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Preface

IntechOpen presents a new technical book, Advanced Supercritical Fluids
Technologies, which covers modern and advanced applications of supercritical fluids
in various industries. The editorial team consists of top international experts,
mainly from academia, but with engineering and technological experience, and
representing the following countries: 1) Canada; 2) China; 3) Italy; 4) Japan; 5)
Romania; 6) Spain; 7) Sweden; and 8) USA.

The need for this book is based on the following rationale.

Using SuperCritical Fluids (SCFs) in various processes is not new, because Mother
Nature has been processing minerals in aqueous solutions at critical and supercriti-
cal pressures for billions of years. In the late 1800s, scientists started to use this
natural process in their laboratories to create various crystals. The first studies
dedicated to the investigation of various properties and heat transfer in SCFs started
possibly as early as the 1930s. It was found that heat transfer near a critical point
was quite high, and this discovery was used in single-phase thermosyphons with

an intermediate working fluid at the near-critical state. Therefore, solid knowledge
of specifics of thermophysical properties and heat transfer is important for many
applications of SCFs in industry.

In the 1950s, the idea of using supercritical water was rather attractive for coal-
fired thermal power plants. At supercritical pressures, there is no liquid-vapour
phase transition; therefore, there is no such phenomenon as critical heat flux or
dry-out. Only within a certain range of parameters may a deterioration of heat
transfer occur. The objective of operating “steam” generators at supercritical
pressures was to increase the total efficiency of a power plant. Currently, the use of
supercritical water in power-plant “steam” generators is the largest application of a
fluid at supercritical pressures in industry.

Also, at the end of the 1950s and the beginning of the 1960s, some studies were
conducted to investigate the possibility of using SCFs in nuclear reactors. Several
designs of nuclear reactors using water as the reactor coolant at supercritical pres-
sures were developed in the USA and the former USSR. This idea was abandoned for
almost 30 years but regained support in the 1990s.

Currently, six concepts of nuclear-power reactors/nuclear power plants of the next
generation — Generation-IV — were proposed, which will have thermal efficien-
cies comparable with those of modern thermal power plants. The SuperCritical
Water-cooled Reactor (SCWR) is one of these six concepts under development in
a number of countries. Analysis of Generation-IV concepts shows that SCFs, such
as helium and water, will be used as reactor coolants, and SCFs such as helium,
nitrogen (or mixture of nitrogen (80%) and helium (20%)), carbon dioxide, and
water will be used as Working Fluids (WFs) in power Brayton and Rankine cycles.

However, there are other areas where SCFs are used or will be implemented in the
near future. The latest developments within these areas focus on:



Production of liquid fuels from biomass in sub and supercritical water and
carbohydrate up-conversion in ionic liquid and SCFs mixtures;

Supercritical-water gasification for an emerging technology with synergistic
applications in renewable energy and waste processing;

Supercritical-water oxidation (SCWO), which is a promising, environment-
friendly technology to efficiently deal with a wide variety of organic wastes
such as wastewaters, industrial and municipal sludge, etc.;

Fabrication of inorganic and organic nanoparticles in supercritical carbon
dioxide with particular emphasis on the metallic and polymeric nanoparticles
used in biomedicine;

Impregnation of materials in supercritical carbon dioxide to impart various
functionalities;

One-step process of foaming and impregnation using supercritical carbon
dioxide.

This book on Advanced Supercritical Fluids Technologies provides engineers and
specialists in various industries dealing with SCFs as well as researchers, scientists,
and students of the corresponding departments with a comprehensive overview of
the current status, latest trends and developments of these technologies.

XIvV

Igor Pioro, Ph.D., Dr. Tech. Sc., P.Eng., Fellow ASME, CSME & EIC
Professor,

Founding Editor of the ASME Journal of Nuclear Engineering and Radiation
Science,

Faculty of Energy Systems and Nuclear Science,

University of Ontario Institute of Technology,

Canada



Chapter 1

Supercritical-Fluids
Thermophysical Properties

and Heat Transfer in
Power-Engineering Applications

Igor L. Piovo

Abstract

Researches on specifics of thermophysical properties and heat transfer at
supercritical pressures (SCPs) started as early as the 1930s with the study on
free-convection heat transfer to fluids at a near-critical point. In the 1950s, the
concept of using SC “steam” to increase thermal efficiency of coal-fired thermal
power plants became an attractive option. Germany, USA, the former USSR, and
some other countries extensively studied heat transfer to SC fluids (SCFs) during
the 1950s till the 1980s. This research was primarily focused on bare circular tubes
cooled with SC water (SCW). However, some studies were performed with
modeling fluids such as SC carbon dioxide and refrigerants instead of SCW.
Currently, the use of SC “steam” in coal-fired thermal power plants is the largest
industrial application of fluids at SCPs. Near the end of the 1950s and at the
beginning of the 1960s, several studies were conducted to investigate a possibility of
using SCW as a coolant in nuclear reactors with the objective to increase thermal
efficiency of nuclear power plants (NPPs) equipped with water-cooled reactors.
However, these research activities were abandoned for some time and regained
momentum in the 1990s. In support of the development of SCW-cooled nuclear-
power reactor (SCWR) concepts, first experiments have been started in annular
and various bundle flow geometries. At the same time, more numerical and CFD
studies have been performed in support of our limited knowledge on specifics of
heat transfer at SCPs in various flow geometries. As the first step in this process,
heat transfer to SCW in vertical bare tubes can be investigated as a conservative
approach (in general, heat transfer in fuel bundles will be enhanced with various
types of appendages, that is, grids, end plates, spacers, bearing pads, fins, ribs, etc.).
New experiments in the 1990-2000s were triggered by several reasons: (1)
thermophysical properties of SCW and other SCFs have been updated from the
1950s-1970s, for example, a peak in thermal conductivity in the critical/
pseudocritical points was “officially” introduced in 1990s; (2) experimental tech-
niques have been improved; (3) in SCWRs, various bundle flow geometries will be
used instead of bare-tube geometry; (4) in SC “steam” generators of thermal power
plants, larger diameter tubes/pipes (20-40 mm) are used, however in SCWRs
hydraulic-equivalent diameters of proposed bundles will be within 5-12 mm;

(5) with Research and Development (R&D) of next-generation or Generation-IV
nuclear-power-reactor concepts, new areas of application for SCFs have appeared—
for example, SCP helium was proposed to be used as a reactor coolant, SCP Brayton

1 IntechOpen
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and Rankine cycles with SC carbon dioxide as a working fluid are being developed,
etc. A comparison of thermophysical properties of SCFs with those of subcritical-
pressure fluids showed that SCFs as single-phase fluids have unique properties,
which are close to “liquid-like” behavior below critical or pseudocritical points and
are quite similar to the behavior of “gas-like” substances above these points. A
comparison of selected SCW heat transfer correlations has shown that their results
may differ from one to another by more than 200%. Based on these comparisons, it
became evident that there is a need for reliable, accurate, and wide-range SCW
heat transfer correlation(s) to be developed and verified. Therefore, the

objective of this chapter is to summarize in concise form specifics of supercritical-
fluids thermophysical properties and heat transfer in power-engineering
applications.

Keywords: supercritical water, carbon dioxide, refrigerant,
forced convective heat transfer

1. Introduction
1.1 Historical note on using supercritical fluids (SCFs)

The use of supercritical fluids (SCFs) in various processes is not new and,
actually, is not a human invention. Nature has been processing minerals in aqueous
solutions at near or above the critical point of water for billions of years. In the late
1800s, scientists started to use this natural process in their labs for creating various
crystals. During the last 50-60 years, this process, called hydrothermal processing
(operating parameters: water pressure from 20 to 200 MPa and temperatures from
300 to 500°C), has been widely used in the industrial production of high-quality
single crystals (mainly gem stones) such as sapphire, tourmaline, quartz, titanium
oxide, zircon and others [1].

Also, compressed water, that is, water at a supercritical pressure (SCP), but at a
temperature below T, & 374°C, exists in oceans at the depth of ~2.2 km and deeper.
If at this depth there is an active underwater volcano with the temperature of a
magma above T, of water, conditions for existence of supercritical water (SCW)
can be reached.

The first works devoted to the problem of heat transfer at supercritical pressures
(SCPs) started as early as the 1930s. Schmidt et al. [2] investigated free-convection
heat transfer to fluids at a near-critical point with the application to a new effective
cooling system for turbine blades in jet engines. They found that the free-
convection heat transfer coefficient (HTC) at the near-critical state was quite high,
and decided to use this advantage in single-phase thermosyphons with an interme-
diate working fluid at the near-critical point [3].

In the 1950s, the idea of using SC “steam” (actually, SCW) appeared to be rather
attractive for the Rankine power cycle. The objective was to increase a thermal
efficiency of coal-fired thermal power plants (ThPPs) (see Table 1). This change,
that is, substantially higher operating pressures in the Rankine cycle from subcriti-
cal ones, and, correspondingly to that, higher inlet-turbine temperature up to 625°C,
has allowed increasing of thermal efficiencies from 40-43% to 50-55% (gross) (in
total by 7-15%). Currently, SCP coal-fired thermal power plants (world electricity
generation with coal 38%—the largest source for electricity generation; in India—
77%; China—65%; Germany—37%; and in USA—30%) are the second ones by
thermal efficiencies after gas-fired combined-cycle ThPPs (world electricity
generation with natural gas 23%—second largest source for electricity generation; in
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No. Power plant Gross thermal
efficiency
1 Combined-cycle ThPP (combination of Brayton gas-turbine cycle (fuel— Up to 62%

natural gas or LNG); combustion-products parameters at gas turbine:
Pi, = 2.3 MPa and T, = 1650°C) and Rankine cycle steam-turbine
parameters: Py, ~ 12.5 MPa and T, ~ 585°C (T, = 374°C)

2 SCP coal-fired ThPP (Rankine cycle “steam”-turbine parameters Up to 55%
(see Figure 1): P;,, ~ 23.5-38 MPa (P, = 22.064 MPa), T}, ~ 540-625°C
(T, = 374°C) and steam reheat at: P ~ 0.25-P;;, and Tyehear & 540-625°C)

3 Subcritical-pressure coal-fired ThPP (older plants; Rankine cycle steam- Up to 43%
turbine parameters (see Figure 2): P;, = 17 MPa (T, = 352°C), T}, = 540°C
(T, = 374°C), and steam reheat at: P =~ 0.25-P;, and Trepeat = 540°C)

4 Carbon dioxide-cooled reactor (advanced gas-cooled reactor (AGR)) NPP Up to 42%
(Generation-III) (reactor coolant (carbon dioxide): P = 4 MPa and
T = 290-650°C; Rankine cycle steam-turbine parameters (see Figure 2):
P =17 MPa (T, = 352°C); Ty, = 540°C (T, = 374°C), and steam reheat at:
P~ 0.25-P;, and Tj, = 540°C)

5 Sodium-cooled fast reactor (SFR) (BN-600; BN-800) NPP (reactor coolant ~ Up to 40%
(sodium): P ~ 0.1 MPa (above sodium level) and Tyyax = 550°C; Rankine cycle
steam-turbine parameters (see Figure 3): P = 14 MPa (T, = 337°C);

Tin = 505°C (T, = 374°C) and steam reheat at: P ~ 0.25-P;, and T}, = 505°C)

6 Pressurized water reactor (PWR) NPP (Generation-III+, new reactors) Up to 36-38%
(reactor coolant (light water): P = 15.5 MPa (T, = 345°C) and T = 280-322°C;
Rankine cycle steam-turbine parameters (see Figure 4): P = 7.8 MPa and
Tin = Tear = 293°C and steam reheat at Py, ~ 1 MPa and Tj, ~ 273°C)

7 Pressurized water reactor (PWR) NPP (Generation-III, current fleet) Up to 34-36%
(reactor coolant: P = 15.5 MPa (T, = 345°C) and T = 292-329°C; Rankine
cycle steam-turbine parameters (see Figure 4): P = 6.9 MPa and
Tin = Tear = 285°C and steam reheat at P;,, ~ 1 MPa and T, ~ 265°C)

8 Boiling-water-reactor (BWR) or advanced BWR NPP (Generation-III and Up to 34%
I1I+, current fleet) (P, = 7.2 MPa and T}y, = Ts,:=288°C (direct cycle) and
steam reheat at P;,, ~ 1 MPa and T;, ~ 268°C (see Figure 4))

9 Pressurized heavy water reactor (PHWR) NPP (Generation-III, current Up to 32%
fleet) (reactor coolant: Py, = 10 MPa (T, = 311°C) and T = 260-310°C;
Rankine cycle steam-turbine parameters: P = 4.6 MPa and T, = T, = 259°C
and steam reheat at 1 P, ~ 1 MPa and T;, ~ 240°C)

Table 1.
Typical ranges of thermal efficiencies (gross) of modern thermal and nuclear power plants (NPPs) [4, 5]
(for details including schematics and T-s diagrams, see Handbook [6] and Dragunov et al. [7]).

Russia—59%; UK—44%; Italy—42%; and in USA—34%) [4, 5]. More details on
ThPPs can be found in Pioro and Kirillov [8] and many other sources.

Also, at SCPs there is no liquid-vapor-phase transition; therefore, there is no
such phenomenon as critical heat flux (CHF) or dryout. It is only within a certain
range of parameters a deteriorated heat transfer (DHT) regime may occur. Work in
this area was mainly performed in Germany, USA, former USSR, and some other
countries in the 1950-1980s [9].

1.2 Future applications of SCFs in next-generation nuclear-power reactors
and NPPs

At the end of the 1950s and the beginning of the 1960s, early studies were
conducted to investigate a possibility of using SCW in nuclear reactors. Several
concepts of nuclear reactors using SCW were developed in Great Britain, France,
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USA, and former USSR. However, this idea was abandoned for almost 30 years with
the emergence of light water reactors (LWRs), but regained interest in the 1990s
following LWRs maturation ([6, 9-13]).

This interest was triggered by economical considerations, because nuclear power
plants (NPPs) with LWRs (and, especially, with PHWRs) have relatively low ther-
mal efficiencies within the range of 30-36% for Generation-III reactors and up to
37% (38%) for advanced reactors of Generation-III+ (see Table 1) compared to
those of modern ThPPs (up to 62% for combined-cycle plants and up to 55% for
SCP Rankine cycle plants (see Table 1)) [6]. Therefore, NPPs with various designs
of water-cooled reactors at subcritical pressures cannot compete with modern
advanced ThPPs. Also, it should be noted that currently, water-cooled reactors are
the vast majority of nuclear-power reactors in the world [14, 15]: (1) PWRs—

No. Nuclear power plant Gross
eff., %
1 Very high-temperature reactor (VHTR) NPP (reactor coolant—helium (SCF): >55

P =7 MPa and T;,/Tou = 640/1000°C; primary power cycle—direct SCP Brayton
helium-gas-turbine cycle; possible back-up—indirect Brayton or combined cycles
(see Figures 5 and 6))

2 Gas-cooled fast reactor (GFR) or high-temperature reactor (HTR) NPP (reactor >50
coolant—helium (SCF): P = 9 MPa and T,/ T oyt = 490/850°C; primary power
cycle—direct SCP Brayton helium-gas-turbine cycle (see Figure 7); possible
back-up—indirect SCP Brayton or combined cycles (see Figures 8 and 9))

3 Supercritical water-cooled reactor (SCWR) NPP (one of Canadian concepts; reactor 45-50
coolant—SC light water: P = 25 MPa and T/ Toyu = 350/625°C (T, = 374°C); direct
cycle; SCP Rankine cycle with high-temperature secondary-steam superheat:
Tout = 625°C; possible back-up-indirect SCP Rankine “steam”-turbine cycle with
high-temperature secondary-steam superheat) (for details of SCP Rankine cycle, see
Table 1 Item No. 2 and Figure 1)

4 Molten salt reactor (MSR) NPP (reactor coolant—sodium-fluoride salt with ~50
dissolved uranium fuel: T,/ Ty = 700/800°C; primary power cycle—indirect SCP
carbon dioxide Brayton gas-turbine cycle; possible back-up—indirect Rankine
steam-turbine cycle)

5 Lead-cooled fast reactor (LFR) NPP (Russian design BREST-OD-300": reactor ~41-43
coolant—liquid lead: P ~ 0.1 MPa and T,/ Toy: = 420/540°C; primary power
cycle—indirect subcritical-pressure Rankine steam cycle: P;, ~ 17 MPa
(Per = 22.064 MPa) and T/ Toue = 340/505°C (T, = 374°C); high-temperature
secondary-steam superheat (in one of the previous designs of BREST-300 NPP
primary power cycle was indirect SCP Rankine “steam” cycle: P;, ~ 24.5 MPa
(Per = 22.064 MPa) and Tin/Toue = 340/520°C (T, = 374°C); also, note that power-
conversion cycle in a different LFR designs from other countries is based on SCP
carbon dioxide Brayton gas-turbine cycle

6 Sodium-cooled fast reactor (SFR) NPP (Russian design BN-600: reactor coolant— ~40
liquid sodium (primary circuit): P ~ 0.1 MPa and T,/ Toy = 380/550°C; liquid sodium
(secondary circuit): Tin/Toue = 320/520°C; primary power cycle—indirect Rankine
steam-turbine cycle: P;, ~ 14.2 MPa (T, ~ 337°C) and Tip max = 505°C (T, = 374°C);
secondary-steam superheat: P ~ 2.45 MPa and T,/ Ty = 246/505°C; possible back-up
in some other countries—indirect SCP carbon dioxide Brayton gas-turbine cycle)

"BREST-OD-300 is Fast Reactor with “NATural safety”-Test-Demonstration in Russian abbreviations
(BPECT-OD-300—DbBuvicmpuuii Peakmop ¢ ECTecmeennoii 6esonacnocmio—Onuimno —/emoncmpayuoniotit).

Table 2.
Estimated ranges of thermal efficiencies (gross) of Generation-IV NPP concepts (Generation-IV concepts are
listed according to thermal-efficiency decrease) [6, 16].
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299 units or 68% from the total number of 441 units; (2) BWRs—65 units or 15%;
(3) PHWRs—48 units or 11%; (4) light water, graphite-moderated reactors
(LGRs)—13 units of 3%.

Therefore, six concepts of nuclear-power reactors/NPPs of next generation,
Generation-IV, were proposed (see Table 2), which will have thermal efficiencies
comparable with those of modern thermal power plants. Supercritical water-cooled
reactor (SCWR) is one of these six concepts under development in a number of
countries [6, 17]. Analysis of Generation-IV concepts listed in Table 2 shows that
SCFs, such as helium and water, will be used as reactor coolants, and SCFs such as
helium, nitrogen (or mixture of nitrogen (80%) and helium (20%)), carbon diox-
ide, and water will be used as working fluids (WFs) in power Brayton and Rankine
cycles (critical parameters of selected SCFs are listed in Table 3). However, it
should be mentioned that helium as the reactor coolant and as the working fluid in
Brayton power cycle will be at supercritical conditions, which are far above by
pressure and temperature critical parameters, that is, helium will behave as
compressed gas.

Nowadays, the most widely used SCFs are water, carbon dioxide, and refriger-
ants [9]. Quite often, carbon dioxide and refrigerants are considered as modeling
fluids and used instead of SCW due to significantly lower critical pressures and
temperatures, which decreases the complexity and costs of thermalhydraulic
experiments. However, they can be/will be used as working fluids in new SCP
power cycles: Brayton and Rankine ones [6] (for details, see Table 3).

Also, other applications of SCFs will be discussed in the following chapters and
are listed in Pioro and Duffey [9].

No. Fluid Molar Ter P, Per Application in power engineering at
mass SCPs

kg/kmol °C MPa kg/m3

=

Carbon dioxide,"  44.01 30.978 7.3773 467.6  WF in Brayton and Rankine power

CO, cycles (see Figures 5 and 6)
2 Ethanol, C,HsO 46.068 24156 6.268 273.19 N/A
3 Helium,? He 4.0026 Reactor coolant in VHTR & GFR (see
Figure 7); WF in Brayton power cycle
(see Figure 7)
4 Methanol, CH;OH 32.042 239.45 8.1035 275.56 N/A

5 Nitrogen, N, 28.013 -146.96 3.3958 313.3 WF in Brayton cycle (also, mixture of
N, (80%) & He (20%) is proposed (see
Figures 8 and 9))

6 R-12, CCLF, 12091 111.97 4.1361 565.0 Modeling fluid in thermalhydraulic
tests

7 R-134a, CF;CH,F  102.03 101.06 4.0593 511.9 Modeling fluid in thermalhydraulic
tests

8 Water?, H,0 18.015  373.95 22.064 322.0 WEF in Rankine cycle of coal-fired
ThPP; reactor coolant in SCWR; WF in
Rankine power cycle (see Figure 1)

223 Thermodynamics diagrams: P-T and T-s can be found in Handbook [6].
3Thermodynamics diagrams: P-T and T-s are shown in Figure 10.

Table 3.
Critical parameters of selected fluids and gases (based on NIST [25]).
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2. Specifics of thermophysical properties of SCFs

Prior to a general discussion on specifics of forced-convective heat transfer at
critical and supercritical pressures, it is important to define special terms and
expressions used at these conditions [6, 9]. For a better understanding of these

No. Literature Fluid P, MPa T, °C Properties
source
1 Pioroetal.  Properties of selected metals, alloys, and diamond
[19] Properties of selected insulating materials

Radiative properties of selected materials

Properties of selected nuclear fuels

Properties of selected gases at atmospheric pressure
Properties of selected cryogenic gases

Properties of selected fluids on saturation line
Properties of selected supercritical fluids

Properties of selected liquid alkali metals
Thermophysical properties of nuclear-reactor coolants

2 Handbook [6] H,0, CO,, He - - T-s diagrams
H,0 (BWR, PHWR, 7,11, 15 50375 p,k, p vy cpy H, Pr,
PWR)
H,0 (SCW) P, 25, 30, 35, 350-600 Dy ks iy Uy cp, H, Pr,
40
CO, (SC COy) P.., 8.4,10.0, 0-165  p, ks pt, vy cpy H, Pr,
11.7
He P, and other =~ Range of T k, cps B
pressures
Air, Ar, CO,, He, H,, Kr 0.1 0-1000 Py ks s cp, Pr, B
(gases)
CO, (AGR) 4 250-1000 Py ks iy cpy H, Pr,
FLiNaK (MSR) 0.1

H,0/SCW (PWR/SCWR) 15.5/25

He (VHTR, GFR) 7,9
Na, Pb, Pb-Bi (SFR, LFR) 0.1
3 Mann and SC R-134a P, 5,10, 13, -100-175 k, cps B
Pioro [20] 15
4 Guptaetal. SCw 25.0 (05-1.6)%  p ks p,cp, H, Pr
[21] SC CO, 8.4
SC R-134a (three fluids 4.6
on same graph)
5 Pioro and H,0 - - T-s diagram
Mokry [22
okry (22] H,0 (SCW) Py 25,30,35  350-600  p, k, i, vy cpy H, Pr,
R-12 (SC R-12) P, 4.65 0-350 py ke, i, v, cpy H, Pr,
6 Pioro and R-134a (SC R-134a) P, 4.6 70-150 ps> ks iy v, cp, H, Pr, B
Duffey [9]

"Pressures for SC carbon dioxide, R-134a, and R-12 are equivalent for SCW pressure of 25 MPa, based on, so-called,

reduced-pressure scalin, (L> = (L) .
4 S\ i~ \Per) sow

Table 4.
Selected list of literatuve sources on thermophysical properties of fluids, gases, and other materials.
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terms and expressions their definitions are listed in Glossary (see below) (also, see
Figures 10-35). Specifics of thermophysical properties at SCPs are described in
Pioro et al. [23]; Handbook [6]; Mann and Pioro [24]; Gupta et al. [25]; Pioro and
Mokry [26]; and Pioro and Duffey [9] (for more details, see Table 4).

Glossary

Compressed fluid is the fluid at a pressure above the critical pressure, but at a
temperature below the critical temperature (see Figure 10).

Critical point (also called a critical state) is the point in which the distinction
between the liquid and gas (or vapor) phases disappears (see Figure 10), that is,
both phases have the same temperature, pressure, and specific volume or density.
The critical point is characterized with the phase-state parameters: T, Pc; and v,
(or p.r), which have unique values for each pure substance.

Deteriorated heat transfer (DHT) is characterized with lower values of the
HTC compared to those for normal heat transfer (NHT); and hence, has higher
values of wall temperature within some part of a heated channel (see Figures 12,
13a, 24b, 25b, 27, 31, and 35) or within the entire heated length (see Figure 14b).

Improved heat transfer (IHT) is characterized with higher values of the HTC
compared to those for NHT; and hence, lower values of wall temperature within
some part of a heated channel (see Figures 12, 21, 25, 27b, 33, and 34) or within the
entire heated length. In our opinion, the IHT regime or mode includes peaks or
“humps” in the HTC profile near the critical or pseudocritical points.

Normal heat transfer (NHT) can be characterized in general with HTCs similar
to those of subcritical convective heat transfer far from the critical or pseudocritical
regions, when they are calculated according to the conventional single-phase
Dittus-Boelter-type correlations: Nu = 0.0243 Re%8Pr’* (see Figures 12, 13a, 14a,
21, 24, 25, 27, and 30-34).

Overheated vapor is the vapor at pressures below the critical pressure, and at
temperatures above the saturation temperature, but below the critical temperature
(see Figure 10).

Pseudocritical line is the line, which consists of pseudocritical points (see Figure 10).

Pseudo-boiling is a physical phenomenon similar to subcritical-pressure nucleate
boiling, which may appear at SCPs. Due to heating of an SCF with a bulk-fluid
temperature below the pseudocritical temperature (high-density fluid, i.e., “liquid-
like”) (see Figures 10, 11, 13b and 15), some layers near the heated surface may
attain temperatures above the pseudocritical temperature (low-density fluid, i.e.,
“gas-like”). This low-density “gas-like” fluid leaves the heated surface in a form of
variable density volumes (bubbles). During the pseudo-boiling, the HTC usually
increases (IHT regime).

Pseudocritical point (characterized with P and T),) is the point at a pressure
above the critical pressure and at a temperature (T}, > T,,) corresponding to the
maximum value of specific heat at this particular pressure (see
Figures 10, 11, and 13b).

Pseudo-film boiling is a physical phenomenon similar to subcritical-pressure
film boiling, which may appear at SCPs. At pseudo-film boiling, a low-density fluid
(a fluid at temperatures above the pseudocritical temperature, i.e., “gas-like”) pre-
vents a high-density fluid (a fluid at temperatures below the pseudocritical tem-
perature, i.e., “liquid-like”) from contacting (“rewetting”) a heated surface.
Pseudo-film boiling leads to the DHT regime.

Supercritical fluid is the fluid at pressures and temperatures that are higher than
the critical pressure and critical temperature (see Figure 10). However, in the
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present paper, the term supercritical fluid usually includes both terms—supercritical
fluid and compressed fluid.

Supercritical “steam” is actually supercritical water, because at supercritical
pressures fluid is considered as a single-phase substance (see Figure 10). However,
this term is widely (and incorrectly) used in the literature in relation to supercriti-
cal-“steam” generators and turbines.
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Figure 1.

T-s diagram of generic SCP Rankine “steam”-turbine power cycle (modern advanced coal-fired thermal power
plants and future SCWR NPPs) [6, 7].
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Figure 2.

T-s diagram of generic subcritical-pressure Rankine steam-turbine power cycle (older coal-fired thermal power
plants and AGR Torness NPP) [6, 7].
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Figure 3.
T-s diagram of generic subcritical-pressure Rankine steam-turbine power cycle (old coal-fired thermal power
plants and SFR NPPs) [6, 7].

Superheated steam is the steam at pressures below the critical pressure, but at
temperatures above the critical temperature (see Figure 10).

Also, profiles of the basic thermophysical properties (density, thermal conduc-
tivity, dynamic viscosity, specific heat and specific enthalpy) and Prandtl number
for four SCFs: water, ethanol, methanol, and carbon dioxide; at critical and one
supercritical pressure, which is 25 MPa for water and the corresponding to that
equivalent pressures for all other SCFs vs. reduced temperature (temperature) are
shown in Figures 15-20.

3. Specifics of forced-convection heat transfer at supercritical pressures
3.1 Vertical bare tubes

Water is the most widely used coolant or working fluid at SCPs. The largest
application of SCW is in SC “steam” generators and turbines, which are widely used
in the thermal power industry worldwide. Currently, upper limits of pressures and
temperatures used in the thermal-power industry are about 30-38 MPa and
600-625°C, respectively (see Table 1). A new direction in SCW application in the
power industry has been the development of SCWR concepts (see Table 2), as part
of the Generation-IV International Forum (GIF) [27] initiative (for details, see
[6, 9-13, 28-30]; and Proceedings of the International Symposiums on SCWRs
(ISSCWR) (selected augmented and revised papers from ISSCWRs have been
published in the ASME Journal of Nuclear Engineering and Radiation Science in
2020, Vol. 6 No. 3; in 2018, Vol. 4, No. 1, and 2016, Vol. 2, No. 1).

Experiments at SCPs are very expensive and require sophisticated equipment
and measuring techniques. Therefore, some of these studies (e.g., heat transfer in
fuel-bundle simulators) are proprietary and, hence, usually are not published in
open literature.

The majority of studies deal with heat transfer and hydraulic resistance of
working fluids, mainly water, carbon dioxide, refrigerants, and helium, in circular
bare tubes [9, 22, 31-34]. A limited number of studies were devoted to heat transfer
and pressure drop in annuli and bundles [9, 10, 35-45].

9
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T-s diagram of generic subcritical-pressure Rankine saturated-steam-turbine power cycle (PWR and BWR

NPPs) [6, 7].
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Layout of 600-MW,, VHTR NPP with SC-CO, power cycle (based on figure from Bae et al. [17]) [18].
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Figure 6.
T-s diagram for 600-MW,, VHTR NPP with SC-CO, (S-CO,) power cycle (based on Figure 5) [18].

New experiments in the 1990s-2000s were triggered by several reasons: (1)
thermophysical properties of SCW have been updated from the 1950s-1970s, for
example, a peak in thermal conductivity in the critical/pseudocritical points was
“officially” introduced in the 1990s; (2) experimental techniques have been
improved; (3) in SCWRs various bundle flow geometries will be used instead of
bare-tube geometry; and (4) in SC “steam” generators of thermal power plants
larger diameter tubes/pipes (20-40 mm) are used, however, in SCWRs hydraulic-
equivalent diameters of proposed bundles will be within 5-12 mm.

Accounting that SCW, SC carbon dioxide and SC R-12 are the most widely
used fluids, specifics of heat transfer, including generalized correlations, will
be discussed in this paper. Specifics of heat transfer and pressure drop at
other conditions and/or for other fluids are discussed in the book by Pioro and
Duffey [9].

All primary sources (i.e., all sources found by the authors from a total of 650
references dated mainly from 1950 till beginning of 2006) of heat transfer experi-
mental data for water and carbon dioxide flowing inside circular tubes at supercrit-
ical pressures are listed in the book by Pioro and Duffey [9].

In general, three major heat transfer regimes (for their definitions, see Section 2,
Glossary) can be noticed at critical and supercritical pressures (for details, see
Figures 12, 13a, 14, 21, 24, 25, 27, 30-35):

11



Advanced Supercritical Fluids Technologies

Figure 7.
Schematic of 600-MW,;, GFR concept considered initially by GIF with divect Brayton helium cycle (Courtesy of
GIF) (see also [6]).
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— é/\ 7 [
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Figure 8.
Layout of 2400-MWy,, GFR NPP with He-N, indirect combined power cycle (based on figure from Anzieu
[23]) [18].

1.Normal heat transfer;
2.Improved heat transfer; and
3. Deteriorated heat transfer.

Also, two special phenomena (for their definitions, see Section 2, Glossary) may
appear along a heated surface: (1) pseudo-boiling; and (2) pseudo-film boiling.

12



Supercritical-Fluids Thermophysical Properties and Heat Transfer in Power-Engineering...
DOI: http://dx.doi.org/10.5772 /intechopen.91474

Specific Entropy (He-N,), kJ/kg K
1 1 1 11
0.0 10.2 10.4 106 10 1.0 1.2 &

......... ,.,..,_..-,-.,.,,_:3\:*1.,...

800 | {0@#\

700 |

600

Temperature,’C
&
g 8

J

0 .
230 23.5 240 24 .5 25.0 25.5 286.0 28 .5
Specific Entropy (He), kg K

o 1 2 3 4 &5 & 71 B 9
Specific Entropy (H,0), kl'kg-K

Figure 9.
T-s diagrams of 2400-MW,, GER NPP combined power cycle (based on Figure 8) [18].
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Figure 10.

Thermodynamics diagrams for water: (a) pressure-temperature and (b) temperature-specific entropy (based
on NIST [25]).

These heat transfer regimes and special phenomena appear to be due to significant
variations of thermophysical properties near the critical and pseudocritical points
and due to operating conditions.

Therefore, the following conditions can be distinguished at critical and SCPs:

a. Wall and bulk-fluid temperatures are below a pseudocritical temperature

within a part of (see Figure 12) or the entire heated channel (see Figures 14a,
24a, and 30);

13
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Profiles of selected thermophysical properties (density, specific heat, thermal conductivity, and dynamic
viscosity) vs. temperature for SCW at pressure of 24.0 MPa (based on NIST [25]).

b. Wall temperature is above, and bulk-fluid temperature is below a
pseudocritical temperature within a part of (see Figures 13a, 31, 34, and 35)
or the entire heated channel (see Figure 14b);

c. Wall temperature and bulk-fluid temperature is above a pseudocritical
temperature within a part of or the entire heated channel (see Figures 12,
13a, 21, 31-35);

d. High heat fluxes (see Figures 13a, 24 and 25);

e. Entrance region (see Figures 12, 13a, 32, and 34);

f. Upward and downward flows;

g. Horizontal flows; and

h. Effect of gravitational forces at lower mass fluxes; etc.

All these conditions can affect SC heat transfer.

Figure 13b shows bulk-fluid-temperature and thermophysical-properties (ther-
mal conductivity, dynamic viscosity, specific heat, and Prandtl number) profiles
along the heated length of a vertical bare circular tube (operating conditions in this
figure correspond to those in Figure 13a).

Some researchers have suggested that variations in thermophysical properties
near critical and pseudocritical points result in the maximum value of HTC. Thus,
Yamagata et al. [46] found that for SCW flowing in vertical and horizontal tubes,
the HTC increases significantly within the pseudocritical region (Figure 21). The
magnitude of the peak in HTC decreases with increasing heat flux and pressure. The
maximum HTC values correspond to a bulk-fluid enthalpy, which is slightly less
than the pseudocritical bulk-fluid enthalpy.

14
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Temperature and HTC profiles along heated length of vertical bare tube with upward flow of SCW (data by
Kivillov et al. [26]): D = 10 mm; Ly, = 4 m; qane = 316 kW/m” at G = 503 kg/m’s; points—experimental data;
curves—calculated data; curve for HTC is calculated through Dittus-Boelter correlation (Eq. (1)). Profiles of
density, specific heat, thermal conductivity, and dynamic viscosity vs. temperature for SCW at pressure of
24.0 MPa arve shown in Figure 11. Uncertainties of primary parameters are listed in Table 5.
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(a) Temperature and HTC profiles along heated length of vertical bare tube with upward flow of SCW

(data by Kirillov et al. [26]): D = 10 mm; Ly, = 4 m; points—experimental data; curves—calculated data.
Uncertainties of primary parameters are listed in Table 5; and (b) temperature and thermophysical-properties
profiles along heated length of vertical tube: operating conditions in this figure correspond to those in (a);

and thermophysical properties based on bulk-fluid temperature. Profiles of density, specific heat, thermal
conductivity, and dynamic viscosity vs. temperature for SCW at pressure of 24.0 MPa are shown in Figure 11.
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3.2 Vertical annular channel, and three- and seven-rod bundles cooled
with SCW

In future SCWRs the main flow geometry will be bundles of various designs [6, 10].
Therefore, a limited number of experiments have been performed in simplified
bundle simulators cooled with SCW and heated with an electrical current [10, 35-44].
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Figure 14.

Profiles of bulk-fluid and inside-wall temperatures, and HTC along heated length of vertical bave tube with
upward flow of SCW at various heat fluxes: (a) q = 944 kW/m?; T}, ;,, = 313°C (entrance region can be
identified within Ly, = 0-150 mm) and (b) q = 2079 kW/m?; T}, ;,, = 308°C (data by Razumovskiy et al.). For
both graphs, qun: = 1575 kW/m® at G = 2193 kg/m?s (based on Eq. (5) [51]: P = 23.5 MPa; G = 2193 kg/m®s;
and. Points—experimental data; curves—calculated data; curves for HTC and T, are calculated through
Dittus-Boelter correlation (Eq. (1) ). Uncertainties of primary parameters are similar to those listed in Table 6.
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Density profiles vs. reduced temperature and temperature for water, carbon dioxide, ethanol, and methanol
(based on NIST [25]) (prepared by D. Mann): (a) at critical pressuves; and (b) at 25 MPa for water and
equivalent pressures for other SCFs (based on reduced-pressure scaling (for details, see Table 4 and [21])).
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Figure 16.

