperature of 510 °C.
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Figure 6. Temperatures and pressure values, recorded for the duration of one experiment at a set point temperature of 610 °C.

As shown in Figures 5 and 6, the temperature varied between points 1, 2, and 3,
as represented in Figure 3. However, the temperature at the center of the reactor was
maintained near the setpoint temperature. This parameter was adjusted continuously
using a temperature control system. It must be acknowledged that the programmed rise in
temperature was set at 140 °C/hour and maintained at this value during the experiment,
which was set to prevent thermal stress on the reactor material. The thermocouple aimed
at giving the signal to the controller was positioned at the center of the reactor. This
explains the motivation for having a temperature at the center precisely near the set point.
A wattmeter was used to measure the power consumption of the heating system. The
estimation of energy consumption was based on the current flow to the heating element
and can be considered roughly the same throughout each feed injection.
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The temperature gradient between points 1 and 3 can be attributed to the low heat
transfer rate of the heating element. The lower temperature at the inlet with respect to the
outlet of the reactor indicated that the system was unable to regain the temperature drop
owing to the large heat consumption that the fresh feed requires to reach thermalization.
The observed gradient of temperatures in the second section of the reactor, corresponding
to points 2 and 3, was much higher in the experiments done at 510 °C, which can be
explained by the specific heat capacity evolution of supercritical water. As can be noticed
from Figure 7, in the near-supercritical region, the specific heat capacity was abruptly raised.
This suggests that it is beneficial to avoid this region when operating the process. The heat
capacity of supercritical water was 40 to 60% lower around 610 °C than at 510 °C, whereas
thermal conductivity and viscosity differed less than 5% [43]. Another plausible factor that
could explain the lower reactor temperature gradient at 610 °C is possible variabilities in
the mixing patterns, which is a motivation for future research.
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Figure 7. Specific heat capacity of water at diverse pressures against temperature. Derived from the NIST Standard Steam

Tables [43].

Because of the stepwise feeding operation, the pressure suddenly varied within the
reactor inlet; this simulated a situation when plugging occurred at the reactor inlet and a
partial rupture (or total) of the plugging wall (clog) took place. In previous works of our
group on SCWG of black liquor pellets [22,31], we verified that the deposition of inorganics
and plugging take place mainly within the reactor inlet.

Because of a sudden mass entrance at a lower temperature and a much higher density
than the inlet mass, the temperature and pressures within the reactor decreased abruptly.
Around supercritical conditions, water density changed steeply [43,44], generating fluctua-
tions that dominated the fluid mechanics of the system to a much greater extent compared
to the reactivity changes in the biomass. It is worth noting that the molar proportion of
water is much higher than any other gas since reactors in continuous operation usually
work at partial conversions. In addition, the impact of the gaseous components on density
is relatively low. The supercritical water density range is ten times higher than that of the
most probable gaseous products [43], such as Hy, CO, CO,, or CHs.

3. Results and Discussion
3.1. Pressure Fluctuations

Since the pressure went below the setpoint pressure, certain additional mass could
come from the tubing at the reactor outlet from the cooling section (section B in Figure 3);
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260

however, this amount was estimated to be very low from a mass balance.

Mout = (Pl - PZ)Vt (1)

where p; and p; are the density of the medium before and after the feeding and inside the
reactor, and V; is the volume of the tubing after the reactor and at the condensation section.
This means that the theoretical amount of water entering the reactor from section B was
around 0.3% of the total mass injected on average. Therefore, this value was neglected
for this study. A comparison of pressure recordings within the experimental trials with
supercritical water is given in Figure 8.

255

250

Pressure (bar)
N [\e]
=y N
o [4,]

N
%]
(3]

230
225 -
—==T=510°C
——T =610 °C
290 l | | I | | | |
30 40 50 60 70 80 90 100 110

time (seconds)

Figure 8. Comparison of pressure recordings within the system at different setpoint temperatures.

The sudden drop in pressure within the reactor occurred due to mixing the cooler
feedstock with the mass already present in the reactor. At this stage, the heat transfer
from the walls of the reactor could be neglected. The mass entering the reactor can be
approximated by Equation (2):

mi, = (01— p2)V 2)

where V is the volume of the reactor, p; is the density of water at the lower pressure, and p>
is the density of water at higher temperatures and pressures. Figures 9 and 10 correspond
to the two nearest points of the plots where the sudden pressure drop occurred. The mass
inlet flow at each injection step at both temperatures was evaluated and is demonstrated in
Figures 9 and 10.
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Figure 10. Inlet mass against injection steps at 610 °C setpoint temperature.