Thermal-conductivity profiles vs. reduced temperature and temperature for water, carbon dioxide, ethanol,
and methanol (based on NIST [25]) (prepared by D. Mann): (a) at critical pressuves; and (b) at 25 MPa for
water and equivalent pressuves for other SCFs (based on reduced-pressuve scaling (for details, see Table 4 and

[21])).
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Dynamic-viscosity profiles vs. reduced temperature and temperature for water, carbon dioxide, ethanol, and
methanol (based on NIST [25]) (prepared by D. Mann): (a) at critical pressures; and (b) at 25 MPa for
water and equivalent pressuves for other SCFs (based on reduced-pressure scaling (for details, see Table 4 and

[21])).
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Figure 18.

Specific-heat profiles vs. reduced temperature and temperature for water, carbon dioxide, ethanol, and
methanol (based on NIST [25]) (prepared by D. Mann): (a) at critical pressures; and (b) at 25 MPa for
water and equivalent pressures for other SCFs (based on reduced-pressure scaling (for details, see Table 4 and

[21])).
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Specific-enthalpy profiles vs. reduced temperature and temperature for water, carbon dioxide, ethanol, and
methanol (based on NIST [25]) (prepared by D. Mann): (a) at critical pressures; and (b) at 25 MPa for
water and equivalent pressuves for other SCFs (based on reduced-pressure scaling (for details, see Table 4 and

[21])).
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Prandtl-Number profiles vs. reduced temperature and temp.
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Figure 21.

Heat transfer coefficient vs. bulk-fluid enthalpy in vertical tube with upward flow of SCW at various heat

fluxes (data from Yamagata et al. [46]).
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An annulus or a one-rod (single-rod) bundle is the simplest bundle geometry

(see Figures 22a and 23), and Figure 24 shows profiles of bulk-fluid and wall temper-
atures, and HTC along heated length of vertical annular channel (one-rod bundle).
Figures 22b and 23 show three-rod-bundle flow geometry, and Figure 25 shows pro-
files of bulk-fluid and wall temperatures, and HTC along heated length of vertical
three-rod bundle. Figure 26 shows seven-rod-bundle flow geometry, and Figure 27
shows profiles of bulk-fluid and wall temperatures, and HTC along heated length of the
vertical seven-rod bundle.

Analysis of data in Figures 25b and 27b shows that all three HT regimes, which
were noticed in bare circular tubes, are also possible in annuli and bundle flow
geometries. Figures 24 and 25 show a comparison between the HTC experimental
data obtained in annulus and three-rod bundle with those calculated through the
Dittus-Boelter correlation (Eq. (1)). The comparison showed that, in general,
there is no significant difference between calculated HTC values and experimental
ones. This finding means that in spite of the presence of rod(s) with four helical
ribs in SCW flow, which can be considered as an HT enhancement surface(s),
there is no significant increase in HTC. However, when qgp, values reached in
SCW-cooled annulus and 3- and seven-rod bundles were compared to those
obtained in bare tubes, it was found that g4y in bare tubes were 1.6-1.8 times lower
(see Table 7).

Figure 22.
3-D image of vertical annular channel (a) and three-vod bundle (b) cooled with upward flow of SCW (for
other details, see Figure 23) [35]: heated rods equipped with four helical ribs.

[0 55-304 pressure tube

[£] Shaped dielectric displacer
B Super Critical Water coolant
/ 55-304 distancing fin

1D of tube: 4.5 mm
QD of tube: 5.2 mm
Height of ribs: 0.6 mm
- @332 »- Width of ribs: 1 mm

Figure 23.

Radial cross-sections of annular channel (single vod) and three-rod bundle (for other details, see Figure 22)
[35]: heated rods equipped with four helical vibs; all dimensions in mm; and Ukrainian stainless steel has been
used for heated rods, by content and other parameters, this steel is very close to those of SS-304.
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3.3 Vertical seven-rod bundle cooled with SC R-12

Figures 28 and 29 show a seven-rod bundle test section, which can be consid-
ered as a bare bundle, and Figures 30 and 31 show profiles of bulk-fluid and wall
temperatures, and HTC vs. heated length of the central rod at three circumferential
locations. Analysis of Figures 30 and 31 shows that we also have here all three HT
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Profiles of bulk-fluid and wall temperatures, and HTC along heated length of vertical annular channel
(one-rod bundle; rod with four helical ribs) cooled with upward flow of SCW ([36])—P = 22.6 MPa and
G = 2000 kg/m?s (bare tube quy, = 1431 kW/m* (based on Eq. (5)): (a) qaye = 2.244 MW/m® and

T =

210°C; and (b) Gape = 2.547 MW/m? and T;, = 214°C). For details of test section, see Figure 23.

Points ave experimental data; curves are calculated data; curves for HTC and Ty, are calculated through
Dittus-Boelter correlation (Eq. (1)). Uncertainties of primary pavameters ave listed in Table 6.
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Profiles of bulk-fluid and wall temperatures, and HTC along heated length of vertical annular channel
(three-rod bundle; each rods with 4 helical vibs) cooled with upward flow of SCW ([36])—P = 27.5 MPa;
Gave = 3-07 MW/m?; G = 1500 kg/m>s (bave tube qa,; = 1059 kW/m? (based on Eq. (5)): (a) T, = 166°C
and (b) Ty, = 212°C. Bare tube qa,, = 1431 kW/m* at G = 2000 kg/m’s (based on Eq. (5)); for details of test
section, see Figure 23). Points are experimental data; curves are calculated data; curves for HTC and T, are
calculated through Dittus-Boelter correlation (Eq. (5)). Uncertainties of primary parameters are listed in

Table 6.
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{a) (b

Figure 26.

3-D view (a) and cross-sectional view of vertical seven-rod bundle (b) cooled with upward flow of SCW
[41, 42]: heated rods equipped with four helical ribs; all dimensions in mm; and Ukrvainian stainless steel has
been used for heated rods, by content and other parameters this steel is very close to those of SS-304.
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Figure 27.

Profiles of bulk-fluid and wall temperatures, and HTC vs. heated length; vertical seven-rod bundle (see Figure 26)
cooled with upward flow of SCW [42]: P = 22.6 MPa. Uncertainties of primary parameters ave listed in Table 6.
(a) G = 1000 kg/m’s; qupe = 1.29 MW/m? (bare tube 4z = 0.69 MW/m?); Ty, = 178°C; and central and
peripheral rods; (b) G = 1000; Gape = 1.29 MW/m? (bave tube quy, = 0.69 MW/m?); T;, = 178°C; and

G = 800 kg/m?s; qpe = 1.18 MW/m? (bare tube qa; = 0.54 MW/m?); Ty, = 210°C; and central rod.

regimes plus sometimes quite significant differences in local HTC values and wall
temperatures around the central rod circumference.

4. Practical prediction methods for forced-convection heat transfer at
supercritical pressures

4.1 Supercritical water (SCW)

Unfortunately, satisfactory analytical methods for practical prediction of forced-
convection heat transfer at SCPs have not yet been developed due to the difficulty
in dealing with steep property variations, especially, in turbulent flows and at high
heat fluxes [10, 48]. Therefore, generalized correlations based on experimental data
are used for HTC calculations at SCPs.

There are numerous correlations for convective heat transfer in circular tubes at
SCPs (for details, see in Pioro and Duffey [9]). However, an analysis of these
correlations has shown that they are more or less accurate only within the particular
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Spacer grid locations and dimensions (all dimensions are in mm) [43].

dataset, which was used to derive the correlation, but show a significant deviation
in predicting other experimental data. Therefore, only selected correlations are
considered below.

In general, many of these correlations are based on the conventional Dittus-
Boelter-type correlation (see Eq. (1)) in which the “regular” specific heat (i.e.,
based on bulk-fluid temperature) is replaced with the cross-sectional averaged

specific heat within the range of (T,, — T}); (?z :?:) , J/kg K. Also, additional terms,

such as: (f—i)k; (I’;—Z)m, (”—:)n; etc., can be added into correlations to account for
significant variations in thermophysical properties within a cross-section due to a
nonuniform temperature profile, that is, due to heat flux.

It should be noted that usually generalized correlations, which contain fluid
properties at a wall temperature, require iterations to be solved, because there are
two unknowns: (1) HTC and (2) the corresponding wall temperature. Therefore,
the initial wall temperature value at which fluid properties will be estimated should
be “guessed” to start iterations.

The most widely used heat transfer correlation at subcritical pressures for forced
convection is the Dittus-Boelter [49] correlation. In 1942, McAdams [50] proposed
to use the Dittus-Boelter correlation in the following form, for forced-convective
heat transfer in turbulent flows:
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7 electrically heated pins OD 9.5mm 3 spacer grids
s

Figure 29.
Photo of central part of 7-element bundle with spacer grid [43].

Nup, = 0.0243 Rep8Pr)* (1)

However, it was noted that Eq. (1) might produce unrealistic results at SCPs
within some flow conditions (see Figure 12), especially, near the critical and
pseudocritical points, because it is very sensitive to properties variations.

In general, experimental HTC values show just a moderate increase within the
pseudocritical region. This increase depends on mass flux and heat flux: higher heat
flux—Iless increase. Thus, the bulk-fluid temperature might not be the best charac-
teristic temperature at which all thermophysical properties should be evaluated.
Therefore, the cross-sectional averaged Prandtl number, which accounts for
thermophysical-properties variations within a cross-section due to heat flux, was
proposed to be used in many SC HT correlations instead of the regular Prandtl
number. Nevertheless, this classical correlation (Eq. (1)) was used extensively as a
basis for various SC HT correlations [9].

The majority of empirical correlations were proposed in the 1960s-1970s [9],
when experimental techniques were not at the same level (i.e., advanced level) as
they are today. Also, thermophysical properties of SCW have been updated since
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7-Element Bundle; Vertical, Upward flow
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Figure 30.

Bulk-fluid and wall temperatures, and HTC profiles along heated length of vertical bare 7-element bundle
(Dhy = 4.7 mm) cooled with upward flow of SC R-12 [43, 44]: Run 3: P;,, = 4.65 MPa; G = 508 kg/m’s;
Gave = 19-4 kW/m?, and T;, = 74°C.

that time (for example, a peak in thermal conductivity in critical and pseudocritical
points within a range of pressures from 22.1 to 25 MPa for water was not officially
recognized until the 1990s).

Therefore, new correlations within the SCWRs operating range, were developed
and evaluated by I. Pioro with his students (mainly, by S. Mokry et al. (bulk-fluid-
temperature approach) and S. Gupta et al. (wall temperature approach)) using the
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7-Element Bundle; Vertical, Upward flow
R-12: P, =4.635MPa, T_=112°C

Q=6.98 kW, G = 517.2 kg/m’s, I:ZtmII = 4.7 mm
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Figure 31.

Bulk-fluid and wall temperatures, and HTC profiles along heated length of vertical bare 7-element bundle
(Diy = 4.7 mm) cooled with upward glow of SC R-12 [43, 44]: Run 7: Py, = 4.64 MPa; G = 517 kg/m’s;
Gave = 33-4 kW/m?, and T;, = 112°C.

best SCW dataset by P.L. Kirillov and his co-workers and adding smaller datasets by
other researchers:

1. Pioro-Mokry correlation (bulk-fluid-temperature approach) [51, 52]:
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0684 0.564
Nuy = 0.0061 Re?9%Pr,* (p—W> . Q)
Py

The Pioro-Mokry correlation (Eq. (2)) was verified within the following operat-
ing conditions (only for NHT and IHT regimes (see Figures 32 and 33), but not for
the DHT regime): SCW, upward flow, vertical bare circular tubes with inside
diameters of 3-38 mm, pressure—22.8-29.4 MPa, mass flux—200-3000 kg/mzs,
and heat flux—70-1250 kW/m?. All thermophysical properties of SCW were calcu-
lated according to NIST REFPROP software [25]. This correlation has accuracy of
+25% for HTCs and +15 for wall temperatures (Figure 34). Eventually, this
nondimensional correlation can be also used for other SCFs. However, its accuracy
can be less or even significantly less in these cases.

2. Pioro-Gupta correlation (wall temperature approach) [53]:

0764 0.398 0.156
Nu,, = 0.0033 Ref,’v‘941Prw : (’ﬁ) </’_w) 3)
Hp Pb

Eq. (3) has an uncertainty of about £25% for HTC values and about £15% for
calculated wall temperatures within the same ranges as those for Eq. (2). Also, it was
decided to add an entrance effect to make this correlation even more accurate. This
entrance effect was modeled by an exponentially-decreasing term as shown below:

Nu, = Nu,, { 1+ exp (— %)} 0‘3, (4)
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Figure 32.

Temperature and HTC profiles along 4-m civcular tube (D = 10 mm) with upward flow of SCW (data by
Kirillov et al. [26]) [54]: Py, = 24 MPa, G = 500 kg/m’s; qape = 287 kW/m?; comparison of calculated HTC
values through the “proposed correlation”—Eq. (2) with experimental data within Normal Heat Transfer
(NHT) regime.
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Figure 33.

Temperature and HTC profiles along circular tube (D = 7.5 mm) with upward, ﬂaw of SCW (data by
Yamagata et al. [46]) [54]: P, = 24.5 MPa; G = 1260 kg/m>s; §ape = 233 kW/m?; compavison of calculated
HTC values through the “proposed correlation”—Eq. (2) with experimental data within normal and improved
heat transfer (NHT and IHT) regimes.
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Figure 34.
Wall temperature and HTC profiles along vertical circular tube (D = 8 mm and L = 2.208 m) with upward
flow of SC CO, (data by I. Piovo): P = 8.8 MPa; G = 940 kg/m’s; q = 225 kW/m?, and T;, = 30°C.

where, Nu,, is calculated using Eq. (3). It should be noted that this HT correla-
tion is also intended only for NHT and IHT regimes.

The following empirical correlation was proposed by I. Pioro and S. Mokry for
calculating the minimum heat flux at which the DHT regime appears in vertical
bare circular tubes:
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Figure 35.
Wall temperature and HTC profiles along vertical civcular tube (D = 8 mm and L = 2.208 m) with upward
flow of SC CO, (data by 1. Pioro): P = 8.8 MPa; G = 2000 kg/m’s; q = 428 kW/m?*, and T;, = 29°C.

Pioro-Mokry correlation for ggn: [51]:
Gan = —58.97 +0.745- G, kW/m’. ©)

Correlation (Eq. (5)) is valid within the following range of experimental param-
eters: SCW, upward flow, vertical bare tube with inside diameter 10 mm, pressure
24 MPa, mass flux 200-1500 kg/m?s, and bulk-fluid inlet temperature 320-350°C.
Uncertainty is about £15% for the DHT heat flux.

Wang et al. [33] have evaluated 15 g4p: correlations for SCW, and they have
concluded that Pioro-Mokry correlation (Eq. (5)) “may be used for preliminary
estimations.”

A recent study was conducted by Zahlan et al. [55, 56] in order to develop a heat
transfer look-up table for the critical/SCPs. An extensive literature review was
conducted, which included 28 datasets and 6663 trans-critical heat transfer data
(Figure 35). Tables 8 and 9 list results from this study in the form of the overall-
weighted average and root-mean-square (RMS) errors: (a) within three SC sub-
regions; and (b) for subcritical liquid and superheated steam. Many of the correla-
tions listed in these tables can be found in Zahlan et al. [55, 56] and Pioro and
Duffey [9]. In their conclusions, Zahlan et al. [55, 56] determined that within the SC
region, the latest correlation by Pioro-Mokry [51] (Eq. (2)) showed the best

Parameters Uncertainty

Test-section power +1.0%

Inlet pressure +0.25%

Wall temperature +£3.0%

Mass-flow rate +1.5%

Heat loss <3.0%
Table 5.

Uncertainties of primary parameters [51].
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Parameters Maximum uncertainty
Measured Inlet pressure +0.2%
Bulk-fluid temperature +3.4%
Wall temperature +3.2%
Calculated Mass-flow rate +2.3%
Heat flux +3.5%
HTC +12.7%
Heat loss <3.4%
Table 6.

Maximum uncertainties of measured and calculated parameters [35-40].

No. Test section Operating conditions qdne MW/m? Increase in qane value

compared to that of
bare tube

1 Bare tube P =24.1MPaand G = 2000 kg/m?s 1.43 1.8

2 Annulus P =22.6 MPaand G = 2000 kg/m’s 2.55

3 Bare tube P =24.1MPaand G = 2700 kg/m’s 1.95 16

4 Three-rod bundle P =22.6 MPaand G = 2700 kg/m’s 3.20

5 Bare tube P =24.5MPa and G = 800 kg/m’s 0.54 1.8

6  Seven-rod bundle P =24.5MPaand G = 800 kg/m’s 0.96

Table 7.

Comparison of DHT values in bare-tube, annular channel (one-vod), and three-rod and seven-rod bundles
[35, 42].

prediction for the data within all three sub-regions investigated (based on RMS
error) (see Table 8). Also, the Pioro-Mokry correlation showed quite good pre-
dictions for subcritical-pressure water and superheated steam compared to other
several correlations (see Table 9). Also, it was concluded that Pioro-Gupta correla-
tion (Eq. (3)) was quite close by RMS errors to the Pioro-Mokry correlation.

Chen et al. [57] has also concluded that the Pioro-Mokry correlation for SCW HT
“performs best” compared to other 14 correlations.

4.2 Supercritical carbon dioxide

The following correlation was proposed by S. Gupta (an MASc student of I.
Pioro) [21] for SC carbon dioxide flowing inside vertical bare tubes:

oo 084 /1 \ ~0.75 -0.22
Nu,, = 0.0038Re’*Pr,, <”w> (“’) (w) (6)
P ky Mo

Uncertainties associated with this correlation are +30% for HTC values
and =+ 20% for calculated wall temperatures (see Figures 36 and 37). Ranges of
parameters for the dataset used to develop Eq. (6) are listed in Table 10.

Table 11 list mean and root-mean square (RMS) errors in HTC and T, for
proposed correlations using equations shown below:

It was also decided to develop the g4y correlation for SC carbon dioxide based on
the dataset obtained by I. Pioro in vertical bare tube with upward flow, which
ranges are listed in Table 10 [58]. Therefore, based on the identified 41 cases of
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No. Correlation Regions
Liquid-like Gas-like Critical or pseudocritical
Errors, %
Ave. RMS Ave. RMS Ave. RMS

1 Dittus-Boelter [49] 24 44 90 127 - -

2 Sieder and Tate [59] 46 65 97 132 - -

3 Bishop et al. [60] 5 28 5 20 23 31
4 Swenson et al. [61] 1 31 -16 21 4 23
5 Krasnoshchekov et al. [62] 18 40 -30 32 24 65
6 Hadaller and Banerjee [63] 34 53 14 24 - -

7 Gnielinski [64] 10 36 99 139 - -

8 Watts and Chou [65], NHT 6 30 -6 21 11 28
9 Watts and Chou [65], DHT 2 26 9 24 17 30
10 Griem [66] 2 28 11 28 9 35
11 Koshizuka and Oka [67] 26 47 27 54 39 83
12 Jackson [68] 15 36 15 32 30 49
13 Mokry et al. [51, 52] -5 26 -9 18 -1 17
14 Kuang et al. [69] -6 27 10 24 -3 26
15 Cheng et al. [70] 4 30 2 28 21 85
16 Gupta et al. [53] -26 33 -12 20 -1 18

In bold—minimum values.

Table 8.
Overall-weighted average and RMS errors within three supercritical sub-regions (correlations are listed

according to the year of publication, that is, from early ones to the latest ones) [55, 56].

No. Correlation Subcritical liquid Superheated steam
Error, %
Ave. RMS Ave. RMS
1 Dittus and Boelter [49] 10 23 75 127
2 Sieder and Tate [59] 28 37 84 138
3 Hadaller and Banerjee [63] 27 36 19 34
4 Gnielinski [64] -4 18 80 130
5 Mokry et al. [51] -1 19 -5 20
In bold—minimum values.
Table 9.
Overall average and RMS error within subcritical vegion [55, 56].
P, MPa Tins °C Tous» °C T,, °C 4, kW/m? G, kg/m’s
7.57-8.8 20-40 29-136 29-224 9.3-616.6 706-3169
Table 10.

Ranges of parameters of dataset used to develop Eq. (6).
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Carbon dioxide, P__=6.36 MPa, AP_.=125 kPa, G=1608 kgim's,
Q=5.07 kW, q=90.7 KWim® (unifarm heat flux)
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Figure 36.
HTC and T, variations along L = 2.208 m circular tube (D = 8 mm): q = 90.7 kW/m? P = 8.4 MPa, and G =
1608 kg/m?s. Wall Approach Corr. is Eq. (6) and Mokry et al. Corr. — Eq. (2).

Carbon dioxide, P_=8.60 MPa, AP ,=19.6 kPa, G=2000 kg/m’s,
Q=901 kW, g=161.2 kW/m’" (unform heat flu)
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Figure 37.
HTC and T, variations along L = 2.208 m circular tube (D = 8 mm): q = 161.2 kW/m* P = 8.8 MPa, and G =
2000 kg/m?s. Wall Approach Corr. is Eq. (6) and Mokry et al. Corr. — Eq. (2).
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Errors in HTC (for the reference dataset), %

Mean Error RMS
Proposed new correlation (T}, approach) 0.9% 22.4%
Proposed new correlation (T, approach) 0.2% 21.7%
Proposed new correlation (T, approach—Eq. (6)) 0.8% 20.3%
Swenson et al. [61] correlation 89% 132%
Mokry et al. [51] correlation for SCW 68% 123%
Gupta et al. [53] correlation for SCW 78% 130%

Table 11.
Mean and RMS ervors for HTC values of proposed correlations (values in bold represent minimum errors) [21].

DHT within the SC carbon dioxide dataset, the following correlation for the mini-
mal heat flux at which deterioration occurs was proposed:

Gmin = 66.81+0.18 - G @)

In general, the total pressure drop for forced convection inside a channel can
be calculated according to expressions listed in Pioro and Duffey [9] and Pioro et al. [71].

5. Conclusions

Supercritical fluids are used quite intensively in various industries. Therefore,
understanding specifics of thermophysical properties, heat transfer, and pressure
drop in various flow geometries at supercritical pressures is an important task.

In general, three major heat transfer regimes were noticed at critical and super-
critical pressures in various flow geometries (vertical bare tubes, annulus, three-
and seven-rod bundles) and several SCFs (SCW, SC carbon dioxide, and SC R-12):
(1) normal heat transfer; (2) improved heat transfer; and (3) deteriorated heat
transfer. Also, two special phenomena may appear along a heated channel: (1)
pseudo-boiling; and (2) pseudo-film boiling. These heat transfer regimes and spe-
cial phenomena appear to be due to significant variations of thermophysical prop-
erties near the critical and pseudocritical points and due to operating conditions.

Comparison of heat transfer-coefficient values obtained in bare circular tubes
with those obtained in annulus (one-rod bundle)/three-rod bundle (rod(s)
equipped with four helical ribs) shows that there are almost no differences between
these values. However, the minimal heat flux at which deterioration occurs (gqnt) in
annulus, and three- and seven-rod bundles are in 1.6-1.8 times higher compared to
that recorded in bare tubes.

The current analysis of a number of well-known heat transfer correlations for
supercritical fluids showed that the Dittus-Boelter correlation [49] significantly
overestimates experimental HTC values within the pseudocritical range. The Bishop
et al. [60] and Jackson [68] correlations tend also to deviate substantially from the
experimental data within the pseudocritical range. The Swenson et al. [61] correla-
tion provided a better fit for the experimental data than the previous three correla-
tions within some flow conditions, but does not follow up closely the experimental
data within others.

Therefore, new correlations were developed by Pioro with his students Mokry et al.
[51] (bulk-fluid-temperature approach) and Gupta et al. [21] (wall temperature
approach), which showed the best fit for the experimental data within a wide range of
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operating conditions. These correlations have uncertainties of about +25% for HTC
values and about +15% for calculated wall temperature. Also, based on an independent
study performed by Zahlan et al. [55, 56], Pioro-Mokry correlation (given as Eq. (2)) is
the best for superheated steam compared to other well-known correlations. Also, this
correlation showed quite good predictions for subcritical-pressure fluids.

Acknowledgements

The author would like to express his appreciation to his former and current
students, S. Clark, A. Dragunov, S. Gupta, M. Mahdi, D. Mann, S. Mokry, R. Popov,
G. Richards, Eu. Saltanov, H. Sidawi, E. Tamimi, and A. Zvorykin, for their
assistance in the preparation of figures and developing of correlations.

Nomenclature
A area, m?
Cp specific heat at constant pressure, J/kg K
Cp averaged specific heat within the range of
(T~ T3); (), kg K
D inside diameter, m
G mass flux, 1<g/m2s; (Aﬂ)
v
H specific enthalpy, J/kg
h heat transfer coefficient, W/m?K
ke thermal conductivity, W/m K
L heated length, m
m mass-flow rate, kg/s; (p - V)
P p pressure, Pa
Q heat transfer rate, W
q heat flux, W/m? (A%)
s specific entropy, J/kg K
T, t temperature, °C
Tfiim film temperature, °C; (%)
\% volume-flow rate, m3/s
v specific volume, m®/kg
X axial coordinate, m

Greek letters

a thermal diffusivity, m?/s; (Cp(e p)

p volumetric expansion coefficient, 1/K
A difference

n efficiency, %

U dynamic viscosity, Pa-s

p density, kg/m?

v

kinematic viscosity, m?/s; (%)

Non-dimensional numbers

Nu Nusselt number; (42)

Pr Prandt]l number; (£ ,f” ) =(y

a
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Pr cross-sectional average Prandtl number within the
range of (T, — T}); (” k-z,,)
Re Reynolds number; (G”—D)

Subscripts or superscripts

ave. average
b bulk

cal calculated

corr. correlation

cr critical

dht deteriorated heat transfer
fl flow

h heated

hy hydraulic-equivalent

in inlet

max maximum

min minimum

out outlet

pc pseudocritical

sat saturation

th thermal

w wall

Abbreviations and acronyms

AECL Atomic Energy of Canada Limited

AGR advanced gas-cooled reactor

ASME American Society of Mechanical Engineers
Ave. average

BN fast sodium (reactor; in Russian abbreviations)
BWR boiling water reactor

CHF critical heat flux

CFD computational fluid dynamics

COIT. correlation

CRL Chalk River Laboratotries (AECL)

DHT deteriorated heat transfer

GFR Gas-cooled fast reactor

GIF Generation-IV International Forum

HT heat transfer

HTC heat transfer coefficient

HTR high-temperature reactor

HPT high-pressure turbine

IAEA International Atomic Energy Agency

ID inside diameter

HT improved heat transfer

IHX intermediate heat exchanger

LFR lead-cooled fast reactor

LGR light-water-cooled graphite-moderated reactor
LNG liquified natural gas

LPT low-pressure turbine
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LWR light water reactor

MSR molten salt reactor

N/A not applicable

NIST National Institute of Standards and Technology (USA)
NHT normal heat transfer

NPP nuclear power plant

oD outside diameter

PHWR pressurized heavy water reactor
PWR pressurized water reactor
REFPROP REFerence PROPerties

RMS root-mean square (error)

S-CO, (SC-CO,) supercritical carbon dioxide

SC supercritical

SCF supercritical fluid

SCP supercritical pressure

SCW supercritical water

SCWR supercritical water-cooled reactor
SFR sodium-cooled fast reactor

SS stainless steel

TC thermocouple

TECDOC TEChnical DOCument

ThPP thermal power plant

UK United Kingdom

USA United States of America

USSR Union of Soviet Socialist Republics
VHTR very high temperature reactor
WF working fluid
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Supercritical Water in Vertically
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Abstract

Supercritical pressure water (SCW) has been widely used in many engineering
fields and industries, such as fossil fuel-fired power plants, newly developed Gen-
IV nuclear power plants and so forth. Heat transfer characteristics of SCW are of
great importance for both design and safe operation of the related systems. Many
heat transfer correlations have been developed in the history for predicting the heat
transfer characteristics of SCW. However, the prediction accuracy of the existing
correlations is less than satisfactory, especially in the cases with deteriorated heat
transfer (DHT) because of the severe and quick variation in thermal physical
properties of SCW in the vicinity of the fluids’ pseudo critical point. It is very
necessary to develop new correlations for the heat transfer of SCW to meet the
engineering requirements for satisfactory prediction of the heat transfer behavior of
SCW. In this chapter, experimental data on heat transfer of SCW are extensively
collected from published literatures, and the performance of the existing heat
transfer correlations for SCW are reviewed and quantitatively evaluated against the
collected experimental data, and then a new heat transfer correlation for SCW with
high prediction accuracy is proposed.

Keywords: supercritical water, enhanced heat transfer, deteriorated heat transfer,
correlation, smooth tube

1. Introduction

Supercritical pressure fluids (SCFs) have been widely used in many engineering
fields and industries, such as fossil fuel-fired power plants, newly developed Gen-
IV nuclear power plants, chemical processes, and so forth. Heat transfer character-
istics of SCFs are of great importance for both design and safe operation of the
related systems. As one of the most popular SCFs, supercritical pressure water
(SCW) has been selected as the ideal working fluid in nuclear power plants and
fossil-fired power stations, and the heat transfer behavior of SCW has attracted
more and more attention from both scholars and engineers in these fields [1, 2].

As well known, most of the newly designed thermal power plants are operated at
supercritical pressures, and the operating parameters of future fossil-fired power
plants have been suggested to raise to even higher levels to gain higher thermal
efficiency, and at the same time, to obtain effective gains in reduction of the
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pollution products emission. For example, the U.S. Department of Energy has ever
proposed a research program (AD 760), in which the operating parameters of the
future fossil-fired power plants are suggested to raise to 37.9 MPa/732°C/760°C with
an efficiency of up to 47%. A program similar to AD 760, i.e., the AD 700 thermal
program, has also been proposed in Europe, and planned to build the ultra-
supercritical steam condition at 720°C and 35 MPa in the future thermal power
plants so as to obtain a cycle efficiency up to 50% [2]. There is no doubt that the
heat transfer characteristics of SCW is an important issue for the thermal power
plants with high level parameters. The higher the operating parameters, the higher
the thermal efficiency, and as well, accordingly, the more important is the precise
prediction of heat transfer characteristics of SCW. It should be noted that deterio-
rated heat transfer (DHT) is one kind of special heat transfer phenomena of SCW
that might happen in the heat transfer tube and even lead to the burst of heat
transfer tube or other failure accidents in the plants. On the other hand, the super-
critical water-cooled reactors (SCWRs) has been selected as one of the six most
promising reactors concepts presented at the Generation IV International Forum
due to its high thermal efficiency and other features [3]. Similar to the situation in
supercritical pressure thermal power plants, the heat transfer of SCW is an impor-
tant issue for SCWRs as well. Furthermore, due to the possible risks in release of
radioactive medium under conditions with tube or vessel failures, the heat transfer
of SCW is of much more concern for the safe operation of SCWRs than that of
thermal power stations, and as a result, precise knowledge about the heat transfer
characteristics of SCW is one of the major tasks for the design and operation of
SCWRs [3, 4]. Besides, heat transfer of SCW is of significance for other applications
with SCW as the working fluid, such as SCW gasification system [5].

Two methods have been proposed by different scholars to predict the heat
transfer characteristics of SCW: the look-up Table [6, 7] and the heat transfer
correlations [8]. The look-up table for heat transfer of SCW is based on real
experimental data. The prediction accuracy of such look-up table is pretty high;
however, the applicable ranges of the operation parameters (e.g., pressures, mass
fluxes, and heat fluxes) of the look-up table are limited by the experimental condi-
tions. In the development of ultra-supercritical pressure boilers or other heat
exchangers with high operation parameters, the applicability of the look-up table
seems to be limited. Unlike the look-up table, heat transfer correlations have been
developed on the basis on experimental data, dimensionless analysis, and theoreti-
cal analysis of the heat transfer phenomena. The applicability of heat transfer
correlations are much flexible than that of look-up tables, and as a result, heat
transfer correlations for SCW have found wide applications in related industries
and engineering.

In the last few decades, many heat transfer correlations for SCW were proposed
(see Table 3 in the later section of this chapter). Generally, the existing heat
transfer correlations could be divided into three categories [9], as listed in Table 1.
The first type heat transfer correlation for SCW was built on the basis of the

Types Forms Remarks

I Nu = Cy x Re® x Pr&® Co, Cy, Cy, C3, Cy4 are constants; F
represents thermophysical properties

_ c c .
I Nu=Cgy x Re“ x Pr*> x F correction terms; Gr* represents the

buoyancy correction terms; g* represents
the thermal acceleration correlation terms

11 Nu = Cp x Re® x Pr% x F x (Gr*)® x (41)%

Table 1.
Three types of heat transfer correlations for SCW.
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Dittus-Boelter et al.’s correlation [10]. Under supercritical pressure conditions,
there exists no phase change of the fluid, but the thermophysical properties of the
SCW experience dramatic change in the vicinity of pseudocritical point which
might have great impact on the heat transfer behavior of the SCW. In view of this
fact, a few correction terms consisting of the fluid thermophysical properties, such
as Pw/pb, ! tbs AwlA, among the others, were introduced to the first type correla-
tions, resulting in the emerge of second type heat transfer correlations for SCW.
With the deepening research on heat transfer phenomena of SCW, buoyancy effect
and thermal acceleration were considered to be the main reasons for DHT of SCW
and then two special correction terms, i.e., Gr* and ¢* proposed by Jackson [11] and
were added to the second type correlations, yielding the third type heat transfer
correlations for SCW.

Pioro et al. [8, 12] have conducted a comprehensive review of the existing heat
transfer correlations for SCW and argued that none of the existing correlations
could predict the heat transfer of SCW accurately under all heat transfer regimes.
Lei et al. [2] ever put emphasis on the deterioration heat transfer of SCW by
analyzing the physical mechanism of special heat transfer behavior of the SCW and
tried to build new correlation for SCW, and found that most of the existing corre-
lations for heat transfer of SCW focused mainly on the enhanced heat transfer
(EHT) regimes of SCW, and these correlations were not capable of providing
satisfactory prediction accuracy when it was applied to the DHT regime of SCW,
and he thus suggested that excluding DHT data in the development of heat correla-
tions should be responsible for the distinct deviations between the calculated heat
transfer values and the experimental data of SCW in the DHT regimes. Another
reason for the unsatisfied prediction accuracies of the existing correlations for heat
transfer of SCW might be, to some extent, attributed to old thermophysical prop-
erties data adopted in the development of some of the existing heat transfer corre-
lations [13]. Therefore, a new and accurate correlation for heat transfer of SCW is
expected to be effectively accurate under both the DHT and EHT regimes of SCW,
and special emphasis should be directed onto the DHT phenomena, which is the
most dangerous situation to not only thermal power plants but also to the Gen-IV
SCWRs and other heat transfer equipment with SCW as the working fluid.

In this chapter, experimental data on heat transfer of SCW are collected,
including both the EHT regimes and the DHT regimes. Existing heat transfer cor-
relations for SCW are well reviewed. Detailed assessments of prediction accuracy of
the existing correlations are also conducted against the collected experimental data.
On the basis of the evaluation of the prediction behavior of the existing heat
transfer correlations for SCW, a new correlation is proposed for the heat transfer of
SCW to cover both the EHT regime and the DHT regime. The prediction capability
of the new correlation is also assessed against the collected experimental data.

2. Experimental data and existing heat transfer correlations

Since 1960s, a series of experimental investigations on heat transfer of SCW
have been conducted, and a large amount of experimental data have been accumu-
lated. A comprehensive survey of experimental investigations on heat transfer
correlations of SCW has been provided by Pioro et al. [4, 8, 14] and showed that
most of previous experimental data for heat transfer of SCW focused primarily on
the flow of SCW in vertical circular tubes [2]. In the present study, approximately
12,704 data points and 250 experimental cases about the flow and heat transfer
of SCW in vertical circular tubes are retrieved and collected from the published
literatures.
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Table 2 outlines the main information about the experimental data collected in
this study on the heat transfer of SCW flowing in vertically upward smooth tubes. It
is seen that the experimental data used in the present study covers the parameters of
pressures from 2.25 x 107 to 3.103 x 107 Pa, mass fluxes from 200 1<g/(m2-s) to
2500 kg/(m2~s), heat fluxes from 1.48 x 10° to 2 x 10° W/m?, and the tube

Author Year P x 10°[Pa] G [kg/(m?s)] q % 10° [W/m?] d x 1073 [m]
Shitsman et al. [15] 1963 23.3/25.3 430/449 210-386 8
Bishop et al. [16] 1964 24.1/24.2 543/678 252/606 5/38
Swenson et al. [17] 1965 23/31 2150 789 9.42
Vikrev et al. [18, 19] 1964 26.5 495-1400 507-1160 20.4
1967
Styrikovich et al. [20] 1967 24 700 348-872 22
Herkenrath et al. [21] 1967 22.5/24/25 700/1000/1500 300-1410 10/20
Kondratev etal. [22] 1969 253 700 581 18
Ackerman et al. [23] 1970 22.75/31.03 542.52-1220 472.9-1261 9.42
Ornatsky et al. [24] 1970 25.5 1500 1810 3
Yamagata et al. [25] 1972 22.6/24.5/29.4 1120-1260 233-930 7.5/10
Lee et al. [26] 1974 24.1/24.5 376/543 252-379 16/38
Polyakov et al. [27] 1991 24.5/29.4 595/675 500/570 8
Griem et al. [28] 1996 25 500/1000 300 14
Koshizuka et al. [29] 2000 31 540/680 473 9.4
Yoshida et al. [30] 2000 24.5 376/410/1180 329/350/698 10/16
Hu et al. [31] 2001 23/26/30 600/900/1200 200-500 26
Xu et al. [32] 2004  23/25/27/30 800/1000/1200 200-600 12
Kirillov et al. [33] 2005 24-24.9 200/1500 227-884 10
Zhu et al. [34] 2009 30 600 250 26
Wang et al. [35, 36] 2010 25-29 600/1200 350/660 17/19.8/26
2011
Mokry et al. [3, 37] 2010 24.0/24.1/24.2 201-500 148-335 10/38
2011
Pan et al. [38] 2011  22.5/27/28/30 1009-1626 216-649 17
Lietal. [39, 40] 2011 23/25/26 459.8-1497.5 192-1326.5 7.6
2018
Wang et al. [41] 2012 23/25/26 449-1520.6 192-1154.3 7.6/10
Wang et al. [42] 2013 23/24/25/26 450-1500 450-1250 10
Huang et al. [43] 2013 23-25.01 631-1263 420-1102 6
Lietal. [44] 2013 23/24/25 607.5-1263 466-1102 6
Zhao et al. [45] 2014 25 1000 570/760 7.6
Gu et al. [46] 2015 23/25/26 780/1000 700/900 10
Shen et al. [47, 48] 2016 28.5 1536 468 19
Qu et al. [49] 2018 24/24.8/30 404/407/420/690 205/250/284/315 19

Table 2.

Experimental data of heat transfer of SCW collected from literatures.
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diameters from 3 to 38 mm. Detailed analysis of the experimental data shows that
among the 250 experimental cases collected, including both in this study, 134 cases
are in the EHT regimes, while 116 cases of them are in the DHT regimes.

As well known, many heat transfer correlations have been proposed for
predicting the heat transfer characteristics of SCW, and Table 3 listed 34 of them as
examples, for SCW in vertically upward tubes. It is seen from Table 3 that many of
the correlations were proposed 40 years ago and old thermophysical property data

Author Year Correlation
Dittus-Boelter et al. 1985 Nu = 0.023 Reg'SPrlb/3
[10]
Shitsman et al. [50] 1957 Nu = 0.023ReQ®Prl$
Prmin= Prp for Pry <Pry, Pry,= Pry,  for Pry, <Pry
Petukhov et al. [8] 1963 0.11 033 /& 0.35
frevpe() () () /8

{12.7\/12@@/ 1) +107

f = [1.82log 1 (Re,) — 1.64]

Domin et al. [51] 1963 01Re g.66ﬁ11)»2’ T, >623.15K

0.036 Re 5Pr,* (’LW> ,523.15K < T, < 623.15K
Hy

Swenson et al. [17] 1965 Nu = 0.00459 Re &923ﬁ3613 (Pu) pb)0.231
Krasnoschekov etal. 1967 Do 03 @ n (£/8) Re, Pr
[52] Nu = Nup (— —— | Nug = —7

Py Cpb 12.7,/2/8 (Pr - 1) +1.07

0.4 Ty <Tiw <Tpe or 12Ty <Tj <Ty
n={m=02+018(Tu/Tp) 1< (Tuw/Tp)<25

n+ (Snl — 2) (1 — (Tb/Tpc)) T,<T, and 1< (Tb/Tpr) <12

Kondratev et al. [22] 1969 Nu = 0.02Re®

Ornatsky et al. [24] 1970 03
Y Nu = 0.023 Re $8Pr08 (”l’)

min

Pryin= Pry, for Pry, <Pry, Pryi,= Pry for Pry, <Pr,

Grass et al. [53] 1971 (f/8) Re pPry,

107+ 127 F/8 (PrzG”cp,,,/cp,w -1)

f = [1.82log 1 (Reyp) — 1.64] 7

Prg = Pr, for Pry, <0.5Pry, Prg=Pr, forPr,>0.5Pr,

Yamagata et al. [25] 1972 Nu — 0.0135Re g‘ssﬂg.ch
1.0 (Tpchb)/(waTb)Zl
Fc = { 0.67Pr2%(C,/C,,)" 0<(Tpe —Ty)/(Tw — Tp) <1
(Cp/Cpp)™ (Tpe = Ts)/(Tw — Tp) <0
n =—0.77 (1 + ngc) +1.49, n, =1.44 (1 + Prlpc) —0.53
Yeroshenko et al. 1981 0o 04 2 2
[54] Nu = 0.023 Re ) *Pry’ {m
w=1+p(Tw—Ty)
. { (%) o for  C,>C,y
for C_p <Cpp
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Author Year Correlation
Watts-Chou et al. 1982 —os5 (P 0.35
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fo = [1.82log,(Re,/8)] *(p, /)"
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Gorban et al. [8] 1990 Nu = 0.0059 Re g.9prg0.1z
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(4] Nu = RepPr,(f/8)( =% |  /[1.07+127 x (i) x (P -1)
Cp,b 8

f = [1.82 % logo(Rep/8)] > ((pu /) X (/1))

Griem et al. [28] 1996 Nu = 0.0169 Re {5 Pr¥;320
Py = iy, Cpsel /Ams Am = 0.5(hy + 4)
0.82 for hy, <1540k]/kg
w=4q1 for hy, >1740Kk]/kg
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For detailed of Cp.l, please see [64]

Hu et al. [31] 2001 Nu = 0.0068 x Regs « ﬁgﬁ « (pw/pb>0.17 « (/Iw//lb>0.29

Kitoh et al. [57] 2001 Nu = 0.015Re 0™ Prf*,m = 0.69 — 81000/200G™* + f.q
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Author Year Correlation
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Py
Wang et al. [65] 2012 - 0.0746 0.0402
& Nu = 0.0122Re $7Pr, " (’1—”) (”ﬂ)
Ay Pb
(Gr* )00 g, 0031
Gr* =gpd'q/n? Ky = 4q,Dp/(Re*uC,)
Liu et al. [66] 2012 024 0153 0401 / 7\ 001
Nu = 0.01Re**Pry " (’LW> (’ﬂ) (&) Lo
b My Pb Cob
(Gr* )00 (g +)0041
Gr* =gpd*q/M?, q* :q—[i
ghdq/Ww*, q Gc,
Wang et al. [42] 2013 _ 08p038 (1) % (1) (2 >
Nu = 0.0182Re {¥Pr) ™ (%) (1) 7 (%)
Liao et al. [9] 2014 . 2.0 003339 0.68707
Nu = 0.032089 Re ) #8832pr, 7% (l> ("l)
b Pb
(Gr* 00047 (4 y08212
Gr* =gpd*q/n?, ¢* :q—ﬂ
GG,
Wang and Li et al. 2014

[67]

Py

S 0.26 0.31
Nu = 0.00684Re §°Pr, " () (%)
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Author Year Correlation

Zhao et al. [45] 2014 Nu = 0.023Re $*Pr}/*F, F = min (Fy, F)
F; = 0.62+ 0.061In (75)
F, = 11.461n (z5) %
_ Pvd,D
g = }.1,

Table 3.
Existing heat transfer corvelations for SCW in vertical upward tubes.

might have been adopted in the development of those correlations. Kurganov et al.
[13] have pointed out that some correlations developed on the basis of the old
thermophysical property standard for SCW have become quite impractical when
the thermophysical property shifts to IAPWS-97 Standard. From this point of view,
accurate correlations for heat transfer of SCW must be developed by using the
updated properties database.

3. Assessment of the prediction performance of the existing heat
transfer correlations

3.1 Assessment method

As seen in Table 3, the heat transfer correlations for SCW have been proposed in
different years and might be developed on different basis of experimental data. As a
result, the applicability of each correlation might be different. As reported by Pioro
et al. [8] and Lei et al. [2], there exist distinct discrepancies between the results
predicted by different correlations. It is necessary to quantitatively evaluate the
prediction performance of the existing correlations.

In this part, the prediction performance of the existing heat transfer correlations
are quantitatively estimated by introducing four parameters, i.e., o; (mean relative
deviation, MRD), o, (mean absolute deviation, MAD), o3 (standard deviation, SD),
and pyy (correlation coefficient between the predicted values and experimental
values), as defined by Eq. (1) through Eq. (5).

[ ZE;’/N (1)

i—1
o= lel/N )

=1
o3=1/d . (e —o1)/(N —1) (3)

where ¢; is
€ = [Nucal'Nuexp} /Nuexp (4)
Cov(X,Y)

px}/ = D(X) D(Y) (5)

where D(X) refers to the variance of the experimental data X, D(Y) refers to the

variance of the calculated results Y, and Cov (X, Y) is the covariation of X and Y [9].
The closer the p,y is to 1.0, the better the correlation is [9].
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3.2 Comparison of the predicted values by using existing correlations to the
experimental data

As described in the preceding section, the existing heat transfer correlations
listed in Table 3 could generally be divided into three categories (see Table 1). For
simplicity, two representative correlations are selected from each category of the
correlations.

Figure 1(a) shows the comparison of the results calculated by the first type of
correlations for heat transfer of SCW to the experimental data. This type of corre-
lations is represented by the Dittus-Boelter et al.’s correlation [10] and Gorban

Cortan o1 al. [55]

! ¢
o 1000 2000 3000 4000 000 uﬂ 1000 00 oo 4000 000
Ry
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(1] i . i
5000 o 1000 2000 3000 4000 5000
3 N
{b)
12000 - = e y
Kuang B ot al. [B4] | b Liu X et al. [T1]
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Figure 1.

Comparison of predicted values of corvelations with all experimental data. (a) First type of correlations,
(b) second type of correlations, (c) third type of correlations.
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et al.’s correlation [8] here. It is seen from Figure 1(a) that most of the Nu values
predicted by the correlations are out of 20% error band, indicating a generally low
prediction accuracy of this type of correlations. As explained in the preceding
sections, no consideration in these correlations of the dramatic change of
thermophysical properties of SCW in the vicinity of its pseudocritical point might
be responsible for the low prediction accuracy of the correlations.

Figure 1(b) gives the representative comparison of the results calculated by
the second type of correlations for SCW to the experimental data. This type of
correlations is represented by the Mokry et al. [3] and Xu [32] correlations here.

It can be seen from Figure 1(b) that most of predicted results by the correlations
concentrate around the line of Nu, = Nueyp, suggesting a remarkable improve-
ment in the prediction accuracy of the correlations in comparison to that of the
first type of the correlations. This improvement in the prediction accuracy
might due to introducing thermophysical properties correction terms into the
correlations.

Comparison of the results calculated by the third type correlations to the exper-
imental data are illustrated in Figure 1(c). Here, the third type correlations are
represented by the Kuang et al.’s correlation [60] and Liu’s correlation [66].

It is seen in Figure 1(b), (c) that the prediction accuracy of the Mokry et al.’s
correlation [3], Xu’s correlation [32], and Liu’s correlation [66] are in roughly the
same level. It is surprising that although other two more correction factors (i.e., Gr*
and ¢*) are introduced into the correlations, the prediction accuracy of Kuang
et al.’s correlation [60] is unexpectedly worse than that of the Mokry et al.’s corre-
lation [3] and Xu’s correlation [32] in the present study. Another two correlations,
i.e., Yu et al.’s correlation [62] and Liao’s correlation [9], which are of forms similar
to that of Kuang et al.’s correlation [60], provide similar prediction performance to
that of Kuang et al.’s correlation [60] in this study. This result indicates that adding
more correction factors in the correlations does not always produce better accuracy,
and the correction terms added to the correlations should be selected carefully.

Figures 2, 3 depict the prediction performance of the 34 existing correlations
listed in Table 3, under the EHT condition (experimental data from Yamagata et al.
[25] is used) and the DHT condition (experimental data from Herkenrath et al. [21]
is used), respectively.

It is seen from Figure 2 that under the EHT conditions, most of existing corre-
lations could provide relatively good prediction accuracy in the enthalpy region
lower than 1600 kJ/kg and the region higher than 2800 kJ/kg of SCW (i.e., in the
regions far away from the pseudocritical point). However, in the enthalpy region of
1600-2300 kJ/kg (a region around the pseudocritical point, named in lots of papers
as the large specific heat region, and is hereafter abbreviated as LSHR), the predi-
cated values of many heat transfer correlations, such as Yamagata et al.’s correlation
[25], Domin et al. correlation [51] and Swenson et al. correlation [17], are much
higher than the corresponding experimental values, implying low prediction capa-
bility of these correlations in the LSHR. Careful analysis of the forms of Yamagata
et al. correlation [25], Domin’s correlation [51], and Swenson et al.’s correlation [17]
shows that only one thermophysical correction property factor is employed in the
abovementioned three correlations. None of the 34 correlations could give good
prediction accuracy in the whole enthalpy region of SCW. It is well known that the
thermophysical properties of SCW experience dramatic change in the vicinity of
pseudocritical point (i.e., in the LSHR), and with this view in mind, it is suggested
that one thermophysical property correction factor might not be sufficient, and,
however, proper and enough correction factors should be used in the corrections in
order to capture the effect of the dramatic variation in thermophysical properties on
the heat transfer of SCW in LSHR.
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Figure 2.

Comparison of the calculated values to the corresponding experimental data (Yamagata et al. [25], EHT case).
(a) Prediction vesults of the first 14 correlations in Table 3 (b)Prediction results of the last 20 correlations in
Table 3.

Figure 3 shows that most of the 34 heat transfer correlations for SCW could not
provide high prediction accuracy under DHT conditions, except for Grass et al.’s
correlation [53] and Petukhov et al.’s correlation [56]. It is seen from Figure 3 that
the predicted results of Grass et al.’s correlation [53] and Petukhov et al.s correla-
tion [56] agree pretty well with the corresponding experimental data under DHT
conditions through the whole enthalpy region of SCW studied here. Unfortunately,
as seen in Figure 2, the prediction results of the above two correlations do not agree
satisfactorily with the corresponding experimental data under the EHT conditions,
especially in the vicinity of pseudocritical point (in the LSHR). The reason for this
result might be attributed to that most of the experimental data adopted in the
development Petukhov et al.’s correlation [56] were under DHT regimes. Little
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Comparison of the calculated values to the corvesponding experimental data (Herkenrath et al. [21], DHT
case). (a) Prediction results of the first 14 correlations in Table 3 (b) Prediction vesults of the last 20
corvelations in Table 3

information can be found about the experimental data used for developing Grass
et al.’s correlation [53].

It is confusing that under EHT regimes, the prediction results of Miropolskii
and Shitsman correlation [50] and Yu et al.’s correlation [62] agree relatively well
with the corresponding experimental (see Figure 2) data, however, under DHT
regimes, the prediction results of these two correlations are in quite different
trend from that of the experimental data, indicating that these two correlations
could not capture the variation characteristics of the experimental data under the
DHT regimes (see Figure 3). As reported early by Pioro et al. [8] and Lei et al. [2],
experiment data under DHT regime were excluded in the development of many
of the heat transfer correlations, and this exclusion of the data under DHT regimes
results in the low prediction accuracy under DHT regimes. It is seen again from

54



Heat Transfer Correlations for Supercritical Water in Vertically Upward Tubes
DOI: http://dx.doi.org/10.5772 /intechopen.89580

Author 61(%) 6,(%) 03(%) Py % of data within the error bands

+10% +20% +30%
Dittus-Boelter et al. [10] 63.65 73.22 130.58 0.63 24.09 44.18 56.42
Shitsman et al. [50] 41.26 46.01 62.73  0.87 27.86 47.54 58.34
Petukhov et al. [56] 21.87 30.45 43.89 0.88 33.00 56.49 69.16
Domin et al. [51] 104.07 108.80 103.59 0.66 10.47 20.58 27.29
Swenson et al. [17] 124.64 127.80 122.01 0.67 14.40 24.35 30.17
Krasnoschekov et al. [52] 8.38 38.51 48.32  0.73 15.51 31.10 47.13
Kondratev et al. [22] 3.05 36.60 55.67 0.71 22.39 41.17 57.53
Ornatsky et al. [24] 8.51 25.29 3831  0.90 35.26 59.41 73.23
Grass et al. [53] 12.90 25.84 3585 0.87 33.96 58.78 71.51
Yamagata et al. [25] 224.43 22689 46156 0.42 15.67 28.81 37.73
Yeroshenko et al. [54] 9.98 21.85 30.41  0.90 34.45 59.81 76.28
Watts-Chou et al. [55] 101.98 10621 113.46 0.69 14.95 26.94 33.73
Petukhov et al. [56] 2.66 15.03 20.42 092 46.26 74.20 87.30
Bringer et al. [63] -8.17 33.42 45.33  0.70 20.84 39.92 56.12
Gorban et al. [8] 13.86 23.62 29.23  0.89 32.34 55.74 71.14
Razumovskiy et al. [41] 9.37 39.78 51.68 0.70 14.83 29.87 47.67
Kirillov et al. [41] 14.23 37.20 58.65  0.77 26.07 47.14 63.61
Griem et al. [28] 9.44 17.16 2219 091 42.71 70.55 82.98
Hu et al. [31] 29.98 40.05 56.33 0.83 21.21 40.03 57.30
Kitoh et al. [57] —14.18  20.45 22.89 0.93 39.15 58.84 72.20
Xu et al. [32] 52.14 69.88 13356  0.65 22.48 41.18 56.38
Jackson [58] 16.39 24.13 29.53  0.90 31.54 55.12 73.00
Fewster et al. [59] -0.42 16.41 262 093 45.37 68.69 83.67
Kuang et al. [60] 78.42 85.38 153.65 0.61 21.99 39.65 53.28
Cheng et al. [61] -11.99 17.94 18.53  0.90 30.75 61.90 84.39
Yu et al. [62] 78.11 87.44 103.32 0.59 12.91 25.36 35.84
Gupta et al. [64] 104.79 111.99 11123 0.70 13.59 25.09 33.42
Mokry et al. [3] —5.03 13.26 16.58  0.93 46.04 78.81 93.30
Wang et al. [65] 22.92 39.26 4458 0.80 14.26 30.07 49.74
Liu et al. [66] 6.10 14.81 19.29 093 45.46 75.86 88.79
Liao et al. [9] —5471 60.61 377 0.69 3.41 7.38 14.33
Wang et al. [42] 6.19 16.14 20.47 094 40.22 71.62 86.90
Wang and Li [67] 0.39 13.33 18.45 092 50.56 79.01 90.48
Zhao et al. [45] 60.03 76.49  146.38 0.59 23.65 44.20 57.80

Table 4.
Quantitative analysis of the existing heat transfer corvelations.

the above results that the applicable scope of each heat transfer correlation is
limited by the scope of the experimental database employed. Thus, it is of great
importance to develop a new heat transfer correlation with high prediction accuracy
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over a wide range of experimental parameters covering the NHT regime, the EHT
regime, and the DHT regime [4].

In order to gain comprehensive understanding of prediction performance of
the existing correlations, quantitative analyses are conducted by employing
four parameters, i.e., 01, 62, 63, and pyy as defined in the previous section of this
chapter, and the results of 63, 6,, 03, and Pxy for each correlation are listed in
Table 4.

It is seen from Table 4 that the predicted values of most of the existing
correlations falling into the £10% error band are lower than 50%, and that
falling into the £30% error band are lower than 90%, indicating that no of these
heat transfer correlations could give satisfactory predict accuracy under both
DHT and EHT regimes. Generally, the prediction performance of Mokry et al.’s
correlation [3]and Wang and Li’s correlation [67] are compareatively the best
among the 34 correlations. More than 90% of the calculated values of these two
correlations fall into the +=30% error band. However, it should be noted that
only about 50% of the calculated values of these two correlations fall into the
+10% error band, and the prediction accuracy the correlations needs to be
improved further.

The Domin’s correlation [51] and the Swenson et al.’s correlation [17] exhibit
special prediction features, as seen in Figure 2. It is seen from Table 4 that the
predicted values of Domin’s correlation [51] and Swenson et al.’s correlation [17]
falling into +30% error band are lower than 50%. This result is in accordance with
that in Figure 2, that is, under EHT conditions, the prediction accuracy of these
correlations are quite low in the LSHR of SCW although relatively good prediction
performance is observed in the enthalpy region lower than 1600 kJ/kg and higher
than 2800 kJ/kg of SCW. As seen in Figure 3, the Domin’s correlation [51] and
Swenson et al.’s correlation [17] could not provide prediction accuracy either under
DHT conditions.

4. Development of the new heat transfer correlation

As we discussed earlier, insufficient description of the severe variation of
thermophysical properties of SCW in the LSHR is one of the main reasons for the
low prediction accuracy of the existing heat transfer correlations. Proper correction
terms should be selected carefully to reflect the impact of thermophysical properties
of SCW in LSHR on the heat transfer.

Based on the analysis of the existing heat transfer correlations, a general form of
heat transfer correlations for SCW is suggested as follows:

Nu = Co Re'Pry2Fy1...F (6)

where F; - F,, are correction terms, defined as one of the parameters such
as Pw/pbs fw!tbs Awl by Cp, and Gr*, and so on, and Cy, Cy, Cy, ky, - k; are
constant indices for the corresponding correction terms. As mentioned in the
previous section, one thermophysical correction factor might not be sufficient to
capture the effect of the severe variation of thermophysical properties of SCW on
the heat transfer in LSHR. On the other hand, introducing too many correction
terms into the correlation does not always mean a high prediction accuracy.
It was shown that strong linear correlations existed among the correction terms,
and such linear correlation might limit, even reduce, the prediction performance
of the correlations [68]. Based on the multicollinearity analysis as conducted in
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Figure 4.
Comparison between experimental and calculated Nu using new heat transfer correlation.

Correlation 61(%) 62(%) 3(%) Pxy % of data within the error bands

+10% +20% +30%

New Correlation 0.77 6.71 9.23 0.991 78.57 95.18 99.39
Table 5.

Quantitative analysis of the new heat transfer correlation.

[68], four correction terms are finally adopted in the new heat transfer
correlation, i.e.,

ool BN (T, ks are\ ke
Nu = Cy Re 'Pr,? —w) (—w) -~ <—> @
07h <Pb 1 vy, Cp,h Gry,

Experimental data including both the DHT regimes and the EHT regimes
(as listed in Table 2) are adopted simultaneously in this study to develop the
new heat transfer correlation, in hope to get high prediction accuracy under
both the DHT and the EHT regimes. Based on the experimental database
(Table 2), the constant indices in Eq. (7) are determined via the Levenberg-
Marquardt method [69]. The final new heat transfer correlation for SCW is
obtained as Eq. (8):

~0.26 —0.97 / =\ 086 0.92
C Gr*
Nu = 0.83Re {%¢?Pr; 2 (p—'”> (—”’”) - (—) (8)
b b Py Y, Cp,b Gl‘b

Figure 4 displays the comparison of the calculated Nu by using the new heat
transfer correlation to the corresponding experimental results. It is seen from
Figure 4 that the relative errors of most of the calculated values are much lower
than +20%. Table 5 gives the quantitative evaluation of the prediction performance
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of the new heat transfer correlation. It is clearly seen from Table 5 that the new
correlation has a mean absolute deviation of 9.23%, and 78.57% of the predicted
results fall into the 10% error band, and 95.18% of the predicted results fall into the
20% error band, and 99.39% of the predicted results fall into the 30% error band,
indicating that the prediction accuracy of the new correlation is better than that of
the existing heat transfer correlations.

5. Conclusions

1. Comprehensive reviews of experimental data of heat transfer of SCW and heat
transfer correlations for SCW are conducted in this study. Totally, 250
experimental cases and 12,704 data points about heat transfer of SCW are collected.

2. About 34 heat transfer correlations for SCW are evaluated. It is found that
remarkable discrepancies exist among the results predicted by different
correlations, and there is no correlation which could give satisfactory
prediction accuracy under different heat transfer conditions.

3.A new heat transfer correlation is proposed for heat transfer of SCW flowing
in vertically upward tubes under both DHT and EHT regimes, and the
prediction performance of the new correlation is better than that of other
correlations when both the DHT and EHT regimes are considered at the same
time.
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Appendices and Nomenclature

Bu buoyance correction factor, Bu = Gr/ ( Re 2'7ﬁ0'5)
C constant indices

Cp specific heat at constant pressure, J/(kg-K)

C_p average specific heat, (b, — hy)/(Tw — T5), J/ (kg-K)
d inner tube diameter, m

f friction coefficient

g acceleration due to gravity, m/s>

Gr Grashof number

Gr* acceleration correction factor, fgD*q, /Av*

Gr average Grashof number, Gr, = gd°(p, — p)p,/ v}
h enthalpy, J/kg

k constant indices

K, acceleration correction factor
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Greek symbols

VD T >R

Pxy

Subscripts
b

cal
exp
pc
w

Abbreviations

DHT
EHT
LSHR
MAD
MRD
NHT
SD
SCFs
SCW
SCWRs
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Nusselt number

Pressure, Pa

Prandtl number

average Prandtl number, C,, ,u;, /25
buoyance correction factor, g,,8/GC,,,
thermal acceleration parameter, q,,(8/C,) /pu
Reynolds number

thermodynamic temperature, K
Celsius temperature, °C

mean relative deviation, MRD

mean absolute deviation, MAD
standard deviation, SD

correction terms

heat transfer coefficient, W/(m?*K)
thermal expansion coefficient, K '
thermal conductivity W/(m-K)
dynamic viscosity, Pa-s

kinematic viscosity, m?/s

density, kg/m?

= T
average density, @ = -[: , kg/m?

T.-T,
correlation coefficient

at bulk temperature experimental
calculated value

experimental value
pseudo-critical point

at inner wall temperature

deteriorated heat transfer
enhanced heat transfer

the large specific heat region
mean absolute deviation

mean relative deviation

normal heat transfer

standard deviation

supercritical pressure fluids
supercritical water

supercritical water-cooled reactors
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Chapter 3

Heat Transfer Correlations of
Supercritical Fluids

Fangbo Li, Binbin Pei and Bofeng Bai

Abstract

The drastic changes of thermophysical properties in the pseudo-critical region
of supercritical fluids bring very big challenges to the traditional Dittus-Boelter-
type heat transfer correlations. In this chapter, we will talk about the principles
and applications of two kinds of heat transfer correlations of supercritical
fluids: the empirical type and the semiempirical type. For the empirical correla-
tions, the modification methods taking into account the variable properties and
body force effects will be introduced. We will focus on the proposal of
nondimensional parameters describing the buoyancy effect and flow accelera-
tion; while for the semiempirical ones, we mainly talk about the new kind of
correlation which is based on the momentum and energy conservations in the
mixed convective flow.

Keywords: heat transfer correlation, empirical type, semiempirical type,
buoyancy effect, flow acceleration

1. Introduction

Establishing an accurate heat transfer correlation of supercritical fluid is the
prerequisite of the design of the apparatus and devices, such as the supercritical
boilers, generation IV reactors, and heat exchangers [1-4]. However, the drastic
change of the thermodynamic properties in the pseudo-critical region and the
complex mechanism of turbulent heat transfer lead to difficulties in predicting the
heat transfer performance accurately. There are three distinguished heat transfer
regimes for supercritical fluid: normal heat transfer (normal HT), improved heat
transfer (improved HT), and deteriorated heat transfer (deteriorated HT). The
normal HT regime is characterized by the heat transfer coefficients similar with
those predicted by the Dittus-Boelter (DB) correlation at subcritical condition; the
improved HT regime can be characterized by the higher heat transfer coefficients
and lower wall temperatures compared with the normal HT; and the deteriorated
HT regime is accompanied with lower heat transfer coefficients than the normal
HT; hence, the wall temperature peak can be observed. Figure 1 illustrates the heat
transfer performances of supercritical CO, under different mass fluxes and heat
fluxes [5] of the upward flow in a circular tube with an inner diameter of 6.32 mm
and heated length of 2.65 m. At relatively lower heat flux/mass flux ratio, the
heat transfer will be obviously improved due to the large specific heat in the
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Figure 1.

Heat transfer performances of supercritical CO, of the upward flow under different (a) mass fluxes and

(b) heat fluxes in a circular tube with an inner diameter of 6.32 mm and heated length of 2.65 m. Symbols: G,
mass fluxes (kgm™2s~*); P, pressure (MPa); q, wall heat flux (kW m™?); H, enthalpy (k] kg™ ). Data in this
figure come from Ref. [1].

pseudo-critical region. The heat transfer coefficients will be higher than the ones
calculated by the Dittus-Boelter correlation. As the heat flux/mass flux ratio
increases, the mixing convective heat transfer occurs, and the wall temperature
peak caused by the heat transfer deterioration can be observed. The experiment
conducted by Kurganov and Kaptil’'ny [6] offered an insight into the mechanism
of heat transfer deterioration, the M-shaped velocity profile was observed, and it
was considered to be closely associated with the flattened velocity gradient,
reduced turbulent shear stress, and turbulent kinetic energy due to the body
force (also known as the buoyancy effect). Bae et al. [7, 8] obtained the budgets
of the turbulent kinetic energy in the deteriorated heat transfer by using direct
numerical simulation, and the mechanism of buoyancy and flow acceleration
were analyzed.

The heat transfer correlations are established on the basis of heat transfer mech-
anism, and a vast majority of correlations are intended for use only for normal HT
and improved HT regimes. They can be categorized into two types: the empirical
type and the semiempirical type. In the empirical correlations, the correction terms
composed of different thermophysical properties (such as the density, thermal
conductivity, specific heat, and viscosity) are introduced to the heat transfer corre-
lation of the constant-property fluid (i.e., DB correlation) [9]. However, the per-
formance of the empirical correlations deteriorates with the increasing of the heat
flux/mass flux ratio; thus, the empirical correlations considering the
nondimensional numbers which reflect the buoyancy and thermally induced flow
acceleration effects have also been proposed [10]. It is shown that the predictions
on the mixing convection cases can be improved by this method. In order to further
improve the performances of the empirical correlations under the strong buoyancy
effect, some researchers tried to establish the semiempirical correlations based on
the theoretical analysis approaches [11, 12]. The existing semiempirical correlations
mainly aim to derive the qualitative relationship between the heat transfer impair-
ment and turbulent shear stress reduction; the coefficients appeared in the correla-
tion are obtained by fitting the experimental data.

In this chapter we mainly talk about the heat transfer correlations of supercriti-
cal fluid. Both the empirical type and the semiempirical type will be introduced
here. We mainly focus on the principles, applications, and comparisons of these
correlations.
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2. Empirical heat transfer correlations

For the improved HT and normal HT regimes, abundant empirical correlations
have been proposed, and most of them can give satisfying predictions [13-15].
Morky et al. [9] and Gupta et al. [16] proposed the correlations based on the
Buckingham IT theorem, and the comparison with the experimental results con-
firmed their capability on the calculating the heat transfer improvement regime.
However, as the increasing of the heat flux, the effect of the mixing convection
increases. The fluid near the heated wall is accelerated under the effect of the
buoyancy force and the flow acceleration, leading to the attenuation of heat transfer
[17]. On the basis of this, researchers tried to modify the correlations by considering
the nondimensional numbers reflecting the buoyancy force and the flow accelera-
tion. Bae and Kim [10] and Komita et al. [18] analyzed the momentum balance
under the mixed convection case and proposed a nondimensional parameter Bu to
describe the effect of the buoyancy on the shear stress; then, they proposed a new
function to describe the relationship between the Nusselt numbers and Bu based on
the experimental data. This heat transfer correlation takes the form of the piecewise
function divided by the value of the Bu number. Deev et al. [19] discussed the heat
transfer of supercritical water in the channel. Two nondimensional criteria consid-
ering the effects of the viscous force and inertial force on heat transfer were
proposed, and the weight constant treating the superposition between the forced
and natural convection was introduced. Such practices were also conducted by
Cheng et al. [20], Yu et al. [21], and Kuang et al. [22]. In their work, the dimen-
sionless numbers such as the buoyancy number and the acceleration number were
proposed to correct the deviation of the real heat transfer from that of the normal
HT regime. Figure 2 shows the approach establishing the empirical correlations.
The dimensionless groups are firstly chosen, and the coefficients in the correlation
can be obtained by the linear regression analysis. Through variable transformations
the dimensionless groups are reduced, and the final form can be obtained. Some
typical empirical correlations are listed in Table 1.

Choosing the dimensionless
groups

_______________ U

| Empirical t}'p\‘! : — [ N'I.]* = L';I_-\’;'Xg" XJI: ]

Iy}
s —> c-(vx) Xy
g

[ Reducing variable numbers ]

e

[ Final form of heat transfer ]

correlation

Figure 2.

The approach deriving the empirical correlations.
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3. Semiempirical heat transfer correlations

As is mentioned before, as the heat flux increases, the heat transfer deterioration
phenomenon will happen. Heat transfer deterioration is characterized with lower
values of the heat transfer coefficients and very high wall temperatures. A widely
used quantitative expression to define the heat transfer deterioration of supercriti-
cal fluid [24-26] is shown by Eq. (1):

h<c-hpg=c- 0.023%’ Re ) ®Nu)* 1)

where £ refers to the heat transfer coefficient of the heat transfer deterioration
and /pp is the heat transfer coefficient given by the Dittus-Boelter correlation (i.e.,
normal HT regime). The coefficient ¢ is taken as 0.3 by Schatte et al. [24]. Unfor-
tunately, under the deteriorated HT regime, most of the empirical correlations will
lose their accuracy. When deteriorated HT regime occurs, the dominated mecha-
nism of the turbulent heat transfer is the interaction among the buoyancy, flow
acceleration, and variable thermophysical properties. Unfortunately the empirical
correlations can hardly reflect the heat transfer mechanism. Thus, their perfor-
mances are unsatisfying, as is shown in Figure 3.

3.1 Correlation by Jackson

Jackson [12] investigated the semiempirical correlation considering the effect of
the mixed convective heat transfer in a vertical heated tube. The author proposed
an equivalent “buoyancy-free forced convective flow” which has the same heat
transfer effect with the real supercritical fluid flow. He tried to establish the rela-
tionship between the heat transfer coefficients attenuation and the shear stress
reduction based on the equivalent Nusselt and Reynolds numbers of the equivalent
flow with the aid of the empirical equation under forced convective condition.
Integrating the equations of momentum across the entire flow and the near-wall
layer of thickness &, respectively, then reorganizing the two equations leads to

20
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Figure 3.

The comparison among the vesults of the empirical corvelations listed in Table 1 and the experimental vesults
from Hu [27]. This case describes the upward flow of supercritical water in a circular tube with an inner
diameter of 26 mm and heated length of 2.0 m. Data in this figure come from Ref. [11].
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Tw — Ts, = iét(ph - pave)g (2)

where 7, is the wall shear stress, 75, is the shears stress at y = &, and the
integrated average value of the density p,ye across the near-wall layer is defined by
Pave = fg’pdy /8. In Eq. (2) the positive sign indicates the upward flow, and the
negative one is applied for the downward flow. Then the author assumed that the
effect of the buoyancy in modifying the distribution of shear stress and turbulence
production has led to such an “equivalent” flow which is not influenced by the
buoyancy but has a bulk velocity which is either higher or lower than the real flow.
The wall shear stress 7/, for this “equivalent” buoyancy-free flow can be replaced by
the modified shear stress z;, at the location y = &, in a turbulent shear flow. Then the
author proposed a model which reflects the shear stress distributions in the super-
critical fluid flow:

5,/ Tw = (ReZ/Reb)z_ml (F/VPl/FVPl) 3)

where the Fyp, and Fyp; are the modifications on the variable properties for the
“equivalent” buoyancy-free flow and the real flow, respectively. The Nusselt num-
ber of the “equivalent” forced convection can be expressed in terms of the Reynolds
number, Re), using the empirical equation:

Nug = K, (Re}, )P} Fyp, (4)
where K is the constant and then
Nur = K, Re }”Pr)*Fyp, (5)
Combining Egs. (4) and (5) follows that
Nug/Nur = (Re},/Re )™ (Fypy/Fvp2) (6)
Combining Egs. (2) and (5) the author obtained
Nug/Nup = [(Fyp/Fyp) / (Fvea/Fypy) | (z5,/ 7)™ @)
Or equivalently
Nug = K> Re}?Pr?Fypy (Fiyps /Fvps) (75, /7)™ (8)
The above equation shows the relationship between the heat transfer and the
reduced shear stress across the near-wall layer. Based on this, the author considered
three cases of mixing convective heat transfer in a vertical heated tube to fluid
flowing either in the upward direction (i.e., the buoyancy-aided case) or the down-

ward direction (i.e., the buoyancy-opposed case). Firstly, a model of the buoyancy-
influenced heat transfer was proposed:

0.45

] )

Nug\ (Fyps . Nug\ (Fyps\] "
U ) (ZVES ) _ |1+ (CyBo F g ) (Tves
(Nee) () = s re () (i)

where Cp is a constant, Bo, is the buoyancy number, and Fypg is the modifica-
tion on the variable properties for the buoyancy-influenced flow. As can be seen
from Eq. (9), (Nug/Nug) (Fyps/Fp;) is a unique function of a single parameter
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(CgBoj Fypg), and the author referred to this function as y(CgBo; Fypg). It can be

evaluated by assigning a series of values to the product (CBBo; F VpB) in Eq. (9) and
!

calculating the corresponding values of (Nug/Nug) (Fyps/Fyp;). Figure 4(a) shows
the effect of the buoyancy on heat transfer predicted by Eq. (9) by the three curves
(the red line for the downward flow and the black line for the upward flow). Note
that by Figure 4(a), we can see if (CgBo; Fypp) is less than 0.04, the function
y/(CBBo;‘ F VpB) will be within about 2% of unity; thus, the heat transfer mode will
be the variable-property forced convective heat transfer.