Once the mass of water enters and is mixed with the existing mass in the reactor,
heat transfer from the reactor wall plays a major role. In this framework, the specific heat
capacity of water should be taken into account. Disparities in density change with pressure
and temperature [43] explain that mass entrance is lower at a higher setpoint temperature,
although the pressure spikes at 610 °C were higher than at 510 °C. Density variation within
the operational window of the experiments carried out at 510 °C was observed closer to
the critical point and thus higher than the variability of density around 610 °C. These
parameters and their variations were considered when deciding on the process operation
of SCWG.
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3.2. Pressure Fluctuations in the Presence of Biomass

The following case is reported here to demonstrate one example of plugging and
sudden mass injection into a SCWG reactor that took place when a feedstock was used
at steady-state mass flow. The example presented took place when we used a sucrose
concentration of 2.3% and a mass flow of 8.5 normal ml/min.

As shown in Figure 11, when there was an accumulation of pressure, the temperature
at the reactor inlet increased. This was recorded at the outer wall of the reactor with some
delay in comparison to the pressure recovery after the response of the relief valve. When
the plug was released, an abrupt pressure drop occurred, and this was a slightly different
case than what was demonstrated during the stepwise water injection. As a matter of fact,
in this case, the pressure dropped even below the supercritical point. The inlet mass flow
dropped, and the heat transfer then played a major role.

270 T T T T T T T T T 480
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g 465 &
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o @
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—&—Pressure (bar) —— Temperature (°C)|

Figure 11. A more detailed representation of sudden pressure drops occurring during continuous operation and temperature
recordings at the reactor inlet and outside wall.

Even if the temperature were measured at the outer wall of the reactor, the temperature
had a sensible drop at the inlet, where the time to bring the temperature at stable values
on the outer wall was in the range of minutes. This drop was not noticed on the other
thermocouples. The temperature at the reactor inlet was indeed affected by the temperature
of the feedstock and should be considered when designing experiments.

Figure 12 shows a comparison of pressure drops due to simulated clogging for the
case of water only and the sucrose solution. For improved visualization, both minima of
pressure were synchronized. It can be noticed that the increase in pressure in the sucrose-
water system was not as fast as the water-only system, and this was because the medium
consumed a high amount of energy due to the abrupt change in heat capacity that occurred
by state change from near-critical to supercritical, as was mentioned in Section 2.2 and
illustrated in Figure 7.
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Figure 12. Pressure-drop comparison of simulated clogging for sucrose solution and water-only experiments.

3.3. Safety Considerations and Improvement Opportunities

As a last remark, it must be acknowledged that at supercritical conditions, a sudden
inlet of a relatively large quantity of material can provoke serious stress for the reactor. This
is a situation that is never stressed enough in literature and quite difficult to test. Because
of a sudden inlet of mass, the variation of pressure is quite drastic within a few seconds.
From the experiments done, it was noticed that most of the variation took place at a quite
precise time at each injection step. On average, 3.46 s elapsed between the largest drop in
pressure and the largest rise in pressure per unit time. This means that within the reactor,
we had a potential power (at steady-state) of

(81 x 1076 m3)

346 5 =585 W.

PV = (25 x 10" Pa) x
When considering the pressure variation at its maximum value recorded during
experiments at 600 °C, we had:

v 6 (81 x 1076 m3)
AP~ — (3.7 % 10 Pa) R T

= 8587 W
A 85.8 3)

These data are valuable if further calculations have to be done to evaluate the stress
influence on the metal and structure of the reactor setup.

Pressure and temperature fluctuations were transduced into plastic deformation stress
at the reactor wall, which generated microscopic defects within the material, indepen-
dently of their resistance [45]. The repetitive strain produced deteriorating micro defects
irreversibly. A so-called ductile fracture occurs when a highly localized plastic strain
eventually triggers through-wall-depth flaws due to the propagation of material failures.
Burst occurs when the propagation of material failures is prone to happen at operational
values of stress or a spike in exceptionally high internal pressure is produced. Due to
the ductile fracture complexity, many simplifications are needed to achieve a reasonable
prediction of burst pressure (defined as the internal pressure that causes a pipe to burst or
fracture). Otherwise, it is necessary to resort to numerical methods requiring experimental
validation to make them reliable [46].
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Pressure bursts in flawless steel follow a rather simple dimensionless nonlinear regres-
sion concerning the tube diameter to thickness ratio, shown below:

b
Pburst _a.<D> (4)

ours €

where Py, is the burst pressure, o;1s is the ultimate tensile strength of the material, D is
the outer tube diameter, and ¢ is the wall thickness. A recent study [47] covered with high
precision a wide range of stainless steel materials, including our reactors, a = 2.3824 and
b=-1.035.