The second model proposed by the author was about the heat transfer due to the
thermally induced flow acceleration. It shows how the acceleration of a heated flow
causes the reduced turbulence production, the deteriorated HT, and the turbulence
laminarization. The final form of this model is given as

0.45
] (10)

Nug\ (Fvps Nug\ (Fves\] ™
SUA N (SVP3) ] (CaAGF SUB) (Zves
(V) (22 = 1 (522) (i)

where Cj4 is a constant, Ac, is the flow acceleration number, and Fyp, is the
modification on the variable properties for the acceleration-influenced flow. As is
shown in Eq. (10), the product (Nug /Nug) (F vp3/F lvpa) is a unique function of the
parameter (CaAcyFypa), and we will describe this function as w(CaAc,Fypa). The
variation of w4 (CaAc,Fypa) with (C4Ac,Fypa) can be readily determined using a
similar approach to that described in the buoyancy-influenced heat transfer case.
The result is shown in Figure 4(b). The function w(CqAc,Fypa) is predicted to fall
from unity as (CaAc,Fypa) increases from zero. This indicates that the heat transfer
is attenuated as the flow acceleration increases, and note that this phenomenon is
independent on the flow direction. The author argued that with the increase of the
flow acceleration, the excess pressure acting on the flow is able to balance the shear
stress; thus, the core layer will not experience any shear stress and soon leads to the
turbulence laminarization.

The third model was presented which describes the heat transfer under the
condition where the influence of the buoyancy and the thermally induced bulk flow
acceleration are combined together. Using the approach developed earlier to relate
the Nusselt number ratio and the shear stress ratio, the author proposed

T B0, Fioh

wiC ey Fyp

m— gpaard (o

| — dovwrward Mow
04+

| TSR S S i -
0,01 0.1 | 10 1043 0.0 0.1 1
OB F, Cohe, Fop,

(a) (b)

Figure 4.
Effect of the theoretical buoyancy and flow accelevation factors on heat transfer [12], (a) the effect of buoyancy,
and (b) the effect of flow acceleration. Data in this figure come from Ref. [12].
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0.45
Nuga\ [Fyes) ' . Nuga\ " (Fyes) ! Nuga\ " (Fyps) !
—_ = |15 (CgBo,' F' —r(CgBo, F —-
(NuF > <F Ve +( oBo; Furs) Nur r( oBo; Furs) Nug Fyps

(11)

Here the parameter r indicates the ratio of (Nuga /Nug) **(CaAc,Fypa) to
(Nuga/ Nup)fz‘1 (CBBoék F VpB) (i.e., the ratio of the strengths of the buoyancy effect
to the flow acceleration effect). In Figure 5, the author evaluated the parameter
(Nugs /Nup) (FVp3/F’VP3) for the specified values of (CBBo; FVpB) and r and pro-

duced the curves of ¢gy (CBBO;‘ FVPB) = (Nugs /Nup) (vag/F'VP3)71'1 against
(CBBOI;‘ F VpB) and ». Thus, for the upward flow, the acceleration influence promotes
the buoyancy effect, whereas for the downward flow, the acceleration opposes the

buoyancy effect. These trends are illustrated in Figure 5 for three values of 7 = 0,
0.5, and 0.8.

3.2 Correlation by Li and Bai

Li and Bai [11] proposed a semiempirical correlation based on the momentum
and energy integration equations in the thermal boundary layer. The authors
observed the direct numerical simulation (DNS) data under deteriorated HT regime
in Bae et al. [7], Hu [27], Peeters et al. [28], and Zhang et al. [29], and they found
that in the turbulent core, the temperature gradient is negligible; therefore, the fluid
temperature in the core is approximately the bulk temperature, especially when T,
< Tye < T,. While in the thermal boundary layer 6, the fluid temperature increases
from T}, to T, (where & is the thickness of the thermal boundary layer). This can be
explained as follows: the fluid within the pseudo-critical region absorbs consider-
able energy due to the high ¢, leading to the small temperature gradient in the
turbulent core [7]. Based on these characteristics, Li and Bai built a “two-layer
model” for deteriorated HT (as is shown in Figure 6) [11, 30]. The turbulence in the
tube is divided into two layers: the thermal boundary layer and the core layer. In the
thermal boundary layer, the buoyancy is strong and leads to the shear stress

1.4
— = (), downward flow
1.34 = r=0.5 downward flow
r= 0.8, downward flow
o | el 0, upward flow . ‘//'
E =omo p= 05, upward flow
. i == pm (5, upward fow
h.-'-'. 1.0+ "‘¢==:'-—.-—--.-.
Y TR
0.9 WEN
" 1
| L
0.5 - T
iy
0.7 T T
0,01 0.1 |
CyBoy, Fym

Figure 5.
Heat transfer for mixed flow with combined influence of flow acceleration and buoyancy effect [12]. Data in
this figure come from Ref. [12].

75



Advanced Supercritical Fluids Technologies

redistribution. However, in the core layer, the temperature and density gradients
are small; hence, the buoyancy effect can be neglected.

Figure 6 shows the straight tube the authors analyzed, and the flow direction is
vertically upward. As is shown, the element abcd with a thickness of 6 and a length
of dx in the thermal boundary layer is chosen to build up the momentum equation:

dp Tw Ts — _1d 0 2
—a‘§+3‘pg‘5&<Jo’)” Y o

In the above equation, 7, is the shear stress at the wall and p is the average
density across the thermal boundary layer. The wall shear stress and friction factor
here are calculated based on Blasius equation, as is shown in Egs. (13) and (14):

Ty = O.thphui (13)
f, =0.079Re;, %% (14)

Assume that the pressure gradient on the cross section keeps constant. In a
similar way, for the bulk flow, we could get

dp 27, duy, duy,
——p———png(pu)hazGa (15)
Subtracting Eq. (15) and Eq. (12), the pressure gradient could be eliminated and
the following result could be obtained:

2ty Tw — Ts duy,

o1d /P,
R 5 +(ﬂb—ﬂ)g—ga<JOPu dy>—Ga (16)

It is obvious that for the vertically upward flow, the radial part of the velocity
(u,) is small enough to be neglected. Thus, the term (p%) in the integration sign
equals to the total mass flux G. Then Eq. (16) can be simplified as

— 15 B 0 u
2%—“” ==+ (py —ﬂ)g:§% <Ludy) —G% a7
-> | ., *-
Adei R
el B
g, => | & |
|_J |
+ﬂ :: : -
L I I
- | o
3yl
e ' .

Figure 6.
Physical model of the straight tube.
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Note that the thickness of the thermal boundary layer 6 is negligible compared
with the radius of the tube R. Concerning with this fact

Ty — T,

d Gd /[
5 L=(py—P)g+ [Gg TS dx (JO”dJ’ﬂ (18)

The effects of the buoyancy and flow acceleration on the shear stress redistribu-
tion are reflected by the two terms at the right side of Eq. (18), respectively.
According to Negoescu et al. [31], in the upward flow, the influence of the flow
acceleration is much weaker compared with the buoyancy. In order to simplify
Eq. (18), the authors adopted the assumption that the axial velocity u,, linearly
varies within the thermal boundary layer thickness 6. This leads to

Tw —Ts _ du, G ds du,,
5 =(p—P)g+ [de_25<ubdx+6dx>} (19)

The gradient of the bulk velocity can be obtained by the analysis on the energy
balance of the bulk fluid:

duy _ o d(W/py)dTy _ G fy dHy _ 44uPs (20)
dx dT, dx  pycm dx  pycpd

The authors made further assumption that §(du,/dx) in Eq. (19) is much smaller
than u,(dé/dx). This can be interpreted as follows: the axial thickness variation of
the thermal boundary layer (6) is negligible compared with the axial bulk velocity
(up) variation. Then Eq. (19) could be simplified as

won_ Anpr, 0 du o

Tw fb/)bu}% fhub dx

Thus, the drop of the shear stress across the thermal boundary layer can be
rewritten as the following pattern:

Tw — Ts

(22)

2Gry,, 4kr | 5
Tw Rei Re,Pr, fbd

where Gry, is the average Grashof number and k7 is a nondimensional parameter
reflecting the expansion of the fluid:

o3
G1, :ﬂb(ph plgd ’

Ky
1
~ > (pw + pp) for Ty < Ty or T)y > Ty
pP= 1 (23)
T, T, 1Py (Tpe = Tp) + poy(Tw — Tpe)| for Ty <Tpe < Ty
d
kp = Prq.,4 (24)
Ap
Therefore, Eq. (22) can also be rewritten as
Tw — T5 2Gry, 4p,dq,, S
Tw Re; Repuycpy |f1d
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In order to build the connection between the shear stress and heat transfer, the
authors analyzed the energy balance of the element abcd shown in Figure 6:

< ([om) vomi () =(5), -5 (5)
w TPy — | | &Tdy ) +cppTh udy | = -4 | 4— —— | =
9w T Pp bdx( N Ly phlb g OP y b & s Pr, \ & s

(26)

The physical interpretation of the budgets in the above equation can be given as
follows: the first term is the wall heat flux (i.e., energy input from the boundary
ad); the second term is the net energy input by the convection through the bound-
aries ab and cd; the third term is the fluid energy from the core layer through the
boundary bc. The axial heat conduction is ignored here. The fourth and fifth terms
are the energy output by the heat conduction and turbulence diffusion through the
boundary bc, respectively. As is indicated by Kurganov and Kaptil’ny [6], the
turbulent viscosity in the thermal boundary layer drastically attenuates under the
deteriorated HT regime. A factor C,; is introduced here to reflect the ratio of the
turbulent viscosities under the deteriorated HT regime and normal HT regime.
Moreover, based on the mixing length assumption, the turbulent viscosity at the
boundary bc is

|75]

12
= ﬂpb127’ﬂt = Cut(py!|75)
t

(27)

He = M/’bl2
&

y=5

In order to give the qualitative description of y,, the authors applied the Bo*
number and py,/p;, into Eq. (27) to reflect the influence of the buoyancy force and
the variable thermophysical properties:

n
Cu1 = @Bo;™ (p”’) ,Bo; = Gr,/Re?’ (28)
b

where m and 7 are the exponents. Then the Nikuras-Van Driest mixing length
model was chosen here [32]:

L,,/R = (0.14 — 0.08%* — 0.061*)[1 — exp (—y*/26)],n = (R—y)/R  (29)

The wall distance y* was taken as the dimensionless thickness of the thermal
boundary layer, and it is defined as

T VPITw
yt =Py, VP, (30)
H H

For the variable-property turbulence, the local value of the thermophysical
properties is more advantageous [33, 34]. Therefore, in Eq. (30) the local
definitions of the density and viscosity were adopted. Considering the thermal
boundary layer thickness (§) minuteness, the authors omitted the terms
higher than the second order in the Taylor series of the two terms at the right
side of Eq. (26):

G I e it 31)
s & 7 Pp\dy/),, Pn &
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The terms on the left side of Eq. (26) can be dealt as follows:

d /[ d dH e ds
PpUb e (JOCpTdy> = PpUp M (Haed) = G ((S do + Hape dx) (32)
d /[ ds
L‘prb a (Jopudy> = GHb a (33)

where H,,, is the average specific enthalpy across the thermal boundary layer.
Then the heat transfer coefficient can be obtained based on Eq. (26):

h:ﬂl+@_ G 5de dé ds
§ Pré To—T,

dox +Havea+Hba

(34)
The y, in Eq. (26) is determined by Eq. (25) and Egs. (20)—(22). The fitting curve

among C,;, Bo* number, and the density ratio (p,,/p;,) is obtained by the dataset of

the vertically upward water flow in the circular tube under the deteriorated HT

reported by Mokry et al. [9], Hu [27], Wen [35], and Wang et al. [36]. The total

number of the data points is 700, with 495 data points as the fitting set and 205 data

points as the assessment set. The parameters range of the dataset is given in Table 2.
In Eq. (26), the thermal boundary layer thickness § is expressed as

5= %5* (35)
\VFbhtw

According to the analysis on the temperature profiles based on the data
presented in the Ref. [29] which has similar working conditions, the dimensionless
excess temperature exceeds 0.9 at §* = 300 in the tube turbulence (for details, see
Ref. [11]). For simplicity, the authors assumed an approximate value of 300 for §*,
and then the expression of § can be expressed as

8= 6"1y/\/PyTw = 300u,/\/PpTu (36)

According to Egs. (36), (13), and (14), it can be found that the thickness of the
thermal boundary layer 5 = 300, /\/p,7w ~ 10~* m is R ~ 1006. Thus, the
assumption that the thermal boundary layer thickness is negligible compared with
the tube radius is reasonable. The order of magnitude of the terms in Eq. (19) is
listed as follows based on the dataset:

u,~1ms,G~10°kgm 2 51,6 = 3004,/ \/pp70 ~ 10~ * m,

dé du dT, ds (37)
Qo _ 1321G—O.875d0.125ﬂ70.125 Haly | 1076, =2 ~ 10 m s
dx dT dx dx

Refs. P (MPa) G (kg m2s 1) q (kW m2) d(mm) H,Kk kg’l) Heated length (m)

Mokry et al. [9] 241 129-334 200-500 10 1450-2600 4.0

Hu [27] 23-30 300-500 600-900 26 1300-2900 2.0

Wen [35] 23-26 332-700 446-600 7.6 1300-2900 2.64

Wang et al. [36] 23 450-536 450-458 10 1300-2400 2.5

Table 2.

The experimental data sources used in the paper.
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q, ~5X 10° Wmfz,/)h ~ 5 x 10? kg m3,d~10" m,

dub (38)

dw 15 10~

_ _ 1 1r—
B~10"K e, ~10* kg K 1,dx T

The authors got that the u;,(dé/dx) could be ignored compared with the term
6(duy/dx). Therefore, the assumption simplifying Eq. (19) is reasonable. Similarly,
the order of magnitude of the parameters in Egs. (32) and (33) could be analyzed
as follows:

G ~10° kg m 2 571’%} ~5x%x10°Wm™?,
d-Have ~ d-Hb _ 4qw 5 -1 (39)
& S dx Ga " 0ke

H~10°Jkg ',d ~10"% m,

_ dé _ _ du dT), _

_ N 4 o 4o 0.875 ;0125 —0.125 9K N 6

8 =300u,/\/pptw ~ 10" m, o 1321G d - “u iT do 107° (40)
Therefore,
d /[ dH . ds 4 2
PprUp a (JOC], Tdy) ~G ((S dx + Hﬂve a) ~ 10" Wm (41)
d /[ ds -

o T o (Jopudy> = GH, o 103 Wm™2 (42)

The second and third terms at the left side of Eq. (26) are far less than the ¢,
in the left side; thus, they could also be ignored. Eq. (34) could be simplified as

h = )”_b + Help (43)
Plugging Eqs. (25), (27)-(30), and (36) into Eq. (43), the final form of the
model could be obtained after some arrangements:

6 Pri6
2Gr, 4 o2
Iy T
1-C +
d ( Re £,625 Re ;'625Prb> }

(44)

Pr, (I
Nu, = C4 Re 2-875{1 +CaCpRe 2 (5)
t

where C4 = 6.67 x 107%,C5 = 0.2,C; = 1.9 x 10*, Pr, = 0.9. The fitting equa-
tion of C,; was obtained as follows:

For 3 x 10° <Bo}, <8 x 107,
C,a = 1.115Bo; *¥ (p,, /p, )3 (45)

For 8 x 10° <Bo <3 x 10™*,
C,1 = 0.0016Bo; ~*1(p,, /p,)?> (46)

Here the parameter Bo,,_, is defined as the maximum of the buoyancy number
(Bo*) under a specified case (i.e., specified P, G, q,,, d). The range of the parameters
in the new correlation is P = 23-30 MPa, G = 200-900 kg m *s™ !, g = 129-

700 kW m ™2, d = 7.6-26 mm, 3 x 10 ® < Bo’, <3 x 10~ *.
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Figure 7.

Comparisons of the predicted results and experimental vesults. Experimental data come from Hu [27], as is
shown in Table 2; (a) and (c) are the wall temperature results; (b) and (d) are the heat transfer coefficients
vesults. Data in this figure come from Ref. [11].

Figure 7 depicts the results of the model evaluation based on the above assessing
procedure. It is clear that all the existing correlations could not obtain the tenden-
cies of the wall temperature under the heat transfer deterioration regime. The
semiempirical model proposed by Li and Bai shows comparatively higher accuracy
compared with the existing correlations, especially at the peak region of the wall
temperature. Most of the existing correlations significantly overestimate the heat
transfer coefficients under the heat transfer deterioration regime.

In Figure 8, the error graphs of different heat transfer correlations (here the
fitting set and the assessment set are both included) are shown. It is shown that the
semiempirical correlations introduced here are correlated well with the heat trans-
fer coefficients dataset. Seventy-two percent and 63% of the data points fall into the
error bars of £30% and £25%, respectively. In order to further investigate the
predicting capacity under the deteriorated HT regime, the authors introduced
another two statistical parameters: the mean relative error (MRE) and the root
mean square error (RMSE) to evaluate the different correlations performance.
Their definitions are given in Eqs. (47)-(49), and the comparison results are shown
in Table 3. As can be seen, the Li and Bai correlation can give the smallest predic-
tion errors, thus proving its suitability and superiority.

_ |EXP; — PRE;|

RE;
' EXP;

(47)
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1 n
MRE = ;Z|RE1-| (48)

i=1

(49)
d - —
g -~
E e
= 104 SE.
= s
3 o
i &=
B
E
2 4 Morky
3 - Ya
= & Kaing
Lidk Bay
0 . . . - T
0 2 4 6 S w1z 14 12 14
Exp. dats of b / kWK™
(a) (b)
14 5 7
. 1. . e 7 o
L ,
L, 124 e ey P
= LI a l..l S odhom
E o4 = % ’.-'l = {_:mh &
- 'h L I_'l"-"I !—!' = "a‘fll .
s al o /ry!' 2304
38 s
= ~ o 40O
- B4 L] . W
£
-_E L*
= e
) e ®
LAl -
E 24 . . l!mlg
©  Li& Bm
0 T T T T T
1] ) 4 L] g 10 12 14
Exp. data of ./ kWm K
(c)
Figure 8.

The ervors of the predicted results of different heat transfer corvelations. Data in this figure come from Ref. [11].
(a) comparison among Jackson correlation, Bae corvelation and Li € Bai correlation; (b) comparison among
Morky correlation, Yu correlation, Kuang correlation and Li & Bai corvelation; (c) comparison between Cheng
correlation and Li € Bai correlation.

Correlation MRE/% RMSE/%
Mokry et al. [9] 44 96
Bae et al. [10] 63 279
Jackson [23] 130 180
Cheng et al. [20] 94 148
Yu et al. [21] 10 163
Kuang et al. [22] 65 113
Li and Bai [11] 27 32
Table 3.

The statistics of the present and existing correlations.
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4, Conclusions

The approach to establishing the heat transfer correlations of supercritical fluids
is a critical issue since the correlations play very important role in the design and
optimization of the systems and devices. In this chapter, we have discussed the
principles and applications of the heat transfer correlations of supercritical fluids.
The modeling approaches of the correlations of supercritical fluid heat transfer are
reviewed, including the nondimensional parameters applied on the modification of
the empirical correlations and the “equivalent buoyancy-free flow method” used for
the semiempirical correlations.

Then we introduce a new physically based semiempirical correlation which is
based on the momentum and energy conservations in the mixing convective flow.
Considering the mechanism of heat transfer deterioration, a physical model charac-
terizing the redistribution of the shear stress under the combined effect of buoyancy
and flow acceleration was obtained. Then the model about the heat transfer coeffi-
cients under the influence of the reduced shear stress was derived by the energy
integration equation within the thermal boundary layer. Based on this, a semiem-
pirical heat transfer correlation was proposed and then verified with a wide range of
experimental data. Compared with the existing correlations, the prediction accuracy
of this newly developed correlation is significantly improved under the heat transfer
deterioration regime. The investigation on the different statistical parameters shows
that this semiempirical correlation is superior to the empirical ones.
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Greek symbols

TS >

the maximum Jackson buoyancy number under a spec-
ified working condition

Bae and Kim buoyancy parameter

exponents in the empirical correlations (in Figure 2)
specific heat (J kg ' K ™)

average specific heat in the thermal boundary layer
(=(Hy, — Hp)/(T,, — Ty)) kg K™

the correction coefficients under heat transfer deterio-
ration in the Li and Bai correlation

constants in the Li and Bai correlation

inside diameter of the circular tube (m)

Fanning resistance coefficient

constants in the Cheng correlation

the modifications on the variable properties for the
“equivalent” buoyancy-free flow

the modifications on the variable properties for the
real flow

the modification on the variable properties for the
acceleration-influenced flow

the modification on the variable properties for the
buoyancy-influenced flow

gravitational acceleration (m s72)

mass flux (kg m 2sY)

Grashof number

local heat transfer coefficient (kW m 2 K1)
enthalpy (k] kg™ ")

the dimensionless number reflecting the expansion of
the fluid

the mixing length (m)

the exponents in the Jackson’s semiempirical model
Nusselt number

pressure (MPa)

Prandtl number

average Prandtl number across the thermal boundary
layer

turbulent Prandtl number

wall heat flux (kW m™2)

radial coordinate (m)

tube radius (m)

Reynolds number

temperature (K)

nondimensional parameters in the empirical correlation
(in Figure 2)

constants in the Deev correlation

distance from the wall (m)

nondimensional distance from the wall

thermal conductivity (W m ' K™ )
thermal expansion rate (K1)
density (kg m )

dynamic viscosity (Pa s)
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1) thermal boundary layer thickness (m)

6" nondimensional thermal boundary layer thickness in
wall units

0 nondimensional excess temperature

@ the constant in the Li and Bai correlation

v the functional expression for the acceleration-
influenced or buoyancy-influenced heat transfer

T shear stress (Pa)

Supercripts

T transpose matrix

Subscripts

A flow acceleration effect

ave average value over the thermal boundary layer

B buoyancy effect

BA combined effect of the buoyancy and flow acceleration

b bulk value

max maximum

E f forced convection

l definition based on the local values

t turbulence

pc pseudo-critical point

w values at the wall
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Chapter 4

Resource Upgrading in Advanced
Supercritical Fluid (Supercritical
Fluid with Catalyst and
Cosolvent): Liquid Fuels from
Biomass in Sub and Supercritical
Water and Carbohydrate
Up-Conversion in Ionic Liquid and
Supercritical Fluids Mixtures

Masaru Watanabe, Masayoshi Wagatsuma, Keisuke Suzuki,
Takuma Kato, Yasuto Goto, Yukihiro Kanaguri
and Yuya Hiraga

Abstract

Liquid fuels from biomass and up-conversion of biomass in advanced supercrit-
ical fluid are reviewed in this chapter. Lignin can be converted into heavy hydro-
carbons in subcritical water extraction. Lipid, which is triglyceride, is catalytically
converted into straight-chain hydrocarbons of free fatty acid (decarboxylation)
formed by hydrolysis. Carbohydrate is also hydrothermally converted into furan
ring compound and fatty acids. Protein is converted into amino acids in hydrother-
mal water and depolymerization of protein is favored with rapid heating and dena-
turation agency such as alkaline earth metals. Free amino acids are further
decomposed into carboxylic acid through deamination and into amine through
decarboxylation. To inhibit Maillard reactions, which result in polymerization, the
deamination of amino acid at low temperature was favored and a solid catalyst was
quite active for deamination of free amino acids at quite low temperature hydro-
thermal water. Cellulose was dissolved in some ionic liquids with high mass per-
centages (5-20 wt%) and converted into monomers and useful components such as
furan ring compounds and supercritical fluid cosolvent such as hydrothermal water
in ionic liquids supported improvement of reaction efficiency. For hydrogenation of
biomass, it was confirmed that hydrogen solubility was enhanced with supercritical
carbon dioxide and it must be helpful for hydrogen reaction with biomass molecule.

Keywords: liquid fuels, biomass, iso-conversion, ionic liquid, hydrogen solubility
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1. Introduction

Renewable carbon resource is only biomass on the earth and its utilization must
be enhanced to replace fossil carbon resources into biomass. In particular, among a
various energy demands, transport occupies 30% of total carbon footprint in a
personal daily life of an American [1]. For short-distance travel at near a house and
a town, electrical vehicle such as EV (electric vehicle), HV (hybrid vehicle), PHEV
(plug-in hybrid electric vehicle), and so on (so-called xEV) should be spread, but
still a long-distance travel with an airplane and a large passenger ship requires liquid
fuels such as diesel and heavy oils even though secondary batteries would be further
compacted and lightened. For managing of the demands, liquid fuels must be
obtained from renewable and sustainable carbon resources, and the only answer is
biomass. For transformation of biomass into liquid fuels, one of the useful tech-
niques should be sub and supercritical fluids technique with catalyst and cosolvent,
which is called advanced supercritical fluid technology here.

In this chapter, we review our previous studies concerning liquid fuels from
biomass and up-conversion of biomass (mainly carbohydrates) in advanced super-
critical fluid technology (supercritical fluid with catalyst such as solid aid-base
catalyst or cosolvent such as ionic liquid) are introduced.

In a previous study, lignin, which is a major component of woody biomass, can
be converted into heavy hydrocarbons in subcritical water (or hydrothermal)
extraction [2]. The dimensionless severity number (k,-Ro: &, [time '] is kinetic
constant at reference condition and R, [time] is severity factor) can be used to
predict conversion of lignin into liquid fuel. The mean molecular weight of the
recovered lignin (so-called “hydrothermal lignin” because “lignin” is usually named
with the name of solvent, which is used for recovery, such as “alkali-lignin” and
“organosolv-lignin”) was about 1 kDa, which is 6-mer of syringyl structure. The
hydrothermal lignin should be used as heavy oil or source of aromatic structure
after post-treatment such as a conventional catalytic cracking and hydrogenation.
In this review, the lignin recovery and dissolution into hydrothermal water
(obtained lignin is “hydrothermal lignin”) is briefly introduced in Section 2, and the
importance of dimensionless severity number is emphasized.

Protein-rich biomass can be converted into liquid hydrocarbons through cata-
lytic hydrothermal cracking (CHTC) and conventional hydrogenation/distillation
process (total process is so-called “iso-conversion”) [3-5]. That is, the first step of
“iso-conversion” is CHTC, and the main reaction of CHTC should be catalytic
decarboxylation because hydrolyzed lipid is mainly to form free fatty acid, and
carboxyl group in the free fatty acid must be detached to form fuel component,
such as hydrocarbons. In our previous study, it was found that lipid, which is
triglyceride, is catalytically converted into straight-chain hydrocarbons of free fatty
acid (decarboxylation) formed by hydrolysis and one of the active materials of
catalytic decarboxylation is zirconia [6]. It was also found that zirconia is also active
for decarboxylation of small fatty acid such as acetic acid in supercritical water [7].
In “iso-conversion,” the remaining components after extraction of lipid from
protein-rich biomass, which are carbohydrate and protein, are proposed to be
fermented to form small organic acids or olefinic molecules to combine together
with unsaturated hydrocarbon (olefin) produced from lipid decarboxylation.
Anaerobic fermentation is suggested to get small molecules in “iso-conversion”
process, but it requires large space and long time [3]. Then, additional hydrother-
mal process for carbohydrate and protein conversion into small molecules such as
furan ring compounds and fatty acids are proposed by our research group, and a
small review of the proposed process is described in Section 3 of this chapter.
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Carbohydrate is also hydrothermally converted into furan ring compound
[8-13], which is used as liquid fuel, and fatty acids, which are the similar com-
pounds produced from lipid. The furan ring compound such as hydroxymethyl
furfural (HMF) was obtained with high yield in hydrothermal water in the presence
of appropriate catalyst such as TiO, under microwave irradiation [12]. Microwave
irradiation affected HMF formation from fructose, and the selectivity of HMF was
enhanced under microwave heating in hydrothermal conversion [13].

Protein is converted into amino acids in hydrothermal water, and depolymeri-
zation of protein is favored with rapid heating and denaturation agency such as
alkaline earth metals [14]. Free amino acids are further decomposed into carboxylic
acid through deamination and amine through decarboxylation. However, in high
temperature reactions, carbohydrates and protein (and these monomers) are easily
combined together to form melanoidins, which inhibit fragmentations of both of
the components (such as carbohydrates and proteins), through so-called Maillard
reaction, which is a group of amino-carbonyl reactions. The deamination of amino
acid at low temperature is favorable because Maillard reaction is not developed.
However, deamination requires high temperature in subcritical water. For example,
alanine deamination is meaningfully developed over 513 K [15]. To know the
favorable acid or basic condition for enhancing amino acid deamination, pH
dependence on alanine reaction was investigated. As a result, as introduced in
Section 3, lower temperature than 513 K, the amino acid degradation is remarkably
slow. By screening of several types of solid acid additives, it was surprisingly found
that a type of solid catalyst was quite active for deamination of free amino acids not
only alanine but also glycine, leucine, and serine at quite low temperature hydro-
thermal water.

Further decomposition of small free fatty acid into alkene and CHy, is favored for
iso-conversion because these can be acted as alkane source or hydrogen source for
long chain hydrocarbon formation. By integration of each unit reactions/operation
(hydrolysis, deamination, decarboxylation, hydrogenation, and distillation), liquid
fuels such as straight-chain and aromatic-ring compounds are obtained from
woody/protein-rich biomass. One of the images for process integration (process
intensification) shows in Figure 1.

In Section 3 of this chapter, we briefly introduce protein conversion into small
fragments with catalyst in hydrothermal water. Then the effect of acid and alkali on
subcritical water conversion of alanine, which is the smallest chiral amino acid, is
also roughly explained as the basic knowledge of alanine conversion in advanced
supercritical fluid technologies. With a solid acid catalyst, alanine conversion is
enhanced and the discussion why the solid acid catalyst can promote alanine con-
version in low temperature hydrothermal water is provided.

The other advanced supercritical technology is combined utilization of super-
critical or hydrothermal water with cosolvent such as ionic liquid in the absence and
presence of additives (homogeneous or heterogeneous). To improve reaction effi-
ciency (increase of rate, yield, and selectivity of a target component), catalyst is also
used in the ionic liquid-supercritical (hydrothermal) fluid mixture. Cellulose, which
is the most abundant biomass on the earth, is dissolved in some ionic liquids with
high mass percentages (5-20 wt%) and converted into monomers and further
conversion into useful components such as furan ring compounds. In our research
group, the combinational utilization of ionic liquid with hydrothermal water (or
other solvents with and without catalyst) for cellulose (and its monomer, glucose,
and the derivative) conversion into small fragments and useful chemicals were
reported [16-25]. There are several merits for use of supercritical fluid technology
(not only supercritical region but also subcritical and hydrothermal water) with
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Figure 1.

Proposed process for liquid fuel production from protein-rich biomass by hydrothermal conversion together with
“Iso-conversion.”

ionic liquid as cosolvent: reduction of viscosity of ionic liquid solution [26], control
of acidity and basicity of ionic liquid, solubility control of material in ionic liquid,
separation of target molecule from ionic liquid into supercritical fluids, and so on.
Our research group also progress the study of the separation of some components
(biomass molecules or biomass refinery are targeted) from ionic liquid solution
with supercritical carbon dioxide [27-30]. Here, we only briefly introduced some
research results concerning biomass conversion into useful molecule in ionic liquid-
hydrothermal water mixture with additives (Section 4).

In the conclusion of this chapter, we will conclude this chapter and mention
outlook in this field.

2. Hydrothermal lignin: aromatic hydrocarbons from woody biomass
2.1 Reducing molecular weight of lignin

Lignin is one of main components of lignocellulosic biomass and a natural
phenolic polymer with propyl-phenol groups. One big drawbacks of natural lignin
in originally existing woody biomass is large molecular weight (because high
molecular weight lignin has high viscosity or it is solid at room temperature and it
has a complicated structure), and molecular weight reduction of lignin will provide
many advantages in handling and processing as a chemical feedstock. In the paper
[2], we proposed an environmental-friendly process for recovery of lignin from
woody biomass, and it should have high efficiency with producing simple structure
lignin, which is highly desired as a biorefinery feedstock. Here, the brief introduc-
tion of the process and the index of the operational parameters (how to know the
optimum conditions) is summarized.

2.2 Experimental for hydrothermal lignin preparation

In the paper [2], low-grade wood from Japanese cedar production was provided
from a domestic wood manufacturer and had a lignin content of 44.6 wt% (the
sample should be mainly bark of the Japanese cedar). The bark was crushed to have
a coarse particle size of less than 5 mm. The elemental balance of the Japanese cedar
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Coupled system of two batch reactors.

was 49, 5.9, 0.1, 1, and 42.2 wt% for C, H, N, S, and O content, respectively. Ash
content was 2 wt%.

A coupled system of two batch reactors was used (the photograph and schematic
diagram of the reactor is shown in Figure 2, and its detail can be seen elsewhere
[2]), and the sample was loaded into the upper reactor. The lower reactor was
reservoir and used to recover hydrothermal extracts. The reservoir was maintained
at a temperature of 473 K to inhibit the aggregation of lignin because lignin typically
is melted into liquid phase at temperatures greater than 423 K in the presence of
water [31]. Typically, a 7.5 g sample of bark (covered with stainless mesh) was
loaded in the upper reactor along with 150 mL of pure water. After purging air
inside the reactor, N, gas was loaded. The upper reactor was heated up to 473-573 K.
The pressure in the upper reactor (sample-loaded reactor) was close to the saturated
pressure of water at the reaction temperature. After the desired treatment time, the
valve between the two reactors was opened and the fractionated components in the
reactor were recovered in the reservoir. The reservoir was then rapidly cooled with
a water bath (ca. 10 min) and was then detached from the sample-loaded reactor.
The residue in the upper (sample-loaded) reactor with the stainless mesh was
weighed after drying at 333 K overnight. Connection lines between the two reactors
were rinsed. The water-insoluble fraction among the recovered solutions was
hydrothermal-soluble lignin (namely “hydrothermal lignin”). The soluble Klason
lignin (hydrothermal lignin) was quantified, and the molecular characteristics
(molecular weight with GPC and molecular structure with NMR) were evaluated.

As a result of the molecular characteristics, the hydrothermal lignin obtained
from bark of Japanese cedar by hydrothermal extraction at 523 K under the satu-
rated pressure of water, 3.98 MPa, about was mainly 6-mer (about 1 kDa of mean
molecular weight) with syringyl-rich structure [2].

2.3 Dimensionless severity number

The kinetic study for lignin recovery (how much percentage of Klason lignin can
be recovered based on the Klason lignin in the raw material, the bark of Japanese
cedar) was performed, and severity factor was used for consideration of the effect
of reaction temperature and reaction time. The severity factor, R, [min], is defined
as below:
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R, — exp (T ;T’)t 1)

where T [K] is reaction temperature, T’ [K] is the reference temperature (here is
373 K), t [min] is reaction time, and w is the function of activation energy, E, [K] mol 1],
gas constant, R = 8.314 ] mol K%, and T,, as shown in the following equation.

w=—" (2)

According to the derivation of the severity model, lignin recovery (LR) can be
calculated by the next equation.

Lignin recovery (LR)[wt%)] = {1 — exp(—k,*R,)} x 100 3)

where k, is the rate constants in min " at reference temperature T, (373 K), as
described in the following equation:

k, = koexp (— RE; ) (4)

where k, [min '] is pre-exponential factor of the reference rate constant.

By fitting the equations to the experimental data (as shown in Figure 3), all the
kinetic parameters were decided as to be 135 kJ mol * for E, and 6.8 x 10 > min "
for k.. The experimental data at the most severe condition (k,-R, value is over 1, and
these data were obtained at 573 K for 10 min) were far from the calculated value,
and the reason why the data are not fitted with the calculated value is because the
cellulose in the bark was carbonized and the remained Klason lignin in the residue
was estimated to be high.