The previous expression describes the rupture pressure in a scenario with no defects:
the maximum pressure that a new reactor can withstand. In a reactor that has been in use
for a long time, it is necessary to consider the presence of microfractures; otherwise, the
prediction of the rupture may be improperly estimated [48]. In a conservative approach
used in nuclear plants since the 1990s, burst pressure is a function of the material resistance,
the schedule of the tubular reactor, and the preexisting material defects. Following the
experimental work of Hernalsteen [48] on the pressure burst of Inconel cracked tubing
with intentionally caused fractures of a specified length A, where various curves of a
dimensionless burst pressure P* = Py, / (O'UTS + Uygung) as a function of normalized
fracture lengths (A\/+/D,¢) were reported, we translated the curves to data and correlated
it to show to which extent the burst pressure of the system could be overestimated. The
lower-bound correlation is as follows:

p* = [0.45 — 0.4210g,, (A/ \/ﬁ)} e/ D, )

A new reactor can stand up to five times the operational pressures of the process under
study without major deformations. According to Equation (5), even minimal fractures
could reduce the resistance to burst compared to the flawless reactor material.

A failure due to fatigue consists of the initiation of a defect, called crack, and its
propagation, called creep crack growth (CCG), which ultimately could lead to a major
structural disruption. CCG arises within the reactor wall due to pressure and thermal
fluctuations during continuous operation. Crack growth and propagation rate depend on
the load exerted towards the reactor wall and are considered within elastic conditions.

The CCG rate (A) can be correlated by a log-log linear relationship (Equation (6)) to
the stress intensity factor (K), defined in Equation (7).

A = akP (6)

K=0YVA ?)

where o is the hoop stress due to the pressure gradient on the inner wall surface [49] of a
thick-walled cylindrical tube of internal diameter D; and outer diameter D, subjected to an
external pressure p, and internal pressure p; (Equation (8)):

_ PD?—P.D; 4(P; — P,)D2D?
D =D} (D?-D?)(D.+D;)?

®)

For practical reasons, the geometric factor Y can be considered equal to 1 [50,51].
Combining Equations (6) and (7), a first-order nonlinear ordinary differential equation is
obtained (Equation (9)) with an exact solution, shown in Equation (10):

oA
oA BaB/2
o = A 9)

At) = 1?/((1 — 'i)twﬁt + A§§> (10)
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where A, is the initial fracture length. The parameter  mainly depends on the fracture
mechanism, driven by intermetallic microstructure at the grain surface. Below 750 °C, the
v” phase is predominant [52,53], and B can be considered the same within the temperatures
explored in this work.

From CCG rate measurements recently published by Zhang et al. (2018) [54] for
Inconel 625 at 650 °C, we determined that § = 7.5and « = 2.2 x 10722 MPa~ 7’ m 2251
(squared correlation coefficient = 0.9958).

The thermal dependency of the CCG rate can be described by the Arrhenius law
(Equation (10)) for crystalline solids [55].

)L<T2) _ Eﬂ,)\ 1 1
l"(mn)) = 78314 J/molK (T2+Tl) (1)

where T is the temperature expressed in Kelvin. Crack depth X-ray measurements at
different temperatures revealed the activation energy of CCG (E, 5) to be within the range
of 85-105 kJ /mol for stainless steel alloys [56]. Even though Inconel 650 is one of the most
resistant alloys [57,58], it is reasonable to choose for safety purposes the lowest activation
energy to estimate the evolution of flaws at the reactor wall during the continuous operation
under SCWG conditions. By combining the power law of Equation (6), the time dependency
of A obtained in Equation (10), and the Arrhenius law in Equation (11), the creep CCG
rate of the reactor walls can be fairly estimated at any temperature within the operating
window of SCWG.

Combining Equations (5) and (10) allows a time evolution of the critical burst pressure
of a cylindrical vessel (Equation (12)) subjected to continuous stress to be determined.

0.42 - ¢
Pyurst = (0uts + Oyoung)- | 045 — W logy, < (( — g) aoPt4+ A, 2 ) /\/Dee> R (12)
e

1=3

Time-to-burst can be estimated if the tribological parameters of the reactor wall
material and the size of the initial fractures or the gaps between connection joints are known.
In this context, the reactor could operate without failure for more than a decade if surface
flaws are smaller than 1 pm. Despite the wall-to-diameter ratio being high, 5- = 0.22,
which is far from industrially relevant scales, a continuous thick-walled reactor can be
considered a cost-effective option for being more compact than batch while withstanding
duty over long operation periods. Considering the joint gaps as the main source of burst
incidents, an exploratory analysis of A, the parameter value was carried out, and it was
found that joint gaps of 30 microns appear safe to operate over several months of duty.
Values of A, over 60 microns lead to a rapid decline in the structural integrity of the reactor.