As shown in Figure 3, lignin solubilization (lignin recovery) in hydrothermal
water drastically changed between 0.1 < k,-R,, value <10. The similar trend was
seen in the previous reports [2, 32, 33]. From Egs. (1), (2), and (4), the dimension-
less severity number (k,-R,) is written by the below equation:

Ea(T — 2TV)> (5)

k,*R, kg-t-exp( ReT2

100

N ot
= [=

LR, wt%
.
=

Figure 3.
Dimensionless severity number for lignin recovery from bark of Japanese cedar (473-573 K for 3-40 min).
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Eq. (5) shows that the dimensionless severity number (k,R,) is also the function
of t and T as well as severity factor (R,) as shown in Eq. (1). While R, varies a wide
range of values and the optimum R, for the target reaction is not easy to estimate,
meaningful transitional change should occur at the range of 0.1 to 10 for the
dimensionless severity number k,-R,, as reported here and in the literatures [2, 32,
33]. Therefore, the dimensionless severity number (k,R,) is quite useful, and the
severity analysis using k,-R, can be adopted to various type of the reactions. Our
research group is going to study on utilization of the dimensionless severity number
(k:R,) for various kind of reactions and its application and usefulness with a variety
of the examples will be reported in near future.

3. Protein hydrolysis and amino acid degradation: low temperature
catalytic hydrothermal cracking (LT-CHTC) for liquid fuel
production

3.1 How to convert protein-rich biomass into liquid fuels

Based on the concept of “sustainable development goals (SDGs)” by UN and
“circular economy” by EU, waste materials (by-product of main activity) must be
used in effective and useful application and ideally must be back to primary
resource production. In our daily life, huge amount of food waste generates and its
utilization/valorization is still insufficient. This situation is not only for food waste
(including house waste, municipal waste, sewage sludge, which are by-product of
our daily life) but also agricultural by-product. One of the big problems of these
wastes is to contain high amount of water, which is hard to exclude from the wastes.
Water inside the waste (namely wet biomass) assists to cultivate fungi, and some of
the wet biomass wastes are easy to rot with a bad odor and toxic component
formation. Even with huge amount of energy loss, the large part of the wet wastes is
forcedly burned to eliminate without effective utilization as energy or thermal
purposes.

Microalgae, which has fast grow rate with CO; stabilization through photosyn-
thesis and attracts much attention as renewable resource, is also wet biomass as the
same as daily-life wastes with containing a large amount of water mentioned above.
The total difference of microalgae from the waste wet biomass is that cultivation
and harvesting of microalgae can be controlled to level not only for yield but also
composition. Thus, microalgae is a primary and industrial renewable resource.
However, problem related to water is to be solved as well as wet biomass waste.

Sub and supercritical water technologies enable water (also in the wet biomass)
to eliminate from the structure of the biomass and to use for hydrolysis of the
natural polymer in the biomass as reactant. As mentioned above, supercritical water
plays the important role in the CHTC for producing olefinic hydrocarbon from lipid
and free fatty acid, as solvent and reactant. But, for feeding lipid into the process,
extraction of the lipid from microalgae must be done. Typical lipid extraction
processes from microalgae are solvent extraction and mechanical press, both of
which require dry to improve lipid yield before the extraction. Also, in iso-
conversion concept, the residue of the extraction of lipid (protein and carbohydrate
are main components) will be treated by anaerobic fermentation to form small
molecules such as organic acids. Advantage of the biochemical process is high
selectivity, but disadvantage is low reaction rate. For the purpose of liquid fuels
production, broad product distribution in the range of small molecular weight is
acceptable. Or rather, rapid transformation process has to be necessary for the
residue conversion of the residual biomass containing protein and carbohydrate.
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Thus, the whole biomass including lipid, protein, and carbohydrate should be
treated by sub and supercritical water technologies in the presence of an appropri-
ate catalyst (so it should be advanced supercritical technology). Here, we focus on
effective conversion of carbohydrates and protein into small fragments, and low
temperature catalytic hydrothermal cracking (LT-CHTC) must be designed with
the concept of inhibition of Maillard reaction, which is undesired reaction because
complex nitrogen-containing components are produced and these will be
repolymerized into non-decomposable materials like char or coke.

3.2 Carbohydrate conversion into precursors of liquid fuels

Our research group has studied protein and carbohydrate conversion in hydro-
thermal water (subcritical water) condition with some catalysts.

It has been revealed that hydrolysis of cellulose, which is main component of
carbohydrate in biomass, is rapid in sub and supercritical water without additive
[34, 35]. The hydrolysis product of cellulose, glucose, is converted into furan ring
compounds [8-13] and further small molecules (including hydrogen gas) in hydro-
thermal and supercritical water in the presence and absence of catalyst/additive
[34, 36-43].

3.3 Protein conversion into small fragments

Protein-rich biomass, defatted soybean meal, was converted into oligopeptides
with the advanced supercritical technology (catalytic hydrothermal conversion)
[14]. Protein is easily denatured to aggregate into brownish compound, which is
hard to be hydrolyzed, with heat. To alter the reactivity of peptide under the heat,
rapid heating technique is helpful [14, 44]. In addition, denaturation agent is also
useful to improve and accelerate hydrolysis rate of protein into small fragments
[14]. The effectiveness of the denaturation agent is known as Hofmeister series,
which tells that alkaline earth metal ion such as Ca** and Mg** is a strong denatur-
ation agent [45, 46]. Further, pH of the protein solution is important factor for
keeping solubility in water, and alkali condition is favor for soy protein solubiliza-
tion in water [47]. In our previous study, the multiple techniques (microwave
technique for rapid heating, Mg”* addition for Hofmeister series and alkali condi-
tion) for keeping reactivity and solubility of soy protein were employed for
improving the yield of oligomer (over 70% of oligopeptide yield based on the soy
protein in the defatted soy bean meal) from defatted soy bean meal at 190°C under
saturated pressure of water for 1 h [14]. The oligopeptide obtained from the
advanced supercritical technology for protein conversion (rapid heating with high
Hofmeister additive in subcritical water) shows high foaming ability, antioxidant
activity, and high inhibitory activity on angiotensin I converting enzyme (ACE)
[14]. We also confirmed that the oligopeptide can be converted into free amino acid
with over 80% yield at an advanced supercritical fluid technology (patent applica-
tion and data are not shown), and it will be reported in near future elsewhere.

3.4 Alanine degradation in subcritical water

In the concept of the total protein-rich biomass conversion into liquid fuel with
advanced supercritical fluid technology (new “iso-conversion” for total protein-rich
biomass), free amino acid produced through hydrolysis of protein and oligopeptides
is further degraded into small molecular weight components such as organic acids
and aldehydes (Figure 1). To know the optimum condition of amino acid degrada-
tion in subcritical water at a wide range of reaction temperature, alanine is selected
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as a standard amino acid. In a literature [48], it was found that the rate of thermal
decomposition of amino acids were correlated with Taft rule, which allows the
prediction of the rate of different amino acid based on a reaction rate of standard
amino acid with substituent parameter, ¢ , and reaction parameter. It is expected
that the same relation of degradation rate of amino acid in subcritical water can be
found (it will be revealed in near future by our research group) and alanine is
appropriate as the standard.

3.4.1 pH dependence of vate constant of alanine degradation

Here, pH dependence of the reaction rate of alanine was investigated because an
appropriate additive for improvement of alanine conversion will be looked for. For
the objective, an overall rate constant for 1st order alanine degradation at a wide
range of pH condition [49] was considered:

k kAlaJr [H+]2 + kAla:I<al [HJF} + kAlef ® I<6l1[<6l2 (6)
la =
A [H' + Kas[H'] + Ka:1Kas

where k), is the rate constant of 1st order overall alanine degradation, k,,, is the
rate constant of 1st order overall cationic alanine (Ala*) degradation, k., is the rate
constant of 1st order overall zwitterion alanine (Ala™) degradation, and k,j, _ is the
rate constant of 1st order overall anionic alanine (Ala™) degradation. [H'] is the
concentration of proton in the system. Ka, is the dissociation constant between
cationic (Ala*) and zwitterion alanine (Ala®), and Ka, is the dissociation constant
between zwitterion (Ala®) and anionic alanine (Ala~), as shown in the below
equation:

Ala™ & Al Al ?)

In the literature [49], the rate of decarboxylation (which is main reaction at
sub and supercritical water over 573 K [15]) was measured with monitoring CO,
formation by in situ FTIR. Here, in Eq. (6), it is considered that pH dependence
of the 1st order rate constant of alanine evaluated from the rate of decarboxylation
was almost the same as the rate of overall alanine degradation (k,;,). The
dissociation constant of Ka; and Ka, in subcritical condition can be calculated by
revised HKF model with the reported parameters [50]. We performed the alanine
degradation in subcritical water (260~360°C at 20 MPa) not only neutral
condition but also acid (5 mmol dm 3 of H,SO, solution) and alkali (20 mmol dm 3
of NaOH solution) conditions to know the intrinsic first-order rate constant of
degradation for all kinds of alanine species (k,,, for cationic, k1, for zwitterion
and k., for anion). Figure 4 shows the alanine species distribution in the reaction
conditions.

Here, the dissociation constant of H,SO, was correlated by the equation pro-
posed by Oscarson et al. [51]. For NaOH, the dissociation constant was calculated by
the revised HKF (Helgeson-Kirkham-Flowers) model [52].

In the alkali condition (Figure 4C), only the anionic alanine (Ala™) is present.
At the neutral condition (Figure 4B), the composition of zwitterion alanine (Ala®)
is major. With increasing temperature, the composition of anionic alanine (Ala™) is
drastically increased and the composition of anionic alanine (Ala™) is higher than
that of zwitterion alanine (Ala™). In the acidic condition (Figure 4A), the compo-
sition of cationic alanine (Ala*) is major species and its composition becomes higher
with increasing temperatures.
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Figure 4.

Alanine species distribution in subcritical water at (A) acid, (B) neutral, and (C) alkali conditions at
20 MPa.

In this part, pH dependence of the overall rate constant of alanine degradation at
a wide range of reaction temperature and pH condition is explained. To correlate
the rate constant, a correlation was performed:

i. At alkali condition, k,;,_ was measured and it was the same as the overall rate
constant, k..

ii. The apparent rate constant was measured at neutral condition as k,),, which
includes both contribution of anionic and zwitterion alanine as below.

d[Ala]
dt

= kAla [Ala]o = kA];f [Alaf] + kAlai [Alai] (8)

By using k,j, measured in alkali condition and the concentration of each species
(Ala® and Ala™) calculated as shown in Figure 4B, kaj,. was obtained by the below
equation.

_ kan[Ala]y — ka,-[Ala7]

kAlai - [Alai] (9)

where [Ala]y was the initial concentration of alanine. All brackets, [X], are

correspondent to concentration of species X in mole m >,

iii. For ka1,, was obtained as the same manner of k1, mentioned above.
3.4.2 Experimental for alanine conversion in subcritical water

Figures 5 and 6 show a photograph and schematic diagram of a flow apparatus
that used for subcritical water decomposition of alanine, respectively. The reactor
consisted of two pumps, preheater, reactor, cooler, and back-pressure regulator.
The preheater was made of SUS316 stainless steel (length 40 m., id: 1 mm, od: 1/16
inch) and placed in a GC oven (HP6890, Agilent Technologies). The reactor was
also made of SUS316 stainless steel (length 100 m, id: 1 mm, od: 1/16 inch, volume
of reactor: 81.2 cm?) placed in another GC oven (6890N, Agilent Technologies). The
shell tube heat exchanger for cooling made of SUS316 stainless steel (length 30 m.,
id: 1 mm, od: 1/16 inch) was located in a chiller (LE-600, Advantec). The pressure
was controlled at 20 MPa by the back-pressure regulator (TESCOM). The sample
solution and water were supplied by pumps (PU-2100S, Jasco and NP-KX-500,
Nihon Seimitsu Co., Ltd.). For rapid heating, water was fed to mixing part with
flow ratio of 1:9 or 1:3 (sample solution:water) and preheated. The preheater tem-
perature was decided by consideration of enthalpy balance to reach the mixing
temperature to the targeted temperature, which was in the range of 260-360°C.
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Figure 5.
Photograph of continuous flow reactor.

3 6 7 Liquid

Figure 6.
Schematic diagram of continuous-flow system (1: alanine solution, 2: water, NaOH, or H,SO,, 3: pump, 4:
relief valve, 5: valve, 6: preheating unit, 7: reaction unit, 8: cooling unit, 9: filter, 10: back-pressure regulator).

The effluent was cooled down in the cooler and collected. Reaction time was
varied in the range of 60-300 s by changing flow rates of the reaction fluids and
calculated based on the water density at reaction temperature (260-360°C) and
pressure (20 MPa).

Alanine in the outlet solution was measured by HPLC with an ODS column (Shim-
pack VP-ODS, Shimazu) and PDA detector (L-7455, Hitachi) at wavelength of 200 nm.
The column oven was 60°C. The carrier were sodium 50 mM of sodium phosphoric
acid with 7.2 mM of hexane sulphonate set to pH 2.5 (solution A) and HPLC grade
acetonitrile (solution B) with flow ratio of 96:4 (A:B) and the flow rate was 1.0 mL/min.

Conversion of alanine was calculated from the concentration of alanine before
and after the reaction and the rate constants (kaj._, Ralax and ka1,,) by already
mentioned protocol: (i) ka1, was measured at alkali condition, (ii) kaj.. Was
correlated from ka1, measured in neutral condition, and (iii) kaj,, was obtained at
acidic condition by correlation with the measured k4j, measured and kaj,..

3.4.3 Rate constant of alanine at wide temperature and pH conditions

Figure 7 shows the Arrhenius plots of the intrinsic rate constant of each alanine
species degradation in subcritical water at 20 MPa. The data for kj,, and ka1, were
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largely scattered, and the correctness of the data must further be investigated. Here,
we analyzed the trend of the rate constant for each species as the order and the
temperature dependence (namely activation energy) should be correct. The activa-
tion energy of the rate constant of zwitterion, kaj,+, was the highest among all the
rate constants shown in Figure 7. Thus the reactivity of zwitterion alanine becomes
higher than the others. Figure 8 shows the simulation of pH dependence of the
overall rate constant of alanine degradation in subcritical water at 20 MPa and
various temperatures.

At the range of reaction temperatures from 340 (Figure 8A) to 280°C
(Figure 8D), the simulation of pH dependence of the overall rate constant of
alanine degradation, k,j,, (drawn with the bold line) well explained the experi-
mental data (plots in the figures). As shown in Figure 8, over 300°C, zwitterion
alanine is the most active species and surprisingly an acid or alkali catalyst is not
useful for enhancing degradation rate. Below 280°C, alanine degradation should be
enhanced by an acid or alkali catalyst. But lower temperature, the reaction rate is so
low and decomposition of alanine requires long time. For the pretreatment of
protein-rich biomass to produce the precursor of hydrocarbons such as organic
acids, the enhancement of the reaction rate must be necessary. To seek an appro-
priate additive, some types of solid acid additives were screened.

3.5 Amino acid deamination with solid acid additives in hydrothermal water

3.5.1 Previous studies on solid catalytic reaction of amino acid in hydrothermal
(subcritical) water

Since amino acid is monomer unit of protein and key compound in life, amino
acid reaction in hydrothermal system is highly motivated to know the origin of life
because protein is basic molecule for life and polypeptide formation, namely pro-
tein synthesis, should be the first step. Hydrothermal vent under deep sea is seemed
to be one of the spaces where is the original place of life. To form protein, surviv-
ability of amino acid at such severe condition (hydrothermal water is partially
higher than 200°C) is crucial for the origin of life, and the stability of amino acid at
hydrothermal water condition is important. In the origin of life point of view,
amino acid touches on the surface of inorganic materials at the deep sea near the
hydrothermal vent and the effect of the inorganics on the stability of amino acid has
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Figure 7.
Intrinsic rate constant of each alanine species at 20 MPa.
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Figure 8
pH dependence of the overall rate constant of alanine degradation, k., at 20 MPa: (A) 340°C, (B) 320°C,
(C) 300°C, (D) 280°C, (E) 150°C, and (F) 100°C.

been studied. It was reported that iron compounds enhance dimerization to form
alanyl-alanine and diketopiperazine at hydrothermal condition [53]. Glycine and
alanine are reacted at 100°C for 35 days with metal ferrites such as NiFeO, to obtain
30% of yield of dimerization products [53].

As amino acids to be key compounds in biomass refinery, there have also been
some reports concerning conversion of amino acids into chemicals with solid addi-
tives. It was reported that Pt/TiO, promotes the reductive deamination of glutamic
acid derivatives to form organic acids at 225°C for 24 h [54]. By the same research
group of [54], decarbonylation of amino acids was attempted by Ru-based catalyst
[55]. Reductive (hydrogenation) decarbonylation of valine to isobutylamine was
developed in the presence of Ru-catalyst with isobutylamine yield of 87% in hydro-
thermal water at 150°C for 2 h.

3.5.2 Sulfonyl solid acid catalytic veactions of alanine in hydvothermal (subcritical)
water

As described above, there have been several papers concerning some solid cata-
lytic reactions of amino acids in hydrothermal water; however, solid acid or base
reactions on hydrothermal (subcritical water) reaction of amino acids was not
investigated so far.

Based on the analysis of the pH dependence of degradation of alanine, solid acid
or base catalyst must be effective. The batch experiments were performed with
microwave hydrothermal small reactor (Figure 9). The detail of the apparatus and
procedures are found elsewhere [13]. Here, conversion of alanine was investigated
in hydrothermal water with and without sulfonyl solid catalyst at 150°C for 1-

60 min. Basically, 5.0 g of 110 mmol dm ™ of amino acid solution was loaded in a
glass reactor with 0.5 g of solid sulfonyl additive such as sulfonyl carbon (detail is
not shown because of the patent application) and cationic (having sulfonyl group)
ionic exchange (Amberlyst 45) resin. As shown in Figure 10, alanine is decomposed
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Figure 9.
Microwave hydrothermal small reactor.
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Figure 10.
Main pathways of alanine degradation in hydrothermal water.

through decarboxylation, deamination, and dimerization. To know which pathway
is developed, decarboxylation product, CO,, was detected by CO, meter and
fingerprint of deamination, NHj, was analyzed by an ion chromatography.

Figure 11 shows the results. Amberlyst 45 was inert for deamination of amino
acids at hydrothermal water at 150°C. In the presence of the sulfonyl carbon,
deamination of alanine was progressed. Not shown here, the other pathways of
alanine degradation were not found for all the cases in these experiments.
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Figure 11.
Yield of deamination product, NH;, of alanine in hydrothermal water with and without sulfonyl solid additive
at 150°C for 1 h (under saturated pressure of water, 0.48 MPa,).

On Amberlyst 45, 2.95 eq kg™ of sulfonyl group is bearded, while 1.90 eq kg ™'
of sulfonyl group is attached on the surface of sulfonyl carbon. The catalytic activity
for deamination of alanine is probably related to oxygenated function group
(OFGs) such as hydroxyl and carboxyl because the sulfonyl carbon has 2.40 mmol
g ' of OFGs (Amberlyst 45 has no OFG except for sulfonyl group). More detail
study for amino acid deamination on the sulfonyl carbon catalyst is now on-going
and it will be reported in near future.

3.5.3 Sulfonyl carbon reactions of okara in hydvothermal (subcritical) water

Through the experiments, it was revealed that sulfonyl carbon was active for
deamination of amino acids. It must be resulted in the activation of alanine at strong
acid condition (not only by sulfonyl group but also by OFGs) as predicted
(Figure 8). The LT-CHTC, mainly for deamination, is favored as liquid fuel
pretreatment as proposed in Figure 1. Here, to know the usefulness of the reaction
for a real biomass, “okara,” which is a residue of soy bean cake (“Tofu”) produc-
tion, was deaminated in the presence of the sulfonyl carbon. The elemental compo-
sition of okara used in this study is C:H:N:S:0 (wt%) = 47.2:7.29:5.85:0.43:39.2 (the
weight percentage of oxygen atom was subtraction of total weight % of C, H, N. and
S from 100 and it should include ash, which will be analyzed by TGA). As a result, a
large portion of amino group in okara was detached as ammonia, NHj, (detail is not
shown at this moment because of the reason for patent application). Thus, the
sulfonyl carbon catalytically assisted NH,-group abstraction as NHj. It means that
Maillard reaction during okara conversion was less happened and much organic
acids were formed. For this study, now the detail is being studied and it will be also
reported in near future.

4. Up-conversion of carbohydrate in ionic liquid and supercritical fluids
mixtures

Cellulose and chitin are abundant biomass and these up-conversion (valoriza-
tion) into useful compounds are aggressively being investigated. Our research
group has studied cellulose and chitin conversion with advanced supercritical
technologies. As one of advanced supercritical technologies, ionic liquid utilization
together with supercritical fluid technologies (including subcritical and
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hydrothermal water) has been studied. Here, two biomass conversion process are
focused on: furan ring compound formation from cellulose and hydrogenation.

4.1 HMF formation from cellulose

HMF is a platform compound that can be derived from cellulose in coming
biomass society [23, 24]. It is known that the formation of HMF from cellulose is
three-step reaction: (1) hydrolysis of cellulose into glucose, (2) glucose isomeriza-
tion to fructose, and (3) fructose dehydration to HMF, as shown in Figure 12. Step 1
and step 3 are acid-catalyzed reactions, and step 2 is a base-catalyzed reaction. To
increase the yield of HMF, optimization of each reaction step is necessary.

For step 1, selective glucose production by cellulose hydrolysis with sequential
water addition in the presence of solid acid catalysts in 1-butyl-3-methyl
imidazolium chloride ([bmIm][Cl]) under microwave irradiation was investigated
at 120°C, where water is hydrothermal condition [23]. It revealed that the large
amount of water added in the initial stage was inhibited to form homogeneous
phase among three components (cellulose-water-[bmIm][Cl]) and some amounts
of cellulose was precipitated. The precipitation of cellulose was resulted in the low
yield of glucose because hydrolysis of cellulose was stopped. To keep the cellulose
dissolution and improve hydrolysis of cellulose into glucose, sequential water addi-
tion where water is added in steps as the reaction proceeds was investigated. Glu-
cose yields in the presence of Amberlyst-15 in [bmIm][CI] were 75.0 mol% by three
step of water addition [23].

Step 2 (glucose isomerization, which requires basic catalyst) was also optimized
in the presence of hydrothermal water with [bmIm][Cl] at 120°C, and the effect of
water on step 3 (glucose into HMF) was investigated [24]. For isomerization of
glucose in the presence of 35 wt% of hydrothermal water in [bmIm][Cl], MgCO3
was the most effective base additives (23.1 mol% of fructose yield with 85.3 mol%
selectivity was obtained at 120°C for 30 min). For dehydration of fructose into HMF
with Amberlyst 15 (Step 3), the rate of dehydration of fructose was slightly reduced
by adding water but not so large effect was confirmed. Also in the paper [24],
continuous HMF production process via three-step reaction is proposed with sepa-
ration of HMF from [bmIm][Cl] and water mixture. It was found that dimethyl
ether was a good separation solvent and almost 100% of HMF was recovered.
Finally, virtual integration of the three-step process tells us that the yield of HMF
from cellulose is estimated to be 32 mol%.

4.2 Hydrogen solubility in ionic liquid with supercritical CO,

The other important reaction routes from biomass into useful material are
hydrogenolysis and hydrogenation of biomass [56]. Ionic liquid media has advan-
tage of biomass conversion because solubilization of cellulose and chitin in some
types of ionic liquid is high. One of drawbacks of the ionic liquid process is high
viscosity. Supercritical CO, assists reduction of viscosity of ionic liquid-cellulose
mixture [26]. For the process of hydrogen addition (such as hydrogenolysis and
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Figure 12.
HMEF formation from cellulose.
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hydrogenation), the synergetic effect of hydrogen and supercritical CO, coexis-
tence must be revealed.

Hydrogen solubility was experimental measured and a simple correlation for
hydrogen solubility in ionic liquids in the presence of CO, was developed from
available binary/ternary data. The correlation could provide reliable estimation of
hydrogen solubility enhancement by CO, for six ionic liquids at 313-453 K [56]. In
the study [56], a definition for enhancement ratio (ER) based on molality and
applied it to available hydrogen-CO,-ionic liquid systems were proposed. It was
found that the ER was convenient for examining the trends of solubility change of
hydrogen in an ionic liquid with CO, concentration or temperature. Also in the
study [56], hydrogen solubility in the presence of CO, was estimated for biomass
soluble ionic liquids.

5. Conclusions

In this chapter, the concept of liquid fuels from biomass in advanced supercrit-
ical fluid is firstly explained. To know the optimum condition for various kind of
biomass, dimensionless severity number should be useful and the application for
lignin recovery in hydrothermal and subcritical water was shown. Then, as the
application of one of the advanced supercritical fluid technologies, hydrothermal
water with catalyst process for carbohydrate and protein performed by our research
group was briefly reviewed. For total biomass utilization as liquid fuel production,
protein fragmentation is a key process and some of experimental research results
were shown. Particularly, alanine conversion with and without additive was deeply
considered. To inhibit Maillard reactions, the deamination of amino acid at low
temperature was quite important, and it was found that a sulfonyl carbon was quite
active for deamination of alanine at 150°C in hydrothermal water. Cellulose con-
version in ionic liquid with supercritical fluid (hydrothermal water) to furan ring
compound (HMF) was introduced. For hydrogenation of biomass, hydrogen solu-
bility was controlled in the presence of supercritical carbon dioxide and it shows
that ionic liquid with supercritical CO, is favored hydrogenolysis and hydrogena-
tion reaction field for up-conversion of biomass.
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K dissociation constant between cationic and
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Gasification Kinetics in
Continuous Supercritical Water
Reactors
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Igor Novosselov

Abstract

Supercritical water gasification (SCWG) is an emerging technology with syner-
gistic applications in renewable energy and waste processing. Supercritical water
(SCW) functions as a green reaction medium during the gasification process, serv-
ing to dissolve and decompose complex organic molecules via ionic, radical, hydro-
lysis, and pyrolysis reaction mechanisms. Researchers investigate the
decomposition of model compounds in order to predict product yields and conver-
sion efficiencies during the gasification of heterogeneous biomass waste, food
waste, sewage sludge, and other available feedstocks. Continuous, laboratory-scale
reactors are often employed to study reaction kinetics, pathways, and mechanisms.
This chapter synthesizes previous work investigating model compound gasification
in continuous supercritical water reactors (SCWRs). A summary of continuous
reactor design strategies is presented for practical benefit, followed by a discussion
on reaction chemistry in the supercritical water environment. Reaction pathways
and mechanisms have been investigated for several model compounds, lending
insight toward the conditions needed for the complete conversion of real-world
feedstocks. Several studies assume first-order reaction kinetics and propose Arrhe-
nius parameters for the decomposition reaction. The first-order rate assumption
must be carefully evaluated, and the applicable temperature range must be speci-
fied. Opportunities for further research are discussed.

Keywords: supercritical water, gasification, chemical kinetics, reaction
mechanisms, reaction modeling, model compounds

1. Introduction

Supercritical water (SCW) exhibits unique physiochemical properties beneficial
for oxidation or gasification of organic (carbon-containing) compounds ranging
from simple molecules to complex heterogeneous waste. Near the critical point
(374°C, 22.1 MPa), water exists in a high-temperature, dense fluid phase with high
concentrations of H* and OH™ ions. These conditions serve to facilitate enhanced
ionic chemistry and acid-catalyzed reactions [1]. At temperatures above the critical
point, the density, viscosity, and ion product of water drop significantly. In this
high-temperature, low-density phase water exhibits superb mass transfer proper-
ties, and organic compounds become fully miscible and/or soluble [2]. However,
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ionic reactions are no longer favored. Instead, pyrolysis, hydrolysis, and free radical
reaction mechanisms dominate in this higher-temperature region. These two
overlapping reaction regimes explain why SCW is of interest as a reaction medium
for applications related to the thermochemical conversion of organic waste into heat
and/or gaseous fuel.

An understanding of chemical reaction rates, pathways, and mechanisms
involved in decomposing model compounds in SCW sheds important insight into
the reaction chemistry of complex organic molecules in SCW. Interest in supercrit-
ical water gasification (SCWG) for industrial-scale applications is growing due to
increased interest in generating low-cost “green” H, from renewable feedstocks.
However, there are a number of technical barriers in developing large-scale plants;
these include (i) controlling char formation, (ii) limiting salt precipitation which
rapidly corrodes reactor components, (iii) identifying the optimal process parame-
ters for high conversion efficiency (CE), (iv) identifying suitable gasification cata-
lysts, and (v) designing an effective heat exchanger for waste heat recovery. Studies
of model compounds can aid in addressing some of these challenges.

This chapter summarizes previous studies investigating reaction chemistry in
continuous supercritical water reactors (SCWRs). Common reactor designs used to
investigate reaction chemistry are discussed, enabling the researchers to replicate or
to extend the knowledge of the previous studies. A synthesis of these studies yields
important insights into common reaction mechanisms, pathways, and decomposi-
tion rates of certain compound classes. Opportunities for further investigations are
described, and the practical value of these studies is highlighted.

2. Continuous supercritical water reactors for investigating reaction
chemistry at the laboratory-scale

Achieving high temperatures and pressures, mitigating corrosion of reactor
components, rapid heating and quenching of the reagent, acquiring accurate exper-
imental data, and strategies for achieving a well-mixed, uniform flow must all be
considered in the design of a supercritical water reactor for studies of reaction
chemistry. Solutions for mitigating some of these challenges have been reported in
the literature, but open questions remain regarding the best methods to mitigate
char formation and salt precipitation in reactors designed to process complex feed-
stocks [3].

2.1 Batch vs. continuous reactors

Studies of reaction chemistry in SCW have been conducted using both batch and
continuous reactors at the lab-scale. Batch reactors offer a unique opportunity to
study reaction kinetics, mechanisms, and pathways of model compounds in the
absence of a catalytic surface. The reactor can be constructed using a number of
materials, including quartz capillaries and stainless steel tubing, which are filled
with reactants and heated to reaction temperatures in a fluidized bath or electric
furnace. Reactions occur at fixed conditions for the desired residence time, after
which the reaction is quenched, and products are recovered for ex situ analysis. One
limitation of batch reactors is that mass transfer (and, therefore, molecular interac-
tion) is limited by molecular diffusion rates.

Continuous reactors are more complicated and expensive to fabricate. For
industrial applications of chemical processes, a continuous setup is preferred over a
batch setup. Process throughput is much higher, energy efficiency is significantly

114



Gasification Kinetics in Continuous Supercritical Water Reactors
DOI: http://dx.doi.org/10.5772/intechopen.90503

improved, heat recovery can be utilized, and opportunities exist for in situ process
monitoring and control.

Continuous SCWRs are nearly always manufactured from nickel-base alloys
(e.g., Inconel 625, Hastelloy C-276), which offer excellent corrosion resistance and
good material strength at high temperatures. However, it is important to mention
that nickel-base alloys also provide a catalytic surface for gasification reactions. For
this reason, reaction rate parameters determined using batch SCWRs are not appli-
cable for continuous SCWRs. DiLeo and Savage demonstrated this by gasifying
methanol with and without a nickel wire in a batch quartz capillary reactor. The
nickel wire increased methanol conversion from 20% after 2 h to 90% after 5 min
(both at 550°C) [4]. Continuous reactors can enhance the catalytic effect even
further, especially in turbulent flow regimes.

It should be noted that the catalytic effects within continuous reactors are
dependent on reactor geometry and “aging” of the reactor components. Smaller
diameter reactors with high surface-to-volume ratios (S/V) show increased catalytic
effects due to increased molecular interaction between the reagents and the reactor
wall. Also, reactor aging leads to the decreased catalytic activity over time, due to
the formation of carbon layers on the reactor wall, leaching of metals, sintering,
catalytic deactivation, and other effects.

For these reasons, this section will primarily focus on common designs of con-
tinuous reactors at the lab-scale. A representative schematic of a continuous SCWR
is provided in Figure 1.

2.2 Heating and pressurization

The most reliable way to achieve independent pressure and mass flow control in
a continuous SCWR is to operate a constant flow rate pump(s) in series with a back
pressure regulator (BPR). Spring-loaded or dome-loaded BPRs are simple to use and
reliable [3, 5]. High-performance liquid chromatography (HPLC) pumps are often
used for pumping liquid reagents to high pressures with precise flow rate control in

[ 1
| I—
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Heat EE” Back-
Water Tank Exchanger possure.
Feed Tank Heated
Reactor
Saction
Vapor-Liquid
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Mixing
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Water { [] Il Preheaters
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Products
Figure 1.

Representative schematic of a continuous supercritical water gasification reactor with post-critical reagent
injection and in situ monitoring.
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the range of 0.01-30 mL/min [6-9]. Diaphragm, syringe, and piston pumps can be
employed when higher flow rates are needed or when pumping a slurry [7, 10].

Reagent heating is important to consider as water can exhibit complex heat
transfer characteristics near the critical point. Enhanced or deteriorated heat trans-
fer can occur due to a combination of rapidly changing thermophysical properties
and factors such as reactor geometry and the ratio of mass flux to heat flux.
Generally, deteriorated heat transfer can be avoided by installing a downward-
oriented heating section, which takes advantage of buoyancy effects for more
efficient heating. A coiled heating section with a small diameter for high S/V is also
desirable for improved heat transfer near the critical point [11, 12].

Resistive heaters, electric furnaces, and immersive fluidized baths have been
used to reach the desired reaction temperatures [5, 7, 10, 13-15]. Resistive cartridge
heaters are attractive options for preheating, as the tubing can be tightly wound
around the cartridge to minimize heat loss. Electric furnaces offer precise control,
are well-insulated, and are easy to install. A fluidized bath is a great option for
maintaining isothermal conditions in the reactor section but can be expensive and
bulky. Some combination of these heating methods is generally sufficient to achieve
(a) rapid and efficient heating past the critical point and (b) isothermal reactor
conditions.

2.3 Corrosion mitigation

Corollary to its ability to rapidly decompose organic compounds, supercritical
water is extremely corrosive to most metals and metal alloys, especially if alkali
metals or halogens are present. Thus, corrosion mitigation strategies need to be
considered during SCWR design. Many studies have focused on corrosion control
methods in SCWRs and SCW heat exchangers [16-18]. Generally, four corrosion
mitigation strategies have been proposed and are thoroughly discussed in a review
by Marrone et al. [16]. These are (i) preventing corrosive species from interacting
with the reactor surface, (ii) forming a corrosion-resistant barrier, (iii)
manufacturing the reactor from materials resistant to corrosion, and (iv) tuning
operating conditions to minimize severe corrosion conditions. For reactors used to
study reaction chemistry of organic compounds that do not contain heteroatoms, it
is generally sufficient to rely on the corrosion resistance of the reactor material.

2.4 Mitigating char formation

Char has been reported as a common recalcitrated product formed during the
gasification of aromatic compounds or homogeneous biomass components, such as
lignin and cellulose [19-23]. Char can rapidly clog reactors, and it should be avoided
or suppressed if possible. Broadly, char yields are known to decrease in the presence
of certain metal catalysts (such as nickel and ruthenium), which are thought to
effectively cleave C-C bonds in the aromatic rings of polycyclic aromatic hydrocar-
bons (PAHs). Many open questions remain surrounding the exact mechanisms
responsible for char formation in SCW. Multiple studies have confirmed that char
formation rates are highly dependent on temperature and the initial feedstock
concentration. The literature suggests that ionic mechanisms near the critical point
are responsible for charring and coking from compounds such as glucose, fructose,
and cellulose [20], while free radical mechanisms form char during SCWG of
aromatic compounds at higher temperatures, such as phenol, benzene, and lignin
[21, 22]. While the industrial implementation of SCWG would require a method for
suppressing char formation at high feedstock loadings, researchers can circumvent
this issue by performing experiments with low feedstock concentrations [19]. There
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is a need to study the effect of feedstock type and concentration on char formation
rates and char morphology.

2.5 Reagent mixing strategies

For studying reaction chemistry in a lab-scale SCWR, the mixing strategy used
to introduce the reagent into the SCW environment should be carefully considered.
Mixing can be achieved by (i) premixing water and reagent before heating to
supercritical conditions or (ii) injecting reagent directly into supercritical water. If
chemical kinetic rates are sought, post-critical injection is a preferred mixing strat-
egy, as it rapidly heats the reagent to reaction temperatures and establishes a
definite reaction start time [24].

Premixing is required if the feedstock is solid or viscous and must be pumped as
an emulsion or when high reagent loading is considered. Premixed reagents should
be rapidly heated, as char and tar formation can be significant when reagents are
heated slowly [6, 16].