The aforementioned approximations are global, so they don’t consider the effect of
local thermal gradients. Estimations of time-to-burst should be supported by periodic
monitoring of the integrity of the reactor wall material. The periodic monitoring of accu-
mulated defects on the reaction vessel (for example, X-ray tomography [59,60]) will greatly
improve the SCWG process reliability regarding safety and maintenance.

Activation energies for corrosion in supercritical water were also determined for
Inconel 625, 142 k] /mol [56], which is among the highest registered among stainless steel
alloys. Since SCWG generates a reductive environment, risks concerning corrosion appear
to be much lower than the material’s fatigue due to pressure and thermal fluctuations. The
design of reinforcements at anchor locations, pressure control systems, and especially the
improvement of the inlet composition, focusing on reducing insoluble components, such as
inorganic salts, on preventing major pressure fluctuations, is recommended for de-risking
scale-up initiatives.

4. Conclusions

Supercritical water gasification of biomass is currently limited to small scales due to the
challenges of complicated process kinetics, salt corrosion and plugging, and wet biomass
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feed handling, especially in continuous mode. A better understanding of the continuous
process is required to address these issues within the supercritical water medium, which
dominates the fluid dynamics of the system.

Safety is indeed one of the most important issues in process design and operations, if
not the most important. Understanding how operational issues could affect the safety and
the working life of the equipment is necessary. It gives convenient results that could be
utilized successfully to implement safety solutions, risk analysis, economic evaluations,
and reactor design. In supercritical water gasification of biomass, safety is not an option
that can be underestimated. The stress factors on the reactor parts are related to diverse
parameters such as thermal conditions, operation time, and clogging. These are issues that
are taking place even when salts and inorganics are not present within the reactor, and
therefore there is a need to study this in detail. In addition to stress-related factors derived
from fluid dynamics and thermal variations, corrosion is also considered in this process.
The study presented here underlines, with evidence, the necessity to have a constant mass
flow in SCWG of biomass. This is highly advisable since the difference in density and other
properties between water at normal conditions and supercritical water can lead to pressure
and temperature-related stress.

The present study gives a practical method for simulating sudden feedstock injections
when plugging is formed, and the formed clog is released due to pressure accumulation
upstream to the reactor. However, the goal of the present study was not focused mainly on
giving a practical method to test this dynamic behavior but rather on obtaining valuable
data that could be utilized efficiently to perform more reliable performance predictions
and economic analyses.

Expansion and subsequent gasification of a relatively large quantity of feedstock
injected into the reactor, for instance, when a clog is released, could be particularly harmful
when the biomass concentration used is large. The study underlines that plugging can
be a dangerous issue when feedstock has a high biomass concentration. Nevertheless,
the limitation of this method is that it does not allow complete plugging with diverse
concentrations of biomass to be tested. These types of tests could give a very reliable
outcome on possible risks deriving from using feedstock at higher concentrations.

The results shown in this study underline the necessity of having this kind of informa-
tion on the heat transfer and fluid dynamics mechanisms occurring during plugging in
SCWG. The results obtained can be used further for accurate mathematical modeling of
the heat transfer phenomena and how different concentrations affect the reaction kinetics
and the dynamics of the SCWG.

The experiments provide insightful results that could be used to train process control
devices and software to identify this type of operational failure that hinders SCWG effi-
ciency and safety. In addition, we provide arguments that point to the use of thicker-walled
reactors, which could be necessary despite higher costs. We understand that this kind of
result raises awareness of the safety aspect of SCWG, and we suggest the engagement of
industrial tomography in maintenance costs.
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Nomenclature

Symbol Physical Significance Range Units

a Burst pressure to wall thickness relation parameter, preexponential 2.3824 -

b Burst pressure to wall thickness relation parameter, exponent —1.035 -

D, Reactor external diameter 2.54 cm

D; Reactor internal diameter 1.43 cm

E;n Creep crack growth activation energy 85-105 kJ/mol

K Stress intensity factor 1-60 MPa m!/2

Pyyrst Burst pressure 70-150 MPa

P; Reactor internal pressure 220-260 Bar

P, External pressure 1 Bar

p* Lower bound critical burst pressure 50-200 MPa

T Reactor temperature 420-650 °C

1% Reactor volume 81.6 cm?

Y Geometric factor 1 -

b Crack growth rate to stress factor relation parameter, preexponential 22 x 10722 MPa~7 m~2255~1

B Crack growth rate to stress factor relation parameter, exponent 7.5 -

v Grain intermetallic structure - -

€ Reactor wall thickness 55 mm

A Material fracture width 10-5-10"1 mm

Ao Material initial fracture width 10-5-102 mm

A Creep crack growth rate 1079-10~* mm/s

o Hoop stress 5-130 MPa

ours Ultimate tensile strength 20-440 MPa

TYoung Young modulus 710-745 MPa
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