2.6 Reactor monitoring and data acquisition

The vast majority of SCWG studies rely on ex situ product analysis to quantify
yields and determine reaction pathways. Several ex situ techniques exist for ana-
lyzing gaseous, liquid, and solid products; for properly characterizing full reaction
networks and kinetic rates, all reaction products must be identified and quantified
for each experimental condition. Gaseous products (H,, CO, CO,, CH,) are often
identified and quantified using gas chromatography (GC) with a thermal conduc-
tivity detector (TCD) and flame ionization detector (FID). Liquid products may be
identified using HPLC, nuclear magnetic resonance (NMR) spectroscopy, Fourier
transform infrared (FTIR) spectroscopy, or Raman spectroscopy. However, some
researchers prefer to report the total organic carbon (TOC) concentration in the
liquid phase by using a TOC analyzer, which is sufficient for calculating carbon CE.
Occasionally solid products are analyzed ex situ, using scanning electron micros-
copy (SEM), proton-induced X-ray emission (PIXE), Raman spectroscopy, or FTIR
spectroscopy [3].

In-line effluent analysis methods are available, such as GC and TOC analysis.
These methods may lack the sensitivity and specificity required for the determina-
tion of chemical rates, but they can provide real-time input for process control.
Alternatively, in situ product analysis greatly speeds the collection of the experi-
mental data. In situ Raman spectroscopy is one of the most promising in situ
analysis methods, as it is particularly well-suited for analyzing aqueous mixtures
[25]. Water has a strong fluorescence and infrared signal, but a weak Raman signal,
allowing product species to be identified and quantified [5]. For example, immer-
sion in situ Raman spectroscopy was used to analyze formic acid decomposition [5],
the conversion of ethanol to fuel gas [26], and the oxidation of methanol and
isopropyl alcohol in SCW [27, 28]. Note that any spectroscopic methods are sus-
ceptible to fouling of the optical access point in the system.

2.7 Performance metrics

From a system-level perspective, effective SCWG is best described as a complete
conversion of the mass and energy content of the original feedstock into gaseous
products. Three performance metrics are commonly used to quantify this conver-
sion: (i) gasification efficiency (GE), (ii) carbon CE, and (iii) hydrogen efficiency
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(HE). GE is defined as the ratio of the total mass of the gaseous product to the initial
mass of the feedstock, expressed mathematically as:

Xg, +Xco +Xco, +XcH, + XGas,other N
Xfeedstock

GE(%) = 100 )

CE is another metric used to quantify completeness of gasification,; it is espe-
cially relevant if solid or liquid carbonaceous compounds are formed as refractory
gasification products. It is defined as the ratio of moles of carbon in the product gas
to moles of carbon in the feedstock:

CE(%) — €000 THCH: TXNGH, 40 )
b) =
NC feedstock

A less frequently used metric is HE, defined as the ratio of moles of hydrogen in
the gaseous product to moles of hydrogen in the feedstock:

2¢H, +4nch, +ync

HE(%) %100 (3)

Y feedstock

HE and GE values from SCWG can be well above 100%, due to a prominent role
of the water-gas shift (WGS) reaction during gasification, which can produce H,
gas via reaction of CO with water.

For determining rates of molecular decomposition in SCW, first-order reaction
behavior is commonly assumed. This assumption is typically valid for pyrolysis or
hydrolysis reactions or monomolecular decomposition reactions. However, this
assumption is not valid for free radical reactions where radical induction and radical
pooling behavior are present; more complex reaction modeling is required. The
first-order decomposition rate (k) is determined by fitting an exponential decay
curve to the reactant concentration varying with residence time, at a given experi-
mental temperature.

Once a range of first-order decomposition rates (k) is determined at various
temperatures, Arrhenius parameters can be determined by fitting the In(k) vs. /T
curve with the following expression:

Eq

In(k) = In(A) ~RT

(4)
This linear curve fit yields the activation energy (E4) and pre-exponential factor
(A) for the first-order decomposition reaction.

3. Gasification kinetics of model compounds in continuous supercritical
water reactors

Model compounds serve as useful surrogates for studying the reaction chemistry
of biomass constituents in supercritical water. Current interest in converting wet
biomass waste into useful fuel has prompted studies of aromatic compounds as
model compounds for lignin [22, 29, 30]; glucose and fructose, as cellulose surro-
gates [7, 14, 31-38]; alcohols, as model compounds for common liquid gasification
intermediates and by-products [26, 39-44]; and amino acids—as model compounds
for protein [15, 45-50]. Overall, these studies serve as the basis for approximating
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the operating conditions required to upgrade heterogeneous biomass into high-
value fuels, such as “green” hydrogen.

For most studies, reaction mechanisms, pathways, kinetics, and yields are
determined by varying the temperature, feedstock concentration, and residence
time. Few studies investigate the effect of pressure on reaction chemistry; however,
no significant pressure-related trends have been observed. The only time pressure
that significantly impacts reaction chemistry is near the critical point, where pres-
sure change can affect the thermophysical properties of SCW, such as density and
ion product. For all studies reviewed here, the pressure is taken at 25 MPa unless
specified otherwise.

Prevailing reaction mechanisms that deserve mention are the WGS reaction and
the methanation reactions. The WGS increases H, yields by converting CO to CO,,
expressed as:

CO + H,0 < CO, + H, (5)

Methanation serves to reduce H; yields by converting it to methane, via the
following two pathways:

CO + 3H, «+ CH4 + H,O (6)
CO, + 4H, < CH4 + 2H, @)

Overall, both the WGS and methanation reactions are highly important to the
final gaseous product composition.

3.1 Aromatic compounds

One of the most recalcitrant biomass constituents is lignin, a heterogeneous
organic polymer with numerous aromatic rings. In order to gain insight into lignin
decomposition in SCW, phenol, benzene, and guaiacol have been proposed as lignin
surrogates.

Huelsman and Savage [22] gasified phenol in an SCW batch reactor at 500-700°
C; the authors identified major reaction products as H,, CO, CO,, CH,4, benzene,
phenol, PAHs, and char. The presence of benzene and phenol as products indicates
two competing reaction mechanisms are at play: aromatic ring growth and ring
cleaving. The relative importance of the two mechanisms is highly dependent on
the reaction temperature and the concentration of aromatics.

Yong and Matsumura [29] gasified phenol and benzene (separately) in a con-
tinuous SCWR at 370-450°C in the residence time range of 0.5-100 s. Observed
products from each reagent include benzene, phenol, catechol, naphthalene, char,
TOC in the liquid phase, and gaseous products. Catechol and naphthalene are
indicative of the aromatic ring growth pathways leading to char formation.
Increasing temperature and residence time led to increased yields of gas, TOC, and
char. Generally, free radical mechanisms have been thought to be responsible both
for decomposition to gaseous products and for ring growth to char. First-order
decomposition was assumed, and Arrhenius parameters for general disappearance
of phenol and benzene were proposed, as shown in Table 1. Yong and Matsumura
[30] also gasified guaiacol, another aromatic model compound for lignin, at 300-
450°C and residence times of 0.5-40 s. Again, yields of benzene, phenol, catechol,
gas, TOC, and char were reported. Char formation was so significant that the initial
guaiacol concentration had to be limited to 0.1 wt% to prevent reactor plugging.
The higher temperatures and residence times increased yields of gas, TOC, and
char. In this temperature range, hydrolysis, pyrolysis, ionic, and free radical
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Compound Temperature  Pre-exponential factor Activation energy “E,” Source
range (°C) “A” (s71) (kJ/mol)

Phenol 370-450 7.72 x 10* 53.06 [29]
Benzene 370-450 2.78 x 10* 91.16 [29]
Guaiacol 300-450 6.52 x 10! 32.40 [30]
Glucose 300-460 6.9 x 107 95.54 [34]
Glucose 750-800 1.2 x 103 70 [36]
Methanol 450-650 Not reported 191 [40]
Glycerol 445-600 Not reported 145 [44]
Glycerol 450-650 Not reported 196 [40]
Glycine 200-340 3.51 x 10" 166 [48]
Glycine 250-450 3.6 x 10" 160 [15]
Alanine 200-340 2.65 x 10* 154 [50]
Alanine 250-450 1.4 x 10" 156 [15]
Serine 200-340 9.85 x 10™ 149 [50]
Aspartic acid 200-340 5.40 x 10" 148 [50]
Formic acid 320-420 1.58 x 10° 85.8 [52]
Formic acid 300-374 4.0 x 10 39.7 (5]
(subcritical)

Formic acid 374-430 3.6 x 10" 175 [5]

(supercritical)

Table 1.
First-ovder Arvhenius pavameters of model compound gasification.

reaction mechanisms were all thought to be active. First-order Arrhenius parame-
ters for guaiacol decomposition into intermediate products can be found in Table 1.

3.2 Glucose and fructose

Glucose has received considerable attention as a model compound due to its
natural prevalence in biomass. Early studies of SCWG by Modell [32] investigated
the decomposition of glucose, and early results showed that glucose could be
completely converted to gaseous products without significant char formation after
20 sat 600°C [31].

Kabyemela et al. [33] investigated SCWG of glucose at 300-400°C and resi-
dence times of 0.02-2 s. Short residence times and low temperatures allowed for the
identification of significant intermediate products, such as fructose, saccharinic
acids, erythrose, glyceraldehyde, dihydroxyacetone, 1,6-anhydroglucose,
pyruvaldehyde, and 5-hydroxymethylfurfural (5-HMF). The presence of numerous
molecules containing furan rings, such as 5-HMF, illustrates the potential to form
char via ionic mechanisms near the critical point. In a similar study, Aida et al. [14]
gasified glucose at 350-400°C and residence times of 0.2-1.7 s with the explicit goal
of optimizing furfural and 5-HMF yields. At these relatively low temperatures and
short residence times, products were identified as fructose, erythrose,
glycolaldehyde, glyceraldehyde, hydroxyacetone, 5-HMF, and furfural. Promdej
and Matsumura [34] gasified glucose in the 300-460°C range, proposing Arrhenius
parameters for the decomposition reaction (Table 1). Reported products include 5-
HMF, furfural, and char, with subcritical temperatures favoring char formation.
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These studies show good agreement in reported product yields in the region of
enhanced ionic chemistry around the critical point.

SCWG of glucose has also been studied at higher temperatures. Goodwin and
Rorrer [35] used a microchannel reactor to gasify glucose at 650-750°C; complete
conversion was achieved after 2 s at 750°C. Intermediate products were identified as
acetic and propanoic acids, 5-HMF, 2,5-hexanedione, phenol, lactic acid, formic
acid, and furfural. Small inner reactor diameters were credited with improving heat
transfer to the reaction environment and enhancing gasification, likely due to an
increased catalytic wall effect. Hendry et al. [36] gasified 10-15 wt% glucose for
residence times of 4.0-6.5 s and 750-800°C. Higher temperatures and lower initial
concentrations improved conversion rates, which were used to calculate the Arrhe-
nius parameters. There is significant discrepancy between the Arrhenius parameters
proposed by Promdej and Matsumura [34] vs. Hendry et al. [36], which is likely due
to the different temperature ranges tested. Near the critical point ionic chemistry is
dominant, while free radical mechanisms are favored at temperatures well above
the critical point.

Both Castello et al. [8] and Weiss-Hortala et al. [51] gasified glucose/phenol
mixtures to study the effect of phenol on the gasification of glucose. Broadly, it was
found that the presence of phenol inhibited H, production while promoting CH,
production, with an overall decrease in gas yield.

Fructose has also been studied as a model compound for waste fruits and vege-
tables. Kabyemela et al. [37] subjected fructose to SCW at 300-400°C for 0.02-2 s,
to determine decomposition pathways and kinetic rates. Major liquid products were
identified as dihydroxyacetone, glyceraldehyde, erythrose, pyruvaldehyde, acetic
acid, formic acid, and 5-HMF. The yields and kinetic rates were very similar to
those obtained during glucose gasification at the same conditions [36]. Aida et al.
[38] also studied SCWG of fructose, at temperatures up to 400°C and residence
times from 0.14 to 0.78 s. In agreement with Kabyemela et al. [37], liquid yields of
glyceraldehyde, dihydroxyacetone, pyruvaldehyde, lactic acid, and 5-HMF were
reported.

Nanda et al. [7] gasified fructose at higher temperatures from 550 to 700°C,
residence times of 30-75 s, and initial concentrations of 4-10 wt%. Broadly, higher
temperatures and lower concentrations increased gasification efficiency. Higher
concentrations of phenolic compounds were observed at 700°C, possibly indicating
that char-forming pathways are enhanced at higher temperatures. Finally, residence
times past 60 s increased CH, yields due to the consumption of H, via methanation
reactions.

3.3 Alcohols

Several studies have investigated methanol decomposition in SCW, due to its
chemical simplicity and prevalence as a refractory intermediate gasification prod-
uct. Boukis et al. [39] reformed methanol in a continuous SCWR a T = 400-600°C,
for residence times of 3-100 s, and initial methanol concentrations from 5 to 64 wt
%. Gaseous yields of H, CO, CO,, and trace CH4 were detected, with higher
temperatures and residence times increasing conversion rates. Bennekom et al. [40]
also gasified methanol in a continuous reactor at T = 450-650°C and residence times
of 6-173 s. H,, CO, and CO, were reported as main products, with trace yields of
methane, formaldehyde, and formic acid. The results show that methanol reforms
to H; and CO in SCW, with CO converted to CO, by the WGS reaction.

Limited investigations are available related to the conversion of ethanol to gas-
eous products in SCW. Schanzenbacher et al. [41] subjected ethanol to SCW in a
continuous reactor at temperatures from 433 to 494°C, for residence times from 2
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to 12 s. Maximum conversion of 16.5% was observed, with acetaldehyde identified
as the only reaction by-product. Pinkard et al. [26] gasified ethanol in a continuous
SCWR at 560°C for residence times of 3-8 s, identifying reaction products as H,
CO, CO,, ethylene, ethane, and acetaldehyde.

Glycerol has been extensively studied due to its abundance as a by-product of
biodiesel production. Reforming of this low-cost and widely available feedstock
could be a source of inexpensive renewable H,. Buhler et al. [42] reported interme-
diate products from glycerol gasification to include methanol, acetaldehyde, allyl
alcohol, propionaldehyde, acrolein, ethanol, formaldehyde, and standard gaseous
products. Non-Arrhenius decomposition behavior was observed, which was attrib-
uted to competing ionic and free radical reaction pathways. May et al. [43] reported
acetaldehyde, hydroxyacetone, and acetic acid as major products from glycerol
gasification in a continuous SCWR. Guo et al. [44] gasified glycerol at T = 445-600°
C, reporting high conversion rates after 9 s at 600°C. The activation energy for
decomposition was determined and is presented in Table 1. Bennekom et al.
reported the activation energy for glycerol decomposition, for temperatures of 450—
650°C, residence times of 6-173 s, and initial concentrations from 5 to 20 wt%.

3.4 Amino acids

Hydrothermal decomposition of amino acids has been studied in the context of
valorizing protein-rich wastes from agriculture and seafood processing. Glycine,
alanine, and leucine have all been identified as intermediate products from fish
waste decomposition in subcritical water [45]. Islam et al. [46] also identified
glycine and alanine as intermediate compounds from the decomposition of more
complex amino acids, making them ideal model compounds for protein-rich waste.

Samanmulya and Matsumura [47] gasified glycine from 500 to 650°C with 1.0,
3.0, and 5.0 wt% initial concentrations. Higher temperatures and lower initial
concentrations increased gasification efficiency; higher yields of char and tar were
thought to decrease carbon conversion at higher concentrations.

Sato et al. [48] measured the decomposition of glycine at subcritical tempera-
tures of 200-340°C. Gaseous yields were low, but liquid products were identified as
ammonia, methylamine, glycolic acid, and formic acid. At subcritical conditions,
ionic mechanisms likely facilitated the decomposition reactions. Klinger et al. [15]
gasified glycine at subcritical and supercritical temperatures from 250 to 450°C.
Strong temperature dependence was observed, with key liquid products identified
as methylamine, diketopiperazine, glycolic acid, and formaldehyde. The decompo-
sition rates for both studies are presented in Table 1. The slight discrepancy in
observed products and reported reaction parameters is likely due to the different
experimental temperature ranges; at supercritical temperatures, ionic mechanisms
are suppressed, while free radical mechanisms are enhanced.

Samanmulya et al. [49] gasified alanine from 500 to 650°C with 1.0, 2.0, and
3.0 wt% initial concentrations. Results showed no change in gasification efficiency
for varied initial concentrations, a positive indication of first-order reaction kinet-
ics. Carbon conversion rates were found to be similar to those determined for
glycine gasification, indicating that both amino acids likely react via similar free
radical reaction mechanisms in high-temperature SCW. However, the gaseous yield
from glycine was found to be rich in H, and CO,, while the gaseous yield from
alanine contained much more CO and CHy. This can be attributed to the methyl
(CH3) group present in the alanine molecule, which likely reacts to form CHj.

Sato et al. [50] investigated the decomposition of alanine at subcritical temper-
atures from 200 to 340°C major reaction products were identified as ammonia,
ethylamine, carbonic acid, lactic acid, and pyruvic acid, which is in good agreement
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with the work of Klinger et al. [15], which identified major reaction products as
lactic acid, ethylamine, acetaldehyde, and CO, from alanine decomposition at 250
450°C. Arrhenius rate parameters from both studies are presented in Table 1 and
show good agreement, likely due to the similar reactor configuration and tempera-
ture range used in the two studies.

Several studies also investigated the gasification kinetics of more complex amino
acids, such as valine, leucine, proline, serine, and aspartic acid to determine the
effect of the amino acid functional group on conversion rates and final product
yields. Arrhenius parameters for the decomposition of serine and aspartic acid are
presented in Table 1. The activation energies determined for all amino acids are
within a similar range, showing that functional group has only a minor effect on the
overall conversion rates of amino acids in SCW.

3.5 Other relevant model compounds

Some intermediate SCWG products are common across a range of feedstocks,
notably aldehydes and organic acids. Formic acid has been identified as an inter-
mediate product from SCWG of glucose [35], fructose [37], and glycine [48].

Yu and Savage [52] studied formic acid gasification in a continuous SCWR to
understand the decomposition pathways and rates. Temperatures were varied
between 320 and 500°C, pressures between 18 and 30.7 MPa, and residence times
between 1.4 and 80 s. Major products were consistently identified as H, and CO,,
with minor yields of CO. Overall, this suggests the dominance of a decarboxylation
pathway with a minor dehydration pathway. Arrhenius parameters for formic acid
decomposition are presented in Table 1. Zhang et al. [53] also gasified formic acid
in a continuous SCWR at temperatures between 550 and 650°C for residence times
between 16 and 46 s. Again, H, and CO, were present as dominant reaction prod-
ucts, with minor CO yields. Trace yields of formaldehyde and methanol were also
reported at the highest tested temperatures.

Pinkard et al. [5] gasified formic acid in a continuous SCWR at T = 300-430°C
and residence times in the range of 4-65 s. In situ Raman spectroscopy was used to
calculate kinetic rates and Arrhenius parameters. It was found that the transition
across the critical point increased the reaction rate, favoring the production of H,
and CO, via the decarboxylation reaction pathway. The notable change in reaction
rate across the critical point indicates the importance of both ionic and free radical
reactions to the overall decomposition of formic acid in SCW. Arrhenius parameters
for formic acid decomposition in subcritical and supercritical water are presented in
Table 1.

3.6 Gasification catalysts

It is beyond the scope of this chapter to review the body of work investigating
various catalysts for SCWG. We direct the reader to the comprehensive reviews on
the subject [2, 3]. However, it is worth mentioning some broad findings from this
extensive area of research.

Numerous alkali metal compounds (some naturally present in biomass) have
been investigated as suitable gasification catalysts. Broadly, these tend to enhance
decomposition and increase gaseous product yields. A major disadvantage to adding
salts is the persistent corrosion issue, as salts are insoluble in SCW, leading to
precipitation of a molten or solid salt layer on the reactor walls. This scaling rapidly
corrodes reactor components, increasing the frequency of component replacement.

Noble metals are effective gasification catalysts, with nickel and ruthenium
generally accepted as the most promising and effective across a wide range of
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compounds and reaction regimes. Typically, metal catalysts are impregnated in a
support compound (e.g., activated carbon, y-Al,O3), after which they are crushed
and loaded into a packed bed reactor. Both nickel and ruthenium are effective at
cleaving C-C bonds, reducing char formation. However, issues exist with catalyst
stability, longevity, and process economics. Nickel suffers from sintering and deac-
tivation as carbon layers tend to accumulate on the catalytic surface, while ruthe-
nium catalysts are expensive and can be poisoned by the presence of sulfur. More
research is needed toward an economically viable catalyst for SCWG.

4. Discussion and opportunities for further exploration

In general, conversion rates for gasification of organic compounds in SCW can
be improved by increasing the temperature and the residence time and by decreas-
ing the initial feedstock concentration. Amino acids, carbohydrates, and simple
organic acids are the compound classes with the fastest decomposition rates, with
aromatic compounds and alcohols being the most recalcitrant compounds. Arrhe-
nius plots with all mentioned compounds are presented in Figures 2 and 3 for
comparison between compound classes.

Additional studies are needed to understand chemical reactions in supercritical
water. It is likely that key functional groups will behave similarly under SCW
conditions and further experimentation and interpretation are needed to describe
the reactions routes and rates. In situ product identification has the potential to
provide accurate data for characterization of decomposition pathways. Special
attention should be given to char-forming compounds, in order to understand the
mechanisms leading to char formation and the conditions required to promote
gasification. Additionally, the role of both homogeneous and heterogeneous cata-
lysts in affecting reaction rates, pathways, and mechanisms should be explored and
quantified.
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Figure 2.
Decomposition rates of model compounds in sub- and supercritical water.
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Figure 3.
Decomposition rates of model amino acids in sub- and supercritical water.

5. Conclusions

Supercritical water gasification promises to revolutionize the processing of
waste streams to value-adding gaseous fuels. Technical barriers remain between the
current state-of-the-art and widespread industrial adoption of the technology, sev-
eral of which can be addressed through studying the chemistry of model com-
pounds in supercritical water. The knowledge gained in these studies can be applied
toward developing reaction pathways and mechanisms, lending insight toward
reaction behavior of more complex feedstocks.
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Chapter 6

Supercritical Water Oxidation
for Environmentally Friendly
Treatment of Organic Wastes

Yanhui Li and Shuzhong Wang

Abstract

Supercritical water oxidation is a promising, environment-friendly technol-
ogy to efficiently deal with a wide variety of organic wastes such as wastewaters,
industrial and municipal sludge, etc. As for the two key problems, i.e., corrosion
and salt plugging, generally encountered in supercritical water oxidation plants,
this chapter firstly reported the related mechanism analysis, solutions, research
status, and development trends, respectively. From the perspectives of corrosion
prevention and control, safety and automatic control, economic improvements,
and development of novel reactors, a number of advanced technologies and equip-
ment such as on-line desalination in supercritical water, new operation scheme
assisted secondary traditional treatment, produced-gas recovery and oxygen reuse
and novel TWM reactor, etc., were introduced systematically. Finally, this chapter
summarizes the implementation status of industrial plants and the technological
features of several firms being active in the construction of full-scale supercritical
water oxidation plants. This chapter will provide very valuable information for the
researchers and engineers who are interested in supercritical water oxidation for the
harmless treatment of organic pollutants.

Keywords: supercritical water oxidation, waste treatment, corrosion, salt
precipitation, technical status, industrial plants

1. Introduction

Supercritical water (SCW) refers to water whose temperature and pressure are
above its critical point (374.15°C, 22.1 MPa). The physical properties of SCW such
as density, viscosity, dielectric constant, hydrogen bonding, and ionic product is
vastly different from those of normal water and steam. The density of SCW is about
1/3 of the normal state, the dielectric constant is reduced from 87.7 at 0°C to 2-30
of SCW, and the ion product is reduced 10 to 10° times than that of normal water.
Supercritical water has a low dielectric constant, and thus is extremely soluble to
nonpolar compounds such as organic matter and oxygen. In addition, SCW has
a significantly lower viscosity than that of the normal water, the diffusion coef-
ficient is improved, the mass transfer performance is enhanced, and thus it can be
completely miscible with nonpolar gases and hydrocarbons. In view of the special
properties of SCW, nonpolar molecules such as O, and organic matter have strong
solubility in supercritical aqueous systems, which can be mutually dissolved in any
ratio to form a homogeneous phase, and the mass transfer resistance at the interface
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is eliminated. There, SCW can be used as an excellent reaction medium for organic
matter and oxygen [1].

Supercritical water oxidation (SCWO), which was firstly proposed by Modell
in MIT in the middle of 1980s, is an effective and advanced oxidation technology
to destruct organic matters by taking advantage of the unique properties of SCW
under the typical operation conditions of 450-600°C, 24-28 MPa. A schematic of
a typical SCWO process is displayed in Figure 1. In SCWO reactor, organic wastes
can be thoroughly oxidized and decomposed into harmlessly small molecules, such
as CO,, N, water, etc., under excess oxidants in single-phase SCW. Hetero-atoms
in organic matters are mineralized into corresponding acids or inorganic salts, and
the formation of nitrous oxides is inhibited owing to the low reaction temperature.
SCWO is particularly suitable for disposing organic wastewaters with high toxic-
ity, high concentration, and bio-refractory components [2-4]. It can also recover
energy and achieve heat self-sufficiency easily to ensure an economic advantage
[5]. When a mass concentration of organic matters in feedstock is in the range of
3-4%, the whole reaction process does not require an extra energy input commonly.
Furthermore, compared with incineration, SCWO does not have the problems of
high cost, public resentment, and secondary pollutants like dioxins [5]. Hence,
SCWO has attracted much attention in the past three decades. Brunner [1] has sum-
marized SCWO results of real waste materials including textile wastewater, waste-
water from terephthalic acids, food wastes, municipal excess sludge, and alcohol
distillery wastewater. Furthermore, Veriansyah and Kim [5] have also systematically
introduced SCWO experiments of toxic organic wastes such as pesticide, bacteria
and dioxins, chlorophenol and chlorobenzene, pharmaceutical and biopharmaceu-
tical wastes, solid rocket propellants, military wastes, etc. Some other feedstocks,
including landfill leachate [6-9], industrial dyeing wastewater [10, 11], polychlo-
rinated biphenyls (PCBs) [12], chlorinated wastes, oily wastes, etc., have also been
disposed via SCWO efficiently.

Nowadays, SCWO plants have been commercialized by several famous
companies and universities [14-16], such as General Atomics, Chematur AB,
HydroProcessing, Supercritical Fluids International (SCFI), SuperWater Solution,
Xi’an Jiaotong University (X]JTU), etc. In 2001, two commercial-scale SCWO

Figure 1.
A schematic of a typical SCWO process for sludge treatment [13].
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plants were installed in Harlingen (Texas, USA) to treat sewage sludge with the
solid-containing rates of 7-8 wt% [14]. Another SCWO plant with a treatment
capacity of 7 m*/h has also been built by Chematur Engineering AB (Sweden) to
deal with sewage sludge [17]. From 2009 to 2011, SuperWater Solution installed
and successfully tested a 5 dry t/d SCWO system for the Iron Bridge Regional
Water Reclamation Facility in Orlando, FL, USA [16]. In 2007, the SCFI Group
acquired patented SCWO technology (AquaCritox®) from the Sweden Chematur
Engineering AB. Further work directed by the SCFI group has emphasized the
reduction of costs. In 2015, the world’s first 100 t/d SCWO plants for industrial
refractory wastewater treatment was designed and constructed under the guidance
of the authors. Besides, there were some other pilots or full-scale SCWO plants for
the harmless treatment of sewage sludge and organic wastewaters. Nevertheless, the
three key problems concerning corrosion, plugging triggered by salt precipitation,
and high running cost still exist [18], even make some commercial scale SCWO
plants inactive.

2. Key problems and status

The harsh conditions involved in SCWO process, such as high temperature, high
pressure, excessive oxygen, corrosive ions, etc., easily induce severe reactor corro-
sion problems, meaning a shorter reactor life. On the other hand, inorganic salts
will precipitate from SCW due to its extremely low dielectric constant, which may
result in reactor plugging triggered by deposited salts and further cause expensive
and frequent shutdowns of the whole SCWO plant. These two aspects, to a certain
degree, are still not effectively solved and seriously hinder the extensive commer-
cialization of SCWO.

2.1 Corrosion

Corrosion is a key obstacle to limit the commercial application of SCWO, which
not only shortens reactor life but also induces a bad treatment effect of feedstock
due to the formations of corrosion products. Harsh operation conditions (high
concentration of oxidants, extreme pH values, high temperature, and pressure)
together with reaction intermediate/ultimate products (high concentrations of
ionic species, free radicals, and acids) result in severe corrosion problem in SCWO
reactors. Corrosion mainly occurs on reactor’s inner wall; it also appears in heat
exchanger and cooler on inlet and outlet pipelines of the reactor [19-21].

Materials serving for SCWO include stainless steels, nickel-based alloys, tita-
nium, tantalum, noble metal ceramics, etc. [21-25]. A series of investigations on
the corrosion resistances of these materials under supercritical and/or subcritical
conditions [20, 24, 26-30], reflected that no one kind of material can withstand
corrosion at all conditions, but some exhibit perfect corrosion resistance under
specific conditions, as given in Table 1. Thus, appropriate reaction conditions such
as heteroatom types in feedstock, reaction temperature, and pressure should be
optimized in order to minimize corrosion rate for a chosen reactor construction
material. Generally speaking, nickel-based alloys show a relatively good corrosion
resistance among all the acids listed in Table 1 under supercritical conditions.
Titanium is fit to be employed under subcritical conditions, and is a potential
proper liner of preheater and cooler being installed before and after reactor,
respectively.

Corrosion in SCWO circumstance also depends on parameters concerning
both materials (alloy composition, surface condition, material purity, and heat
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Materials T < T.*; high density T > T.*; low density
Good resistance Poor Good Poor resistance
resistance resistance
Nickel-based H;PO,, HF, HCI, HBr, All acids [H3PO,] > 0.1 mol/kg, NaOH
alloys alkaline H,SO,, HNO;
solutions
Titanium All acids F~ HCl H,SO,4, H3PO,

“The critical temperature of water.

Table 1.
Corrosion resistance of alloys against various media at subcritical and supercritical temperatures [19].

treatment) and the aqueous solutions (chemical dissolution process, electrochemi-
cal dissolution process, and influence of anions) [31]. Under the same condition,
various alloys always display different corrosion resistances, which mainly depend
on the intrinsic content of alloying elements, especially iron, chromium, nickel,
and molybdenum. Iron is usually used to improve economy of iron-based alloys,
nickel-based alloys, and titanium-based alloys. In SCW, Fe shows the highest oxida-
tion rates to form stable oxide among the interested metal elements (Fe, Ni, Ti, Mo,
and Cr). The corrosion rate of Fe in the oxidizing HCl solution is three times higher
than that in SCW without HCI, indicating that the oxidizing acidic chlorinated
solution can promote dealloying Fe of alloys in high density systems [32]. Fe always
has a faster diffusion velocity than other elements so that the Fe oxides make up

the majority of the outer layer of corrosion scales formed on alloys at temperature
higher than 400°C [33]. The common Fe oxides includes Fe,0s, Fe;04, and a(y)-
FeOOH under the SCWO condition. The mass loss of Fe is higher than that of Mo at
300-350°C and lower than that of Mo at 400-450°C in SCW with NaCl [34].

The Cr is considered as the most important alloying element to improve corro-
sion resistance [35]. The Cr,0; presented the lowest solubility and the best oxida-
tion resistance among the oxides of chromium, iron, and nickel [29, 32, 35-38]. The
higher chromium-containing alloys presented the lower thicknesses of the formed
oxide scales. The NiCr;s alloy performed the best corrosion resistance among the
interested binary Ni-Cr alloys (0-25 mass% Cr) in an aqueous solution resulting
from the oxidation of CH,Cl, at 40 MPa and temperatures of 100-415°C [39]. The
cracking susceptibility of nickel-based alloys also decreased with an increase in
Cr content of the substrate exposed to SCW containing HCI or NaOH [40]. The
oxygen affinity of chromium is higher than those of iron and nickel, and thus Cr
generally may be selectively oxidized to Cr(OH); and Cr,0;. The Cr(III) of Cr,0;
can be transformed into Cr(VI) by further oxidation in the oxidizing high tempera-
ture water, and unfortunately the Cr(VI) possibly loss by the dissolution. A more
continuous and stable Cr,0; layer was formed at higher temperatures (450 and
500°C) than at 400°C in oxidizing SCW [41]. A series of results indicate that alloys
generally suffer the more serious corrosion in high temperature subcritical water
rather than in SCW at low density. Mo improves the resistance to pitting corrosion
in subcritical salt solution obviously [42]. In nickel-based alloys, the synergistic
effect of Mo and Cr on improving the corrosion resistance is remarkable [43]. The
nickel-based alloys often show a severe depletion of nickel in high-density aqueous
systems [32, 37], while NiO, which is an effectively protective oxide, covers the alloy
substrate in SCW environments at low density [44].

For a specific reactor material, the corrosion behavior is commonly influenced
by the dissociations of acids, salts, and bases, the solubility of corrosion products
and gases, and the stability of protective oxide scales. All these characteristics are
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affected by density and ionic product of the solution [11, 20]. In order to decrease
corrosion rate, it is better to adjust the solution density to be below 200 kg/m’

[31], which may result from the variation in corrosion mechanisms at high- or low
density aqueous systems. Lots of studies have been carried out on the mechanism of
corrosion scales grown on metal materials in SCW [29, 45, 46]. Two typical mecha-
nisms, such as solid-state growth mechanism and mixed model (formation of the
inner layer by solid-state growth process and formation of the outer layer by a metal
dissolution-oxide precipitation mechanism) depending on the water density below
or above 100-200 kg/m3, have been proposed [24, 29, 45, 47, 48]. Solid-state growth
mechanism has been used successfully in corrosion problems of various materials
such as alloys and ceramics in high temperature gaseous environments such as single
gas (0,, N, and CO,), air, high temperature steam, and a series of mixture gases.
According to the diffusion rate of metals involved in the substrate, some alloying
elements with relative slow rate are retained and enriched in the inner layer, while
the outer layer grows outwards resulting from that the metal ions, especially irons,
transport along oxide grain boundaries outwards and then react with gas species at
scales/environment interface [29, 38, 45]. However, the mixed model, obtaining sat-
isfying application in condensed aqueous systems, emphasizes that the outer layer is
formed by a metal dissolution-oxide precipitation mechanism, and the precipitated
metal ions are released from the corroding metal itself or originate elsewhere in the
system [27]. The dissolved metal cations combine with anions such as OH™ in aque-
ous environments to form oxides or hydroxides; they then precipitate on specimens
surface to form and/or thicken the outer layer [49]. Li et al. [30] reported that the
corrosion of Inconel 600 and Incoloy 825 in low density SCW containing sulfides
also follows the solid-growth mechanism.

2.2 Salt precipitation

Salt management was identified as a critical issue for the success of SCWO tech-
nology. Except for the inorganic salts initially present in the feedstocks, a majority
of inorganic salts derive from the SCWO treatment of high-concentration, stub-
born organic matters including hetero-atoms such as chlorine, sulfur, and phospho-
rus [50]. Solubility of salts is reduced evidently in SCW, which is usually lower than
100 mg/L, and thus they are prone to deposition. In addition to corrosion issues,
plugging triggered by salts precipitation is another main obstacle to hinder SCWO
commercialization, which is induced by sticky salt agglomeration and deposition on
the internal surface of reactor.

When plugging takes place, the SCWO plant has to be shut down, washed, and
restarted, which will directly decrease the reliability of the plant and increase its
running cost. Inorganic salts, whether soluble or not, may come from feedstock
or reaction byproducts, and their viscosities decide the tendency of depositing
on the reactor wall. In general, different salts own different deposition character-
istics [51]. Salt deposition principles and the corresponding solutions have been
systemically presented in the previous literatures [50, 52, 53]. In a commercialized
SCWO plant, reactor plugging can be avoided by particular reactor designs, special
instruments, and operation means [18]. Possible solutions are to adopt reverse
flow tank reactor, reverse flow tubular reactor, transpiring wall reactor, centrifuge
reactor, mechanical brushing, rotating scraper, reactor flushing, crossflow filtra-
tion, density separation, additives, high flow velocity, homogeneous precipitation,
and extreme pressure [17]. In fact, precipitated salts are relatively difficult to be
removed out of SCWO plant during the operation process; thus, most SCWO
plants do not have salt removal function. Salts in SCWO are classified into Type 1
or Type 2, according to their solubility [54], Type 1 salt has a high solubility in the
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range of water’s critical temperature, while Type 2 salt has a low solubility in this
region. Type 2 salt can be separated by properties of SCW [50], and the suitable
supercritical conditions should be controlled at approximately 400°C and 25 MPa
according to the solubility of salts mentioned in the previous studies [52, 55].
Hydro cyclone or centrifugal reactor helps to remove soluble salts under the above-
mentioned supercritical conditions, but severe wearing problem is inevitable. Of
course, low salt concentration in feedstock is helpful for avoiding reactor plugging.
Appropriate reactor configuration and pre-desalination before reactor may solve
reactor plugging problem effectively and economically.

In addition, when the preheating temperature of feedstock is in the range of
200-450°C [56], some undesired intermediate products like tar and char will be
generated, which may also plug preheating pipeline. To overcome this problem,
the following options are taken into consideration, which include enlarging the
inner diameter of the preheating pipeline, adding a small amount of oxidant into
the preheating pipeline to inhibit the formations of tar and char, increasing the
heating rate of feedstock, and preheating feedstock up to a lower temperature even
not preheating [57]. However, the improvement of the heating rate is limited by
setting space of heating part, heating methods, and withstanding temperature of
preheater wall. The above fourth approach means that a large amount of heat will
not be recovered into the SCWO system, which will undoubtedly reduce the energy
efficiency and increase the running cost.

Salt deposition also accelerates catalyst inactivation rate and reactor corro-
sion rate, and reduces heat transfer coefficient [22, 58]. The potential catalysts for
SCWO reactions may be poisoned and/or polluted quickly by precipitated salts in
SCW [59]. It is also difficult to replace catalyst in traditional reactor configuration.
That may be the reason why Savage has reported that no catalyst is implemented
commercially for catalytic SCWO for organic waste treatment [60]. Thereby, it is
important to separate these precipitated salts before they contact heterogeneous
catalyst. Comparing with salt of ion form in subcritical water, salt in the form of
molecule in SCW is relatively less corrosive [19, 21-23, 61]. Salt precipitated out
from SCW mainly results in chemical corrosion through oxidation reaction. Salt
in subcritical water or high density SCW mostly promotes electrochemical corro-
sion [58, 62], and may result in inter-granular corrosion starting from the edge of
metal grain [49]. Nowadays, two contradictions of preventing salt deposition and
minimizing reactor corrosion rate are displayed as follows: first, preventing salt
deposition needs high SCW density because it will exhibit a relatively improved
solvent property for precipitated salts. However, minimizing corrosion rate requires
low SCW density to decrease the content of ionic salts [31]. Kritzer et al. [63]
controlled SCW density at less than 250 kg/m® in order to reduce reactor corrosion
rate. Second, adding alkali compounds independently or in feedstock before reactor
is helpful for inhibiting reactor corrosion, but the possibility of reactor plugging
increases because of salt deposition [19]. That is why some alkali compounds are
delivered into reaction system from reactor outlet.

Salt deposition control achieves significant improvement through the innovation
of research methods, the studies of salt deposition and separation performance,
the evolution of salt control techniques, and new reactor configuration designs.
However, several challenges such as the transport properties, deposition mecha-
nisms, and practical salt control techniques, still restrict the technology application.
Operation parameters play important roles in salt deposition processes, and various
ions in the mixture may exhibit mutual influence or common effect. Thus, the
prediction of salt deposition is quite difficult and needs extensive information on
salts phase behavior in SCW. Moreover, the mechanisms of salt deposition in the
multi-component system have not been recognized deeply, and the entire evolution
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process of salts from microscopic nucleation to macroscopic deposition in SCW
requires to be further revealed. Hence, it is necessary to gain more phase behavior
data for analysis in depth. The combination of the experiment and numerical
simulation is a desired method for the investigation of salt deposition.

In future, salt deposition control in a SCWO system requires global consider-
ations and designs instead of previous single or local protection. Certainly, reactor
configuration design has the priority to the whole SCWO system due to its crucial
roles in salt control. Wise reactor concept combines with appropriate operation
techniques before the reactor, in the reactor and/or after the reactor, forming
multiple control and security units. Notably, the determination of salt control
schemes should also consider the characteristics of wastewater and each technique,
as well as the economic costs. With the solution of salt deposition problems and the
development of reactor corrosion resistant materials, SCWO will be able to achieve
large-scale commercial applications.

3. Advanced technologies and equipment

Since the occurrence of SCWO technology firstly proposed by Modell at the
Massachusetts institute of technology in the early 1980s, a number of researcher
and industrial engineers have been devoted to related research on prevention and
control of corrosion and salt precipitation, enhancement of SCWO economy,
safety, automation control, etc. A series of effective solutions, technologies, and
equipment were proposed, and some have been applied to the actual industrial
SCWO plants, which are not focused in this chapter. Here, several latest or typical
advanced technologies and equipment are introduced in detail.

3.1 Development of novel reactor

Beyond all doubt, reactor is the most important core equipment of SCWO
plants. The produced salts due to SCWO reaction together with those initially
contained in feedstock may result in reactor plugging and increase corrosion rate of
equipment. In terms of whether or not the precipitated solid-state salt is promised
to accumulate on reactor’s internal surface, the precipitated salt and the internal
surface of reactor have two kinds of relations in reactor [53]. For the former case,
salt removal can be accomplished by special instruments such as mechanical brush-
ing, rotating scraper, reactor flushing, etc. For the latter case, it can be achieved
by particular reactor designs and operation means. They include reverse flow tank
reactor with brine pool, reversible flow tubular reactor, transpiring wall reactor,
centrifuge reactor, crossflow filtration, density separation, additive, high velocity
flow, and homogeneous precipitation. Moreover, extreme pressure is provided
to avoid salt precipitation in SCW. Philip et al. [53] have objectively reviewed the
properties of the above specific reactor configurations and operational approaches
in commercial applications. Furthermore, there are some other special reactor
configurations such as cool wall reactor reported by Cocero and Martinez [64] and
two pipes reactor introduced by Baur et al. [65]. Calzavara et al. [66] set a stirrer
in their reactors. Prikopsky [67] installed a protective metal sleeve replaced eas-
ily to prevent salt from depositing on the internal surface of their axial reactor in
SCWO. There is no doubt that no one reactor design or operation mean has been
proven to be clearly superior to the others in all aspects.

Next, three kinds of typical reactor configurations are given to introduce the
development of the novel reactors. MODAR reactor or its variation belongs to a
reverse flow tank reactor with brine pool, which separates/removes salt by SCW
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properties, as shown in Figure 2. Precipitated salts under supercritical condition
fall down into the subcritical zone at the bottom of reactor by gravity, inertia,
and forced convection. MODAR reactor has overcome the three disadvantages of
tubular reactor, which are too long structure size, not suitable for dealing with salt-
containing feedstock and easy to be plugged. However, due to the low falling veloc-
ity of small particle salt and the disturbance at the vertical direction, salt deposition
is easy to take place on the internal surface of MODAR reactor in supercritical zone.
Moreover, MODAR reactor may be eroded severely because its internal surface
directly contacts corrosive reaction fluid.

Cool wall reactor [64] and transpiring wall reactor [68, 69] can help to solve
salt deposition problems existing in MODAR reactor. These two kinds of reac-
tors are divided into pressure-bearing wall and non-load-bearing wall. For cool
wall reactor, precipitated salts are re-dissolved in a subcritical water film on the
internal surface of no-load-bearing wall. The film is formed by low temperature
feedstock cooling the no-load-bearing wall. However, severe corrosion still takes
place because of the contact between corrosive reaction fluid and internal surface
of no-load-bearing wall. When scale on the internal and external surfaces of
no-load-bearing wall is left uncontrolled, the cool wall reactor will not continue to
work normally since heat transfer efficiency reduces drastically. Transpiring wall
reactor can not only prevent salt deposition but also decrease reactor corrosion rate
through a porous transpiring wall element. Clean water flows across the porous
wall to form a protective film to continuously dilute corrosive species, re-dissolve
precipitated salt particles, and/or sweep them away from the internal surface
of reactor. The transpiring wall (no-load-bearing wall) can be made of porous
ceramic, sintered metal, or many thin and porous metal layers/platelets bonded
together. The operational characteristics of transpiring wall reactor have been
tested for a long time by some researchers. It is found that the concentrations of
iron, nickel, chromium ions in reactor effluent were very low, so proving that the

feedstock and oxdant nozzle

supercritical zone J | — mam effluent

Rk pressure-bearing wall

subcritical zome | = = = = = = of—— quench water

brine effleent

Figure 2.
A schematic diagram of reverse flow tank reactor [53].
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corrosion rate of transpiring wall reactor was low. Fauvel et al. [70] also verified
that the transpiring wall reactor had a good corrosion resistance property. Thus it
can be claimed that the transpiring wall reactor is the best reactor configuration
for minimizing reactor corrosion rate at present. Nonetheless, plenty of energy is
required to preheat the transpiration water entering into the reactor. The pressure
difference of two sides of transpiring wall should be adjusted at a suitable range
since it has a bad mechanical property.

On the basis of summarizing characteristics of previously main reactor con-
figurations, a novel concept reactor is designed and manufactured by the authors,
as shown in Figure 3, which is the reactor installed into the first pilot-scale SCWO
plant constructed in China finished by the authors [71]. The novel reactor owns
characteristics of transpiring wall reactor and MODAR reactor for the first time,
which is simply nominated as “TWM reactor.” Similar to MODAR reactor, TWM
reactor is also divided into supercritical zone above and subcritical zone below.
Precipitated salts under supercritical condition fall down into the subcritical zone
(formed by pumping into quench water) and are re-dissolved. After removing salts,
clean fluid flows toward the top outlet of the reactor by the differences of density
and flow resistance. The valves equipped on pipe lines of top and bottom outlets of
reactor are used to regulate the flow rate of fluid at top outlet. Dirty fluid flows out
TWM reactor from its bottom outlet, which contains a large amount of salts and
solids. The flow pattern of TWM reactor is helpful for eliminating natural convec-
tion effects which were mentioned by Welling’s group for transpiring wall reactor
[55]. The MODAR reactor wall which is replaced by a porous transpiring wall and
a pressure-bearing wall is set to surround it to form fundamental configuration of
TWM reactor. Clean and cool transpiration water is pumped into TWM reactor and
forms a protective film on the internal surface of transpiring wall. TWM reactor
configuration is expected to prevent salt deposition and decrease corrosion rate.

Center pipe of MODAR reactor is comparatively thin and long, while transpiring
wall reactor has no center pipe. For TWM reactor, the mixing of oxygen and sewage
sludge preheating is accomplished by a specially simplified mixer equipped on
the pipe line of reactor inlet. Center pipe is inserted into the reactor deeply and its
diameter is big enough to avoid plugging. Reactants in center pipe are further pre-
heated by high temperature fluid around or by reaction heat yielded through partial
oxidation. Ideally, the mixture of oxygen and sewage sludge just reaches super-
critical temperature at the outlet of center pipe. It is better to maintain subcritical
temperature in center pipe because salt will not deposit on the internal surface
of center pipe. The center pipe is set on a fixed platform by screw thread, which
is easy to be replaced when plugged or eroded severely. Generally, the traditional
transpiring wall reactor is a tubular reactor with a hydrothermal burner [69, 73, 74].
However, no hydrothermal burner is set in TWM reactor in order to decrease design
temperature of reactor and operation cost of sewage sludge SCWO treatment.

3.2 Corrosion prevention and control

Marrone and Hong [75] have reported in detail some corrosion control
approaches, which includes utilization of high corrosion resistance materials,
liners, coatings, transpiring wall/film-cooled wall reactors, adsorption/reaction
on fluidized solid phase, avoidance of corrosive feeds, pretreatment to remove
corrosive species, vortex/circulating flow reactors, pre-neutralization, cold feed
injection, feed dilution with noncorrosive wastes, effluent dilution/cooling, and
optimization of operation conditions. The following text will exhibit several
latest solutions of corrosion issues, which also have been verified by industrial
applications.
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Figure 3.

A sgfl;tematif diagram of TWM reactor for treating sewage sludge by SCWO [72]. 1—spherical head; 2—pressure
measurement tube; 3—temperature measurement tube; 4—cooling spival coil; 5—catalyst box; 6—support

ring; 7—eight-square cushion; 8—top cover; 9—fixed platform; 10—cooling cover; 11—filter; 12—~center pipe;
13—annular water box; 14—pressure-bearing wall; 15—ear base; 16—transpiving wall; 17—locating ring;
TI—temperature indication; PI—pressure indicate.

3.2.1 On-line desalination in SCW

The existence of aggressive anions in SCWO environment is one of the key
factors that causes severe corrosion problem in the SCWO system. Therefore, some
methods should be used to remove the inorganic salts in the feed for SCWO treat-
ment. Unfortunately, the conventional desalination methods (such as electrical
dialysis, reverse osmosis, ion exchange, electrical adsorption) are difficult to be
applied in the SCWO system for an organic wastewater with a high salinity.

An on-line desalination process in SCW, which is able to effectively sepa-
rate the inorganic salts from the feeds, was firstly proposed by the authors, as
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exhibited in Figure 4. It is noteworthy that this diagram is just a part of a whole
SCWO system, and the on-line desalination units can be added into any SCWO
systems, which has no effects on the other parts of the system. The mixed waste-
water is pressurized by a high-pressure metering pump and then sent to the heat-
ing furnace for preheating. A heat exchanging coil tube of the heating furnace

in the system is arranged in two sections (including a high temperature section
and a low temperature section). Fluid at an outlet of the low temperature section
(namely the middle outlet of the heating furnace) reaches a supercritical temper-
ature. After entering the hydrocyclone separator, most solid salts with a particle
size more than 10 pm in reaction fluid are separated by centrifuging. After salts
removal, the fluid enters the high temperature section of the heating furnace
through the top outlet of the hydrocyclone, so as to ensure a heat exchanging coef-
ficient of the heat exchange coil at the high temperature section, and effectively
prevent pipes and reactors following the hydrocyclone from plugging. At the same
time, solid inorganic salts separated at the bottom of the hydrocyclone are spirally
sent to the buffer oxidizer by a motor installed on the hydrocyclone. When the
buffer oxidizer is full of the solid inorganic salts, a cut-off valve at the top inlet of
the buffer oxidizer is closed, the motor installed on a top portion of the hydrocy-
clone is closed, a bottom cut-off valve of the buffer oxidizer is slowly opened, and
a spirally transporting motor installed on the buffer oxidizer is started, for trans-
porting the solid inorganic salts in the buffer oxidizer to the expansion device. A
fluid containing the solid inorganic salts expands in the expansion device. Steam
generated enters the storage tank. Heat generated is recycled. The separated solid
inorganic salts enter the salt storage and are taken out for further landfill at a
certain period. In addition, after being spirally sent into the buffer oxidizer, the
fluid with a high salinity separated by the hydrocyclone reacts with oxygen previ-
ously injected through an oxygen pipe, which harmlessly removes organic pollut-
ants. After the supersaturated fluid with a high salinity enters the buffer oxidizer,
supercritical fluid at the top of the buffer oxidizer, which hardly contains solid
inorganic salts, enters the top outlet of the hydrocyclone. Meanwhile, the solid
inorganic salt will deposit at the bottom of the buffer oxidizer.

To the /l_l\ Hydrocyclone

reactor separator

B on

—

heater
Material tank pump
butfer oxidizer
expansion device
storage tank
Figure 4.

A schematic diagram of the on-line desalination units.
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3.2.2 A new scheme for mild SCWO condition and high removal

A high temperature and a high oxygen concentration are needed in order
to achieve a satisfied removal efficiency of organic matters in a SCWO system.
However, the corrosion of structural materials is also apparently promoted by the
increasing temperature and oxygen concentration. Therefore, a new operation
scheme should be used to achieve a high organic matters removal efficiency, but
not at the expense of the facilities materials corrosion. The core concept of the new
operation scheme is to reduce the operation temperature and oxygen concentration
in areactor. As a result, the chemical oxygen demand (COD) removal efficiency
cannot reach the standard value, and the concentration of ammonia nitrogen in
the effluence was also unsatisfied. To work around this problem, some secondary
treating methods were used for thorough removal of ammonia nitrogen and COD,
including an ammonia stilling process, a phosphorous removal process, and a
biochemistry process, which are all conventional water treatment techniques and
can be operated easily with a relatively low operation cost.

3.2.3 Multipoint injection mixer

In a reactor, the heated feed and oxygen first meet in a mixer, where the local
oxygen concentration is much higher than that in other areas in the reactor. There
exist two technical drawbacks. First, drastic oxidation reaction occurs once the
sludge and oxygen are mixed, producing a dangerous increase in temperature in the
reactor. Second, the local high oxygen concentration and local high temperature
in the mixer and the forepart of the reactor cause severe corrosion of structural
materials, leading to unpredictable corrosion effects, such as pitting corrosion and
stress corrosion cracking. A new multipoint mixer is developed to optimize the
oxygen injection process in the reactor. As seen in Figure 5, this mixer consists of
six oxidant injection holes in the core tube, and helical mixing elements are used
to enhance mixing. The size number of the holes are determined by computational
fluid dynamics (CFD) simulation to ensure that the input rate and flow distribution
of oxygen are appropriate. Through this method, severe corrosion occurrence and
hot-spot formation are avoided.

Additionally, it worthy to say that the design of appropriate reactors is also a
very effective approach to overcome reactor corrosion and plugging issues. The
detail of a novel design of the anti-corrosion reactors is available in Section 3.1.

3.3 Safety and automatic control technology

According to the schematic diagram of a typical SCWO process (see Figure 6)
proposed by the authors, some safety and automatic control technologies are intro-
duced, as follows.

3.3.1 Pretreatment of feedstock: thermal hydrolysis

Thermal hydrolysis pretreatment (THP) is widely used for sludge pretreatment,
which has been proven to be an efficient method to reduce the viscosity of sludge
[76]. To some extent, the use of thermal hydrolysis pretreatment is a safety control
technology. The power of the diaphragm pump must be increased to transport
viscous sludge, which will significantly increase the risk of overload of the pump’s
motor. Additionally, a large heat exchange area is needed if high viscosity sludge is
fed into the heat exchanger, which substantially increases the risk of plugging. As
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shown in Figure 6, the feed is heated to 85°C in the preparation tank (4), and the
thermal hydrolysis of the sludge occurs in the sludge buffer tank (8). The reaction
time and reaction temperature of the sludge in the tank (8) are 180 min and 170°C,
respectively. Thus, the viscosity is as low as 33 mPa-s and to a certain degree, avoids
the overload of the pump and the plugging of the heat exchanger.

AlAA A

Figure 5.
A schematic diagram of the novel mixer: 1—adapter flange; 2—core tube; 3—helical mixing element; 4 and
s5—injection holes.
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Figure 6.

A schematic diagram of the commercial plant for mixed sludge SCWO treatment: 1—sludge tank; 2—screw
conveyer; 3—preparation tank; 4—screw pump; 5—homogeneous emulsification pump; 6—sludge tank for
sampling; 7—screw pump; 8—sludge buffer tank; 9—diaphragm pump; 10—methanol tank; 11—plunger
pump; 12—water tank; 3—plunger pump; 14—heat exchanger; 15—heating furnace; 16—multiple nozzle
desuperheater; 17—tube reactor; 18—liquid oxygen tank; 19—liquid oxygen pump; 20—vaporizer; 21—
oxygen buffer; 22—mixer; 23—pressure velief device; 24—three phase separator; 25—centrifugal dehydrator;
26—plunger pump; 27—effluent buffer tank; 28—secondary treatment unit; (F1-F3)—flowmeter; (V1-V5)—
electric valve.
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3.3.2 System start-up with auxiliary methanol

In traditional SCWO plants, during start-up process, water is heated in a heat-
ing module to reach supercritical temperature (generally 400°C) and then the feed
is switched to organic wastes. Once the process has started, the effluent is used to
preheat the cold sludge in the heat exchanger, and the heat released by the oxidation
reaction is enough to preheat the cold feed, which makes the process self-sufficient
and permits the heating module to be switched off. Generally, the organic waste to
be treated often contains some soluble salts that have low solubility in SCW. In the
pipes of the heating module, the pipe walls are heated directly and are the first to
reach supercritical temperature, forming a high-temperature microenvironment.
Many studies have shown that inorganic salts tend to crystalize in the overheated
microenvironment and stick to the inner walls of pipes, leading to clogging and
interruption of the continuous process.

Here, the proposed start-up strategy can effectively avoid or relieve the risk of
plugging and overheat in the heater. As shown in Figure 6, not the sludge but the
methanol solution in the methanol tank (10) is fed into the system and is heated by
the heating furnace (15). When the final preheating temperature achieves to approxi-
mately 400°C, the first step of start-up is finished. Then, the heating furnace is shut
down, and oxidant is injected into the tube reactor (17) to react with methanol. A
large amount of heat is released during the oxidation reaction, which maintains the
energy balance of the whole system. After a few minutes, the electric valve (V3) is
opened, and the heating furnace (15) is bypassed. Then, the feed is switched to sludge
in the sludge buffer tank (8), which has already been heated to 170°C. Through this
method, no sludge passes the heating furnace, so effectively avoiding plugging in the
heating facility. Additionally, only pure water, whose corrosivity is obviously lower
than that of sludge at supercritical temperature and pressure, passes through the
heating furnace. As a result, the risk of corrosion is also reduced.

3.3.3 Thermal control of the SCWO reactor

The temperature of the SCWO reactor is one of the key parameters which
affects the COD removal efficiency of organic matter. Thus, various methods were
designed to realize precise thermal control of the SCWO reactor in this commercial
plant. There are several temperature measurement points in the reactor. If the
temperature of the reactor increases, as shown in Figure 6, the electric valve (V5)
is slightly opened to allow some of the high-temperature effluents to bypass the
heat exchanger (14), decreasing the temperature of the outlet of the heat exchanger
(14). However, the opening of the electric valve (V5) should be limited to prevent
a large amount of high-temperature effluent from directly passing through the coil
heat exchanger in the sludge buffer tank (8) and causing unpredictable damage. If
the temperature of the reactor increases sharply in a short time, the electric valve
(V2) will be opened, and cooling will be injected into the system via the multiple
nozzle desuperheater (16). If the temperature of the reactor decreases, however, the
electric valve (V5) will be slightly closed to allow more hot effluent to pass through
the heat exchanger (14). Furthermore, if the heat released by the SCWO reaction is
not sufficient, methanol in the tank (10) will be pumped into the reactor (17) and
mixed with the feed in order to enhance the SCWO reaction.

3.3.4 Depressurization of fluids containing solids

SCWO plants are high temperature and high pressure systems, meaning that the
reaction effluent is still required to be cooled and depressed. As mentioned, cooling
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the high temperature effluent can be achieved by the indirect heat transfer system.
However, the conventional method normally used to maintain and decrease the
pressure of SCWO system by adapting a pressure regulating valve. It means that

the pressure drop of the whole system is achieved on one point, which will lead to
extremely high velocities of feedstock and noise issues here, make the valve occur
failure easily, and eventually affect the operation reliability of the SCWO system.

In addition, if the feedstock contains solid particles, the existence of inert inorganic
salt will result in severe abrasion or clogging around the regulating valve during

the depressurization process of the SCWO system. Therefore, it is not advisable to
achieve a complete depressurization in a single step by a regulating valve during the
SCWO process, especially for the particles-containing feedstocks. Capillary pres-
sure reduction is achieved by the frictional drag generating from the fluid flowing
through the small diameter and high length capillary, realizing the step-down of the
system step by step and effectively avoiding the problems about high velocities in
tubes and corrosion damage of valves compared with depressurization by a single
valve. What is more, adjusting the addition of choke water flowing into the capillary
could accurately control the pressure of system, which ensures the reliability of the
system operation.

3.4 Economic improvements
3.4.1 Catalytic SCWO

High reaction temperature and pressure result in a relatively expensive run-
ning cost, which also further affects the development of SCWO. The effective
means may be to load proper catalyst to moderate the harsh reaction conditions, to
minimize oxidant consumption, and to recover heat of reactor effluent as well as
increase byproduct income. First, catalyst can improve reaction conditions, but it is
also easy to be inactive due to the critical reaction conditions. The employed homo-
geneous and heterogeneous catalysts are mainly heteropolyacids, alkali carbonates,
carbons, transition metal oxides, and bulk MnO, [60]. Besides, they also especially
pointed out that the bulk MnO; has high activity, hydrothermal stability, and ability
of maintenance, and resistance to metal leaching under supercritical reaction
conditions.

3.4.2 Utilization of liquid oxygen

Liquid oxygen, gaseous oxygen, hydrogen peroxide, and air can be applied as
oxidants in SCWO. Unfortunately, hydrogen peroxide is not commercially appli-
cable because it is very expensive. Nitrogen in air does not react with feedstock,
and costs a lot to separate them from gaseous products. Liquid oxygen is chosen
as the oxidant of this plant due to its relatively cheaper price compared with the
same amount of gaseous oxygen. Oxygen is regarded as one of the major costs,
whereas high oxygen excess coefficient is not necessary because it is not realistic
for a prospective commercial application. In this plant, oxygen excess coefficient
is anticipated to control at about 1.1 to ensure complete decomposition of organic
matters, and to avoid recovering excessive oxygen as well as decrease the running
cost. The system uses liquid oxygen cold energy to realize the centralized liquefying
and recycling of carbon dioxide, and greatly improves the system economy. In addi-
tion, the system is pre-desalted by the system of liquid oxygen cooling, reducing the
subsequent desalting load and corrosivity of the system, reducing the grade of the
equipment material, reducing the investment of the equipment, and recovering and
selling valuable inorganic salts to improve the system economy.
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3.4.3 Gas recovery and oxygen reuse

The SCWO system innovatively adopts the process of combining gas-phase
product carbon dioxide recovery with oxygen recovery. By developing regular
exhaust and compressor variable flow operation technology, high rate oxidation
and low rate oxygen consumption are realized in the reaction process, that is, the
reactor operates with high oxidation coefficient, and the gas phase after reaction
is produced. The excess oxidants in the material are separated and recycled under
variable flow conditions.

3.4.4 Waste heat recovery

Energy recovery is often achieved by preheating feedstock through reactor
effluent of high temperature via heat exchangers [77]. Surplus energy is able to be
utilized to produce steam for electricity generation or to form hot water for indus-
trial application. For a larger scale SCWO system, energy recovery may potentially
employ a supercritical steam turbine to generate electricity through the direct
expansion of products [78]. However, it is not possible to design and construct a
supercritical steam turbine in a SCWO plant presently due to the critical operation
conditions and the very difficult separation of solids under SCWO conditions [79].
It is supposed that SCWO would be developed as a multifunctional technology
for generating heat and electricity on the basis of removing organic pollutants in
future. There is no doubt that sufficient energy recovery and heat income must be
adequately considered in order to decrease the running cost, otherwise an external
or internal heat source is required. In this apparatus, heat is recovered enough by
preheating feedstock to realize a low running cost. In addition, major byproducts
such as hot water and CO, can be collected for sale or reuse.

4. Industrial applications

Since the early 2000s, the significant maturation of SCWO technology on the
basis of better understanding of the core reaction principles and effective solutions
for mitigating the corrosion and salt precipitation problems in the past two decades
started a shift in emphasis of SCWO activity from fundamental studies to industrial
applications. For several feedstocks such as sewage sludge, industrial wastewaters,
explosives, and other hazardous wastes, some full-scale SCWO treatment plants
have been built under the guidance or promotion of companies, universities and
colleges, and scientific research institutes. A series of associated SCWO vendors,
such as MODAR, MODEC, Oxidyne, EcoWaste Technologies, and Foster Wheeler,
have left this field, but the associated technologies still survived in some sense
through acquisition or licenses by the former. For instance, the company Chematur
Engineering located in Sweden acquired the assets of EcoWaste Technologies in
1999, and in 2007, licensed the SCWO patents to SCFI Group Ltd. Nowadays, a
number of additional firms such as SCFI Group, InnovEOX, SuperWater Solution,
XJTU, etc. are active in SCWO field (Table 2).

4.1 HydroProcessing
HydroProcessing constructed the first commercial SCWO sludge processing
equipment for the Harlingen wastewater treatment plant, in Texas, USA [14]. In the

HydroProcessing system, a hydrocyclone is applied to separate the flow after the
reactor and to maintain the solids in the underflow. The overflow and subsequent
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Company/University HydroProcessing Chematur SuperWater Xi’an Jiaotong
Engineering Solutions University

AB

Country USA Sweden USA China

Capacity 150 t/d 168 m*/d 35 dry ton/d 3t/d

Solid content (wt.%) 6-9 15 10 8

COD (mg/L) 80,000-120,000 110,000 Not available 5750

Temperature (°C) 592 510-580 600 400

Pressure (MPa) 23.47 25 26 25

Reactor Tubular Tubular Tubular TWM

Capital cost 3 million USD 5 million GBP 33.7 million 0.58 million USD

USD

Operation cost 100 USD/dry ton 105 USD/dry 268 USD/dry 76.56 USD/dry

ton ton ton
Table 2.

Operation and economic parameters of typical SCWO systems for municipal sludge treatment.

underflow are used to heat the feed. The heated feed mixes with oxygen and they enter
the gas-fired heater together for further heating before entering a tubular reactor. The
operation results show that the destruction efficiencies are 99.93-99.96, 49.6-84.1,

and 92.89-98.90% for COD, ammonia, and total solid in the overflow, respectively.
Meanwhile, the destruction efficiencies of sludge are 99.92-99.93, 49.6-86.4, and
62.72-88.94% for COD, ammonia, and total solid in the underflow, respectively. Due to
the high ammonia concentration of the effluent, it can be sent to municipal wastewater
plants or to industrial plants as a nutrient. A net operation and maintenance cost of
approximately 100 USD/dry ton sludge was obtained [80].

4.2 Chematur AB and SCFI

For demonstration purposes, Chematur AB has built a 6 t/d unit in Karlskoga,
Sweden, for the treatment of both undigested and digested sludge, which has
been in operation since 1998 [15]. Chematur AB licensed the SCWO process to the
Shinko Plantech Co. of Japan, and they have built a pilot SCWO unit with a capacity
of approximately 26.4 t/d for the treatment of sludge in Kobe, Japan [17]. The devel-
oped SCWO process, named as the AquaCritox process, is presented in Figure 7.
This system consists of a series of homogeneous sludge equipment including a feed
tank with a paddle mixer, a macerator, an ultra turrax, and a grinder. The first three
facilities along with a mono pump constitute a re-circulation loop, which provides
size reduction and homogenization during a batch operation. After homogeniza-
tion, sludge enters a hose diaphragm piston pump pressurized to approximately
25 MPa and is pumped to a double-pipe economizer heated by the reactor effluent.
Fouling problems in the economizer are avoided due to the high velocity and the
reduced feed particle size. After heat exchange, sludge enters a heater for further
temperature increase. The removal rate of COD is greater than 99.9% when
T > 520°C. A temperature higher than 540°C is needed to completely destroy total
nitrogen (TN). They also evaluated the economic value of a unit treating 168 m’ of
sludge per day, being approximately 105 USD/dry ton sludge [17].

In 2007, the SCFI Group acquired patented SCWO technology (AquaCritox®)
from Chematur Engineering AB of Sweden. Further work directed by the SCFI
group has emphasized the reduction of costs. The residual inorganic fraction of
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Flow sheet of the Chematur AB system [15].

the sludge can be recovered as phosphoric acid and iron coagulant if required. The
orthophosphates from the supernatant, representing 78% of the total influent
phosphorus, can also be recovered by using fluidized bed crystallization technolo-
gies [81].

4.3 SuperWater Solution

From 2009 to 2011, SuperWater Solution installed and successfully tested a
5 dry t/d SCWO system for the Iron Bridge Regional Water Reclamation Facility
in Orlando, FL, USA [16]. They also assessed the economic value of 268 USD/dry
ton for a unit with a capacity of 35 dry tons of sludge per day. For the employed
SCWO process. It is interesting that the SuperWater Solution system has an oxygen
recycling process based on the difference in liquefaction temperatures between
0, and CO,. Through the oxygen recycling process, the sludge can be oxidized ata
high 7 value with low oxygen consumption, thus increasing the effluent quality and
decreasing operation costs.

4.4 Energy and Environment Institute in XJTU of China

Since the early 2000s, Energy and Environment Institute led by one of the
authors (Shuzhong Wang) in XJTU, based on the supercritical water technologies,
has committed to the related research on harmless disposal and energy-oriented uti-
lization of high concentration organic wastewaters and municipal/industrial sludge,
and has accumulated abundant experience in water quality evaluation and products
characterization. The research areas are involved in organic molecule reaction
mechanisms and kinetics, catalytic characteristics and mechanisms, mechanisms
and theories of alloy corrosion, salt crystallization kinetics, fuel and auxiliary heat-
ing mechanisms, etc. [6, 11, 21, 22, 28-30, 45, 50, 71, 82-85].

The stepwise engineering amplifications have been performed from initial
experimental facility to test equipment (4.5 L/h), to small pilot plant (0.5 t/d). To
further verify the industrialization feasibility of SCWO technology in China, in
2009, the authors successfully designed and constructed the first industrial scale
plant of China (see Figure 8), actually of which the processing capacity of 3 ton/day,
filling the China blank in the SCWO field [71]. This SCWO plant installed with the
newly developed “TWM reactor” reaches a COD removal rate of more than 99.5%
and surplus heat utilization efficiency of >80%. A brine pool is formed in the bot-
tom of the reactor. Fluid in the pool with a high concentration of salts then enters
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Figure 8.
First industrial scale SCWO plant in China [71].

the salt-removing device and is heated to a supercritical state. The salts are precipi-
tated again and finally stored in the salt-collecting tank. The equipment investment
is 0.58 million USD, and the operating cost is 76.56 USD/dry ton for sludge, which is
much lower than the cost of incineration.

Depending on the accumulated research, design, and construction experiences,
for overcoming or improving the potential higher investment, severe corrosion and
blockage risk of the heat exchanging units, an indirect heat transfer SCWO process
with a capacity of 50 t/d for petrochemical sludge treatment was developed, which
is currently in the detailed design phase of the process package. The indirect heat
transfer SCWO system is shown in Figure 9.

SCWO reactions happen at high temperature and pressure, meaning that the
heating and pressuring of feedstock and the opposite process for the reaction efflu-
ents are necessary and unavoidable. In a conventional SCWO process, heat exchang-
ers are usually used to cool the reaction effluents by untreated feedstock as cooling
medium; meanwhile, the feedstock is preheated to the expected temperature, and
then enters the reactor and reacts with the oxidants. But the critical aqueous solutions
zones at temperature of 320-410°C corresponding exactly to the heat exchanger,
which owns high-density, large dielectric constant and high solubility of inorganic
salts, are aggressive to the piping and equipment materials generally inducing serious
corrosion issues by improper controls, posing a potential threat to the reliable opera-
tion of the SCWO system. In addition, various organic wastes generally contains
considerable amounts of heteroatom such as chlorine, sulfur, phosphorus, etc., which
are transformed into corresponding inorganic acids after SCWO. Please note that
the oxidant supplied into the system is often excessive to ensure the complete deg-
radation of organic matters, causing a high level of residual oxidant in the reaction
products. Therefore, reaction effluents are more corrosive than the initial feedstock.
For the double-pipe heat exchanger used in conventional SCWO process, the cooling
medium in the inner tube is feedstock while the reaction products as thermal fluid
exists in the outer tube, causing internal side of the shell tube and both internal and
external surfaces of the inner tubes facing serious corrosion problems and requiring
expensive corrosion-resistant alloys, which greatly increases the investment of the
equipment. Further, when the reaction effluents in the outer tube contains a large
amount of inorganic salts or insoluble solids, plugging problems of the shell tube is
extremely likely to occur due to its relatively complex multi-turn flow channel. In the
indirect heat transfer SCWO system (see Figure 9), the feedstock being pre-grinded
to 50 pm by a low pressure pump (2) is compressed by a high pressure feedstock
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Figure 9.

A Schematic diagram of the indirect heat transfer SCWO comprehensive system: 1—filter; 2—low pressure
pump; 3—feedstock tank; 4—high pressure feedstock pump; 5—preheater; 6—reactor; 7—heat exchanger; 8—
capillary depressurization device; 9—three phase sepavator; 10—water storage tank; 11—high pressure water
pump; 12—water buffer tank; 13—booster pump; 14—heater; 15—spray desuperheater; 16—liquid oxygen tank;
17—low temperature oxygen pump; 18—vaporizer; 19—oxygen buffer tank; 20—oxygen pressure regulator;
21—caustic tank; 22—low pressure caustic pump; (101—108)—uvalve; 23—biochemical treatment unit.

pump (4), preheated in the preheater (5) by high temperature intermediate medium,
and then made to enter into reactor (6) when reaching the expected temperature.
Liquid oxygen is pressured and its flow rate are regulated by the low temperature
oxygen pump (17), subsequently gasified in the vaporizer (18), and then gaseous
oxygen is stored in the oxygen buffer tank (19), ultimately entering the reactor (6)
after being depressurized by the oxygen pressure regulator (20) and reacting with
the feedstocks. Meanwhile, the SCWO reaction releases a certain amount of heat
and reaction effluent with high-temperature and high-pressure flows into the inner
tube of heat exchanger (6) to heat the intermediate medium in the outer tube, and
the effluents are also cooled through the intermediate medium at the same time.
Then the cooled effluents are reduced to an appropriate pressure by the capillary
depressurization device (8). Gaseous products, liquid products, and solid products
are similarly separated in the low pressure three-phase separator (9). The intermedi-
ate medium from the water buffer tank (12) pressurized by high pressure booster
pump (13), firstly absorbs the heat of the reaction effluent through the regenerator
(7); flows through the heater (14); and then, if necessary to further increase the
temperature, eventually enters the preheater (5) for preheating the feedstock.
Therefore, the corrosive fluid only passes through the inner tube of the preheater
and the regenerator, and both outer tubes of the heat exchanger are clean water.
Therefore, only inner tubes of the preheater and regenerator require the use of high-
end corrosion-resistant alloys, and the outer tubes can use cheap carbon steel or
low alloy steel, which will greatly reduce the investment cost of heat exchanger for
the SCWO process. In addition, the clean water in the outer tube also dramatically
avoids the blockage risk compared with dirty fluid containing insoluble solids.

Additionally, in view of specific characteristics of various municipal/industrial
sludge and organic wastewaters such as printing and dyeing wastewater, phenol-
containing wastewater, pharmaceutical/pesticide-production wastewater, etc.,
combining with their individual industrial production processes and customer
specific requirements, the Energy and Environment Institute in XJTU has carried
out the process integration innovation of large-scale supercritical water treatment
system to maximize the efficiency, economy, and safety, and has finished a series of
mature, reliable SCWO process packages [82].
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5. Conclusions

In virtue of the special physicochemical properties of supercritical water,
supercritical water oxidation (SCWO) can efficiently and thoroughly degrade a
wide variety of organic pollutants into harmless small molecules, such as CO,, N,
H,0, etc., which has been widely regarded as the most promising, environment-
friendly treatment technology for organic wastes. Not a specific material can
withstand all kinds of SCWO conditions; however, the suitable material can be
selected for a certain condition considering corrosion resistance, strength, and
economy. Abundant corrosion control approaches can mitigate the equipment
corrosion effectively. Salts precipitation, possibly resulting in plugging of pipes and
instruments and accelerating corrosion, is another main obstacle to hinder SCWO
commercialization. Fortunately, pre-desalination, on-line salt separation, novel
reactor configuration such as TWM reactor, etc., all exhibit better performances in
preventing and controlling salt deposition and corrosion issues occurred in reactors.
The global considerations and designs instead of previous single or local protection
will be in focus in the future. On the basis of decades of implementation experience
of full-scale SCWO plants, considering the incessant emergence of more advanced
technologies and equipment which aims to overcome the abovementioned two key
obstacles and to further elevate the system economy, safety, and automatic control
level, the industrial SCWO plants will achieve the harmless disposal of various
organic wastes in a more economical, safe, credible way.
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Chapter7

Synthesis and Functionalization of
Nanoparticles in Supercritical CO,

Ludmila Otilia Cinteza and Daniela Bala

Abstract

A review of recent results on fabrication of inorganic and organic nanoparticles
in supercritical carbon dioxide will be presented, with particular emphasis on the
metallic and polymeric nanoparticles used in biomedicine. The use of the water-in-
scCO, microemulsion in the synthesis of metal nanoparticles will be also discussed.
The recent progress in preparation of polymeric nanoparticles with desired size and
porosity obtained through processing methods in scCO, as drug delivery systems
will be described. The efficiency of the drug encapsulation in organic and inor-
ganic nanoparticles using supercritical CO, as dissolving media is another topic of
interest. Various methods to achieve surface functionalization of nanoparticles in
supercritical and subcritical CO, will be evaluated, considering the challenges and
limitations in efficiency, scalability, and development of new applications.

Keywords: supercritical CO,, nanoparticles, drug delivery, biomedicine

1. Introduction

The pharmaceutical industry has a major problem concerning the production of
active pharmaceutical ingredients, which have a low water solubility and bioavail-
ability. Therefore an appropriate technology for producing these active components
is needed with certain properties like particle size (smaller than 1000 nm, typically
under 500 nm), solubility, efficacy, state transition (polymorphism and crystalliza-
tion), cost-effectiveness, etc.

In many nanomedical applications used in nanomedicine, processes based on
supercritical fluids (SCFs) can be applied because they allow controlled fabrication
of biological active nanostructured microparticles, nanoparticles, and nanopo-
rous/nanostructured materials. Supercritical carbon dioxide (scCO,) asa green
solvent that possesses many beneficial properties (it is nonflammable, nontoxic,
biocompatible, cost-effective, and abundant) has gained huge interest in the food
and pharmaceutical industries; it is considered environmentally benign and one
of the few solvents not regulated as a volatile organic compound (VOC) by the US
Environmental Protection Agency.

There are several methods for the manufacturing of solid particles scaled
from micron to nanosize, divided into bottom-up, top-down, and combination
approaches of these [1].

Bottom-up techniques produce nanosized particles by precipitation from a
supersaturated drug solution. Precipitation by addition of liquid antisolvent is made
by simple mixing methods (using a static mixer) or by modified mixing methods
(sonoprecipitation or high gravity controlled precipitation). Other bottom-up
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techniques involve supercritical fluids, rapid expansion of supercritical solution
(RESS), and supercritical antisolvent technique (SAS) or solvent removal by nano-
spray dryer and spray freezing into liquid techniques. These methods have some
disadvantages which include the size of particles that cannot be properly controlled
in the non-sized range, but using of some additives (excipients, surfactants, etc.)
can produce the stabilization nanocrystals or nanoparticles regarding the morpho-
logical properties and the crystallized polymorphic form [2]. Bottom-up techniques
showed some advantages because they are low-energy processes and less expensive
than the other methods, and obtained particles have narrow size distribution. In
order to obtain smaller particles, these methods have been used in combination with
top-down techniques [1].

Top-down techniques are used for particle size reduction of drugs to the nano-
meter size range by application of friction, involving high-energy processes such
as media milling (wet bead milling) and high-pressure homogenization techniques
(Dissocubes homogenization and NanoPure technology). These methods have some
disadvantages which include a limited control of crystal size and surface properties
and thermal or mechanical degradation generated by intensive energy of mix-
ing [3]. These techniques are used in the last decade, but few nanocrystals under
100 nm have been obtained. Drug particles with smaller size than 100 nm have
novel physical properties and better permeation through different biological barri-
ers [4] and improved bioavailability of poorly aqueous soluble drugs, having differ-
ent routes of administration such as oral, ocular, dermal, buccal, and pulmonary.

Supercritical fluids and their mixtures have specific properties like very fast
mass transfer, near zero surface tension, and effective solvent elimination. The
liquid-like and/or gas-like properties of SCFs and the possibility to modify several
process parameters (temperature, pressure, and surface tension) can be benefits
to produce several medical products at nanoscale. Several SCF-based processes
are applied to nanomedicine applications: supercritical antisolvent precipitation
(SAS), rapid expansion of supercritical solutions, supercritical emulsion extraction
(SEE), supercritical assisted phase separation, supercritical gel drying, supercritical
assisted liposome formation (SuperLip), supercritical assisted atomization (SAA),
electrospinning in scCO,, supercritical assisted injection in a liquid antisolvent
(SAILA), and depressurization of an expanded solution into aqueous media
(DESAM) [5].

scCO, Nanoparticles Temperature (K) Pressure References
method (MPa)
RESS Drug micro—/nanoparticles 313-373 8-25 [6,7]

Polymeric micro—/nanoparticles
Drug encapsulated in polymeric

microparticles
SAS Drug micro—/nanoparticles 303-323 9-15 MPa [8]
Inorganic nanoparticles
SEE Drug encapsulated in lipid or 308-323 8-10 MPa [5,9,10]
polymeric nanoparticles
SAA Drug nanoparticles 343-353 7-9 [11]
SAILA Drug nanoparticles 343-353 7-10 [5]
RESOLV Drug nanoparticles 308-318 10-20 [12]

Polymer-stabilized drug NPs

Table 1.
Reaction conditions (temperature and pressure) in scCO,-assisted synthesis of nanoparticles.
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Numerous methods for nanoparticle fabrication and functionalization using
supercritical carbon dioxide have been proposed, in various reaction conditions. In
Table 1, some examples of temperature and pressure range frequently used for the
preparation of nanoparticulated materials are summarized, with particular empha-
sis on drug or drug delivery systems.

The selection of the temperature and pressure condition is crucial for the
particle size and drug encapsulation efficiency, and the specific values are chosen
according to the characteristics of the active substance, such as solubility in scCO,
phase, thermal stability, etc.

In this chapter, we present several applications of supercritical carbon dioxide
(scCO,) for preparation of polymeric nanoparticles as drug delivery systems, active
principle encapsulation, water-in-scCO, microemulsion in the synthesis of metal
nanoparticles, and various methods for surface functionalization of nanoparticles
in supercritical and subcritical CO,.

2. Applications of scCO, for preparation of polymeric nanoparticles
as drug delivery systems

2.1 Supercritical fluids and their properties

SCFs can bring their contributions in different fields for certain applications
as chromatography, fluid extractions, and micro- and nanoparticle formation.
There are several compounds that can be used as supercritical fluids. Among them,
hydrocarbons are toxic and inflammable, water has high critical parameters, but
carbon dioxide has appropriate critical temperature and pressure, being suitable to
be used as a green solvent.

2.2 Rapid expansion of supercritical solution

Methods using supercritical fluids (SCFs) can produce particles with nar-
row size distribution. Because of their special properties, SCFs can be applied to
micronization of several types of compounds: drugs, biopolymers, polymers, food,
coloring maters, explosives, etc. Pharmaceutical micronizations using supercritical
fluids have some advantages due to the absence of organic solvent, and the particle
size distribution could be controlled by process parameters. During the microniza-
tions by SCFs methods, the dissolution rate is increased. The use of scCO, provides
several advantages in comparison with the previous conventional techniques. The
scCO, can be used as a solvent, antisolvent, and extracting agent for the organic
phase of oil-in-water emulsions or at particle formation from gas saturated solution
and improve the spraying process in different techniques [13].

The RESS process is based on the saturation of the supercritical medium with
a solute (polymer) followed by a rapidly depressurization of the solution through
a heated nozzle at high speed. During the pressure drop, the system passes from
supercritical to atmospheric conditions, the solvent power decreases, and a fast
nucleation of the solute in the form of very small particles with uniform size takes
place. The properties of the obtained particles are influenced by its solubility in
scCO,; state parameters from precipitation vessel (temperature and pressure); size,
length, and shape of the nozzle; distance of the jet stream; and impact angle onto
the surface. A schematic representation of this process is presented in Figure 1.

The RESS technique has several advantages like the simple control of process
parameters, the absence of organic solvents, and easy implementation on lab-scale
when a single nozzle is used. RESS has also disadvantages as difficulty in scaling-up,
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Figure 1.

Schematic representations of the RESS process.

the possible particle aggregation and/or nozzle blockage, using an important
amount of carbon dioxide, and low solubility of most pharmaceutical compounds
in supercritical CO,. But, the scCO, solvent power can be increased by using of a
co-solvent.

2.3 Rapid expansion of supercritical solution into a liquid solvent (RESOLV)

RESOLV represents a variation of RESS. This technique can reduce the particle
aggregation during the jet expansion. In this process the supercritical solution
is depressurized through a nozzle into a collection chamber containing an aque-
ous solution at room temperature. Different types of water-soluble polymers or
surfactants can added to the aqueous medium in order to stabilize the obtained
nanoparticle suspension [12]. Biocompatible polymer nanoparticles composed of
biodegradable polymers such as polylactic acid (PLA), poly(lactic-coglycolic) acid
(PLGA), and poly(e-caprolactone) (PCL) are drawing a considerable interest in the
scientific community because they can be used in medicine as biodegradable sup-
port materials and drug delivery vehicles. There are studies focused on the genera-
tion of polysaccharide particles. Polysaccharides are biobased polymers used in a
lot of domains such as nutrition, energy, health care, and materials science, with
large applications in the industry. An example of this family is chitosan, an amino-
polysaccharide derived from chitin, being the second most biosynthesized polymer
after cellulose. Because chitosan is biocompatible and biodegradable (mucoadhe-
sive with antibacterial and cytocompatible), it can be used in pharmaceutics and
biomedical applications, cosmetics, food packaging, agriculture, water treatment,
etc. Another polysaccharide is alginate that can be used in several areas like drug
delivery, tissue engineering, and wound dressing. For these purposes and due to its
essential functional groups (hydroxyl and carboxyl), alginates can be transformed
to hydrogels, porous scaffolds, and micro- and nanoparticles [14].

2.4 Nanoparticlesand porous scaffolds obtained by high-pressure CO, processing

In order to obtain microparticles, an experimental apparatus equipped with a
high-pressure cell having a capillary nozzle was used. The scheme of this handmade
experimental setup is presented in Figure 2.

Biopolymeric microparticles were prepared in our laboratory by rapid expansion
of high-pressure CO,-chitosan solution in sodium bis-(2-ethylhexyl) sulfosuccinate
solution. At pressures higher than 2 MPa, ultrafine particles were formed, while
under this value, wires were obtained (Figure 3). The Chi/AOT ultrafine particles
are instantaneously formed when 2 mL Chi solution 2% (wt/wt), preheated 1 hour
at 40°C, is sprayed using CO, at different pressures into 20 mL AOT 0.03 M aque-
ous solution through a stainless steel capillary nozzle of 30 mm length and 0.4 mm
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Figure 2.
Experimental setup for RESS technique.

Figure 3.
Optical images of CO,-chitosan (chi)/bis- (2-ethylhexyl) sulfosuccinate (AOT) microparticles and wires.

diameter. The pre-expansion pressure was 1-5 MPa, and the distance from the
nozzle tip to surfactant solution interface was of about 20 mm. We observe that
with increasing the spraying pressure of polymer, the size of the particles decreases.
The microparticles obtained at high pressure are quasi-spherical in aqueous
medium and irregular with many pores and a rough surface after freeze-drying. The
morphology of synthesized particles recommends them for possible applications

in adsorption of organic and inorganic substances from aqueous medium. The Chi/
AOT microparticles were an effective adsorbent for removal of phenol and o-cresol
from aqueous solution [15].

Porous alginate matrices were obtained using sub- and supercritical carbon
dioxide. Calcium alginate matrices had uniform porous texture generated by high-
pressure CO; as foaming agent without co-solvents. Sodium alginate solutions were
processed in high-pressure CO,, with freezing. After depressurization, the frozen

163



Advanced Supercritical Fluids Technologies

samples were ionically cross-linked with calcium ions with and without glycerol.
The effects of the presence of glycerol as plasticizer, carbon dioxide pressure,
temperature, and processing time (20 minutes and 5 hours) on the structure of
the obtained calcium alginate matrices were investigated. The porosity of alginate
matrices increased with CO, pressure, processing time, and glycerol adding. The
plasticizer, glycerol, improves mechanical properties and texture for scaffolds.

Poly (¢-caprolactone) is another polymer with potential application in the
biomedical field due to its properties such as good solubility, low melting point
(59-64°C), and very good blending compatibility. PCL is suitable for controlled
delivery of drug because it has high permeability for several drugs and excellent
biocompatibility and it can be completely eliminated from the body. Due to the low
melting point and good rheological and mechanical properties, PCL can be used as
a biomaterial in cardiovascular and bone tissue engineering.

Microparticles of poly(e-caprolactam) were obtained by rapid expansion in
water of the PCL polymeric solution (with a cosolvent, methanol or dimethyl-
formamide) saturated with high-pressure carbon dioxide, in experimental setup
presented in Figure 3. The solution was denoted by P1 - PCL in methanol (1 g/
mL) and P2 — PCL in dimethylformamide (1 g/mL). The working temperature was
70°C and pressure 6.5 and 8.5 MPa. In Table 1 and Figure 4, values for pressure
are expressed in bar. Depending on the nature of the cosolvent, temperature, and
pressure, poly(e-caprolactam) particles of spherical shape and variable dimensions
(particles diameter 1.4-6.7 pm) were obtained.

The morphological changes of PCL solutions in sub- and supercritical carbon
dioxide and the addition of cosolvent were revealed by Boethius microscopy.

The interactions between CO, and the carbonyl groups in the PCL molecules led
to the lower melting temperature of the P1 and P2 samples treated with sub- and
supercritical CO, (Table 2).

The presence of high-pressure CO, influences the stretching vibration in the
group C—O (carbonyl). For P1, once the carbon dioxide pressure increases, the
maximum absorption of the carbonyl group moves to higher values than P2 where
the maximum absorption decreases with increasing pressure. This displacement
reaches a limit at the highest pressures as a result of increased carbon dioxide
mobility. The integral area of the carbonyl peak decreases linearly with increasing
pressure for the P1 system (data consistent with those in the literature) and varies
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Figure 4.
FTIR spectra for PCL, P1, and P2 and different temperatures and pressures.
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System Melting point (°C) Observations
PCL 60.3-61.9 White crystals
P1-25-1 55.8-57.5 White crystals
P2-25-1 57.1-58.9 White crystals
P1-70-85 55.5-57.6 Amorphous

P1-70-65 58.7-59.8 White crystals
P2-70-85 58.4-60.3 White crystals
P2-70-65 57.0-59.3 Amorphous

Structural changes of PCL weve evidenced by the FTIR technique (Figure 4).

Table 2.
Melting point of high-pressure samples of PCL.

nonlinearly for the P2 system. It has been observed that with the decrease of carbon
dioxide pressure, the frequency of the C-O-C stretching vibration moves to higher
values. At higher temperatures (70°C) and higher pressures (6.5 and 8.5 MPa), the
polymer melts and recrystallizes after expansion in a semicrystalline or amorphous
state, resulting in melting temperatures below PCL. For the samples treated at

high pressures, we observe a shift of the maximum attributed to the crystallinity

to smaller wave numbers, so a decrease of the crystallinity produces a decrease of
melting temperature for the PCL samples treated under high-temperature and
high-pressure conditions.

3. Drug encapsulation using scCO,

In the last decade, drugs loaded in porous biodegradable polymeric foams have
found to have important applications in tissue engineering and delivery systems.
These polymeric porous scaffolds with an open-pore structure can ensure and
increase seeding, attachment, growth of cells, extracellular matrix production,
vascularization, and tissue growth. Supercritical CO, is an excellent choice to pro-
duce impregnated polyester foams in a one-step process creating porosity, without
residual solvent in the products. After polymer scaffold degradation, obtained
tissue would not contain synthetic polymer. The rate degradation of the scaffold
should be similar or slower than the rate of tissue formation; therefore, it is impor-
tant to elucidate the mechanism of this degradation process.

Some examples of polymers used as porous scaffolds were poly(D,L-lactide)
(PLA) and poly(D,L-lactide-co-glycolide) (PLGA), respectively, and poly(methyl
methacrylate), PMMA, PMMA /poly(e-caprolactone), PCL, etc. Such polymers are
harmless to the growing cells and can be removed from the organism by normal
metabolic pathways. They also can be used in other in vivo applications, such as
resorbable sutures [16].

Encapsulation of drugs within colloidal-sized polymeric matrix is largely used to
improve the sustained release, reduce the side effect of the drugs, and increase the
bioavailability of the drug from the pharmaceutical formulations. Polymeric beads
for the controlled release of the drugs are most often used as the best solution due to
easy preparation procedure and high drug-loading efficiency.

The special properties of scCO, made it a good transport vector for solid matrix
impregnation. This process depends on the partition of interest substance between
the supercritical fluid phase and matrix (such as porous polymers) used for impreg-
nation. First the substance is mixed with high-pressure carbon dioxide and then is
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placed in contact with matrix used as support. Because scCO, has a good diffusion
capacity into porous scaffolds, inducing a swelling and/or plasticization, impregna-
tion of a lot of materials could be possible. Among them were polymers as swellable
matrices or silica as non-swellable matrices [17].

The controlled release of the very hydrophilic drugs is still a challenge due to the
difficulties to encapsulate the drug in a suitable drug delivery system able to control
the rate of the release and to ensure a minimum retention of the active substance inside
the pharmaceutical vehicles, but with a good control of the particle size and surface
properties, nanoparticles may be directed to specific sites for targeted drug delivery.

The encapsulation of active substances can be improved by impregnation in the
presence of compressed fluids like carbon dioxide [18], at temperatures and pres-
sures near or above critical point (CO,, p,, = 7.382 MPa; z,, = 31.04°C).

In a typical experiment in our laboratory, 2-pyridinealdoxime methochloride
(PAM) was chosen as a hydrophilic drug model, with a high solubility in water.
PAM is an acetylcholinesterase reactivator used as an antidote in poisoning with
organophosphoric substances characterized by high solubility in water. Due to its
hydrophilicity, PAM is rapidly eliminated from the body. Consequently, PAM is
relatively short acting, and repeated doses may be needed. The encapsulation of
PAM in alginate beads (used as sustained drug release system) was tested.

Alginate is a water-soluble linear polysaccharide extracted from brown seaweed,
and it is composed of alternating blocks of 1-4 linked a-L-guluronic (G) and
p-D-mannuronic (M) acid fragments. Alginate is a biocompatible and a hydrophilic
biopolymer. These properties and its relatively low cost have recommended it for
pharmaceutical applications [19]. The anionic biopolymer has the ability to bind
multivalent cations, leading to the formation of insoluble hydrogels with “egg box”-
type structure [19]. In the formation of water-insoluble gels, a specific interaction
occurs between calcium ions (Ca**) and -COO™ and -OH groups of the guluronic
acid fragments in a simple procedure of dripping a sodium alginate aqueous solution
into a calcium chloride solution [20]. The drug can be encapsulated in alginate beads
by two methods. A first method consists in dripping the aqueous solution of algi-
nate/PAM mixture in calcium chloride solution. The deficiency of this method is the
elimination of PAM outside the beads during the ionically cross-linking of alginate
with calcium ions. A second method consists in immersing and soaking the poly-
meric beads into the solution of drug. In this case the impregnation efficiency is low.

A certain number of calcium alginate beads were immersed in the 3 x 10> wt%
solution of PAM. The impregnation of PAM in calcium alginate beads was carried
out in a high-pressure cell, in the presence of compressed carbon dioxide. The
impregnation was performed at different pressures (2.5, 5.0, 7.5 MPa) and tem-
peratures (20, 40, 60°C) and also at atmospheric conditions (0.1 MPa, 20°C). The
impregnation time was 30 minutes. The samples are designated p/t, where p and ¢
represent the pressure and the temperature of impregnation.

The efficiency of PAM impregnation at various temperatures and pressures is
presented in Figure 5.

The results showed that the efficiency of PAM impregnation increases with
temperature at 2.5 MPa and the interaction between the cationic drug and active
sites of biopolymer are favored by high pressure. Both state parameters influence
the encapsulation of the ionic drug in the polymeric beads. The encapsulation of
PAM in calcium alginate beads at 2.5 MPa depends on temperature. Adsorption or/
and absorption of PAM are the main processes which take place between 20 and
40°C. At 60°C, the dissociation constants of polyelectrolyte and ionic drug increase
and electrostatic interactions between the polymer and drug molecules are pro-
moted. At higher pressure (5.0 and 7.5 MPa), the impregnation efficiency varies in
the same way like ratio of CO, density to viscosity versus temperature and pressure.
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Figure 6.
PAM velease profiles from impregnated alginate beads; inset, the release curves in the first 30 minutes.

3.1In vitro release studies

The release curves for sample 1/20 and for samples with higher encapsulation
efficiency are presented in Figure 6. The release curves for samples 0.1/20, 7.5/20,
and 5.0/20 show a “burst effect”; the encapsulated PAM is released in the first
15 minutes. The sustained release of PAM is observed for samples 7.5/40 and 2.5/60.
The maximum amount of released PAM is lower than 50% for samples 7.5/40,
2.5/60, and 5.0/20. The observed initial burst release profiles may be an indication
that the impregnated drug was mainly located at the polymer surface for the sample
impregnated with PAM at 20°C and different pressures. The kinetic data were fitted
by first-order, Weibull, and Korsmeyer-Peppas kinetic equations. The experimental
concentration values of the active substance released as a function of time were
processed for establishing the release kinetics.

The kinetic parameters offer information about the encapsulation mechanism
which can take place by adsorption on the surface of the beads or by interactions

167



Advanced Supercritical Fluids Technologies

between drug and polymer inside the alginate beads. The PAM release curves show
that the release mechanism depends on the drug impregnation conditions.

The encapsulation of PAM in alginate beads was improved by impregnation in
the presence of compressed carbon dioxide at high temperature. The release of ionic
drug from drug delivery beads obtained by impregnation of PAM in supercritical
CO, (7.5 MPa, 40°C) is controlled by diffusion of active substances. The alginate
beads with encapsulated PAM in subcritical conditions (7.5 MPa, 40°C) release
PAM according to swelling and erosion of an amorphous biopolymer.

The release of PAM from alginate beads can be controlled by changing the initial
conditions of impregnation in the presence of CO,.

4. Synthesis of nanoparticles in scCO,-based microemulsions

Nanoparticles with tunable size and high monodispersity present great interest
for biomedical application, in particular to be used in bioimaging or as drug deliv-
ery systems. Synthesis of inorganic and organic NPs in scCO, as green alternative
to the physical and chemical traditional methods suffer from the same difficulties
in controlling the nanoparticle growth step and to ensure narrow size distribu-
tion of the final product. One of the most efficient routes developed to fabricate
monodisperse nanoparticles is the synthesis performed in heterogeneous media,
i.e., in microemulsions or in blue emulsions, in order to ensure the nucleation and
growth of nanoparticles in the restricted domain of liquid nanoreactors (oil or
aqueous droplets). Microemulsions, as liquid-liquid colloidal systems consisting
of nanometric droplets with size ranging from few nanometers to 100, stabilized
with surfactant and cosurfactant mixture, are considered the most suitable reaction
media for the synthesis of organic and inorganic nanoparticles with tunable size
and morphology. Oil-in-water microemulsions are usually used for the fabrica-
tion of hydrophobic polymeric nanoparticles, while water-in-oil ones are used as
reaction media for inorganic nanoparticles, especially for metal NPs obtained from
reduction of metallic salt. All advantages of the controlled synthesis in water-in-oil
microemulsions could be preserved using water-in scCO, microemulsions, since the
general structure of the colloidal system is the same (Figure 7).

However, the stabilization of miniemulsions and the formation of thermody-
namically stable microemulsions in supercritical CO, are challenging tasks, due to
the specific properties of carbon dioxide. Supercritical carbon dioxide possesses
peculiar properties such as very high diffusivity and low viscosity, different from
usual oily phases in the microemulsion composition; thus special requirements are

ol

Figure 7.
The schematic view of structure and stabilization of water droplets in W/O and W/scCO, microemulsions.
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needed for the surfactants that enable the formation of W-in-scCO, microemulsion:
(i) enhanced absorbability at water/scCO, interface, (ii) enhanced surface activity
in lowering water/scCO; interfacial tension, and (iii) strong repulsive interaction
(steric effect) between CO,-philic groups, which reduces the probability of droplet
aggregation and leads to the stabilization of microemulsion [21].

Many researches have been performed addressing the problem of surfactant
solubility in supercritical and dense CO,, in order to evidence their ability to stabi-
lize water-in-CO, microemulsions, and surfactants with special designed molecular
structure were synthesized for this purpose [21].

The early studies [22] conclude that conventional theories in molecular design
for surfactant with superior efficiency in lowering interfacial tension at W/O
interfaces are inapplicable to the W-scCO, ones, because CO,-philicity could not be
directly compared with oleophilicity. Considerable efforts have been made to find
the most favorable chemical structures able to ensure adequate solubility of the sur-
factant in supercritical CO,, together with better adsorption at W-scCO, interface.
Highly branched hydrocarbon surfactants were found to possess good solubility, but
unfortunately they are not efficient enough as stabilizer, compared to AOT sodium
salt, a commercially available cost-effective common surfactant widely used for the
formulation of water-in-oil microemulsions. The typical surfactants exhibit very
different Hildebrandt solubility parameters for carbon dioxide; thus their solubility
in CO; is very low, explaining their lack in stabilizing supercritical CO, emulsions
and microemulsions.

Based on the data evaluated [22], an interesting family of surfactants were
synthesized as AOT analogues AO-VAc bearing vinyl-acetate oligomeric chains and
AOK bearing ¢-butyl and carbonyl groups, grafted to promote CO,-philicity. Those
syntheses are very demanding, and the difficult fabrication of industrial scale
quantities limits the extension of the new compounds in application such as prepa-
ration of W/scCO, microemulsions as reaction media. Sagisaka et al. [23] conducted
a systematic study on the influence of the hydrophobic tail structure on the effi-
ciency of fluorinated surfactants to stabilize water-in- supercritical CO, micro-
emulsions. Since anionic hydrocarbon surfactant AOT sodium salt is the most
successful surfactant in obtaining W/O microemulsions, fluorinated surfactants
with similar structures were investigating, and the results suggest that fluorinated
analog bis(1H,1H,2H,2H-heptadecafluorodecyl)-2 sulfosuccinate sodium salt is the
most effective in the formulation of water-in-scCO, microemulsion, allowing a
water solubility up to W ¢; = 32 (W ) is the maximum water-to-surfactant molar
ratio in W/O or W/scCO, microemulsions).
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In order to increase the region of microemulsion in the phase diagram of the
water-supercritical CO,-surfactant system, novel amphiphilic compounds were
synthesized with a more flexible molecule due to the presence of linkers. A series
of fluorocarbon derivatives having different fluorocarbon chain lengths F(CF,),
with n = 4,6,8, and 10 and oxyethylene groups (CH,CH,0),, (wWhere m = 2 and 4)
introduced into the molecule as spacers were developed [23]. The analysis of phase
diagram of quaternary systems water-scCO,-nFS(EO)m surfactants suggests that an
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optimum length of the fluorocarbon tail is required for the formation of W/scCO,
microemulsion with increased amount of water included. The maximum water/
surfactant ratio W< is obtained for the CO,-philic tail with 12-14 A length_ corre-
sponding to the surfactants with eight carbon atoms and two oxyethylene groups or
six carbon atoms and four oxyethylene groups.

These fluorinated surfactants with specific chemical structure are quite difficult to
obtain, and their use is restricted in the “green chemistry” methods due to the high
toxicity. In this respect, other classes of surfactants were investigated, in particular
polymeric derivatives. Block copolymers have been extensively studied regarding
their ability to act as stabilizer of water droplets in scCO, since J. de Simone reports
for the first time in 1994 the solubility of fluorinated polymers in liquid and scCO,.
Chemicals such as fluoropolymers, polysiloxanes, and some poly(vinyl esters)
derivatives prove to be CO,-philic polymers but with reduced surface activity. In the
last decades, the progresses in the synthesis techniques allow the fabrication of a large
variety of block copolymers with CO,-philic moieties and specially designed struc-
tures, such as amphiphilic block, amphiphilic comb copolymers, or gradient copoly-
mers bearing linear or branched chains, such as poly(1,1,2,2-tetrahydroperfluorooctyl
methacrylate)-based copolymers with either poly (N,N-dimethylaminoethyl methac-
rylate) (PDMAEMA) or poly(oligo(ethylene glycol) methacrylate) (POEGMA) as
hydrophilic blocks or 1,1,2,2-tetrahydroperfluorodecyl tetrahydroperfluorodecyl
acrylate and vinyl benzoic phosphonic acid [24]. A remarkable strategy to enhance
the surfactant efficiency in scCO, media is based on the synergistic effect obtained by
ion-pairing cationic and anionic surfactants. Sagisaka et al. [25] report the properties
of short tail, unbranched fluorinated surfactants with sulfate ionic groups and their
cationic analogues synthesized by Verdia [26].
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Individual compounds, for example, [C¢F13S] and [C¢F13mim], both exhibit very
low solubility in CO, and produce limited water solubility; even in water they have
modest surface activity. The anionic and cationic pair of surfactants with similar
hydrophobic tail used together in adequate molar ratio produces a spectacular
synergistic effect, which enable the formulation of water-in-scCO, microemulsion
with significant water content (W, max up to 50).

Metal nanoparticles (Ag, Au, and Cu) are particularly interesting for many
industrial applications, due to their size- and shape-dependent unique optic and
electric properties. In the last decades, applications of metal nanoparticles in
nanomedicine, in emerging fields such as in vivo bioimaging, innovative cancer
therapy, and diagnostics evolve in solution with enormous positive impact in the
health-care system. The large-scale applicability of these nanomaterials is still
restricted due to the concern about their intrinsic biocompatibility and the dif-
ficulties to remove toxic residual precursors and solvents during the synthesis, in
particular regarding synthesis in W/O microemulsion as heterogeneous reaction
media. Thus, new methods to synthesize metal or metal oxide nanoparticles using
“green chemistry” approach as alternative to classic technologies have been investi-
gated. The first reported synthesis of silver nanoparticles in CO, microemulsion was
reported in the late 1990s. The results were promising in terms of the quality of the
nanopowder obtained, with additional advantage of fine-tuning the nanoparticle
size. W/O microemulsions, as heterogeneous reaction media allow the synthesis of
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nanoparticles with desired average size through the specific mechanism of precipi-
tation in arrested environment, are defined by the water droplets. The radius of

the water nanoreactor could be tuned in a facile way by changing water/surfactant
ratio (W) in the composition of microemulsion. Fernandez et al. [27] demon-
strated that the use of scCO, microemulsion as reaction media exhibits additional
advantage in continuous tuning of the Ag nanoparticle size. The nanoparticles
were prepared in scCO, microemulsion with different water/surfactant molar ratios
(Wq), that is, different water nanopool dimensions, stabilized with surfactant AOT
fluorinated analogue at 10 mM concentration. The change of fluid phase density is
obtained by simply adjusting temperature and pressure conditions. For the scCO,
microemulsion with lower water content (W = 6) very fine tuning was achieved,
producing silver nanoparticles with average size ranging from 1.9 to 9.3 nm for a
variation of density from 0.96 up to 0.80 g/mL.

The same strategy is used to obtain tunable size of quantum dots, cadmium
sulfide and zinc sulfide [28]. Similarly, Cu nanoparticles have been obtained
[29] by reduction of the copper precursor (copper nitrate) dissolved in the water
droplets of microemulsion after injection of CO,-soluble reducing agents such as
N,N,N,N-tetramethyl-p-phenylenediamine or sodium cyanoborohydride. The
scCO, microemulsion used as reaction media was formulated with a mixed surfac-
tant system consisting in 12.8 mM AOT and 25.3 mM fluorinated derivative (per-
fluoropolyether-phosphate) at a water-to-surfactant ratio W([H20]/[AOT]) = 12.
Nanoparticles with average size of 5-15 nm were obtained, according to the type of
the reduction agent and rate of the reagent addition.

Polymeric nanoparticles could also be obtained through polymerization
processes in scCO, microemulsion, using adapted strategy from emulsion/micro-
emulsion polymerization with common oily phases. The preparation of polyamide
nanoparticles was reported by Ohde et al. [30], using a scCO, microemulsion
stabilized with a mixture of commercially available hydrocarbon and fluorinated
surfactants (AOT and perfluoropolyether-phosphate PFPE-PO4). The NPs were
prepared by using polymerization of acrylamide monomer in the presence of
potassium persulfate, both dissolved in the water core of scCO, microemulsions
with identic composition. The reaction is performed in homemade interconnected
high-pressure vessels that allow the equilibration of separate scCO, microemul-
sions containing monomer and initiator and mixing them at the desired time. The
polymerization was completed very quickly, in less than 1 minutes at 25°C, 20 MPa,
and in less than 30 s at 50°C, 15 MPa.

Metallic nanoparticles deposited on the surface of the graphenes or carbon
nanotubes are hybrid material with particular interest in various domains, for
example, catalysis, energy saving, modified electrodes in biosensing, etc. The clas-
sic methods employed suffer from various drawbacks, from high amount of organic
reagents to the lack of dimension control. Deposition of metal nanoparticles on the
carbon nanotubes using scCO, microemulsion as reaction media was proposed as
green alternative to wet chemistry or other technologies of deposition using physi-
cal methods.

Shimizu et al. [31] report the preparation of hybrid electrocatalyst consisting in
Pt NPs deposited on multiwalled carbon nanotubes in three different media: water-
in-supercritical CO, microemulsion, supercritical CO, fluid, and water-in-hexane
microemulsion.

As it is shown in Figure 8, the reaction in scCO, microemulsion leads to a better
dispersion of Pt NPs on the surface of nanotubes that is obtained in homogeneous
scCO, phase and conventional W/O microemulsion.

Among the many techniques of processing and synthesis in fluid carbon dioxide
phases, the use of water-in-scCO, microemulsions is one of the most effective in
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Figure 8.

TEM images of hybrid catalyst Pt-CNT synthesized in various media by (a) water-in-supercritical CO,
microemulsion, (b) water-in-oil microemulsions, (c) direct deposition in supercritical CO, (adapted with
permission from ref. [31]).

terms of control on the size, size distribution, and shape of the final product. The
stabilization of such reaction media with low amount of affordable and nontoxic
surfactants remains the major bottleneck and limits the extension of this method.

5. Functionalization of nanoparticles in scCO,

The modification of nanoparticle surfaces, either in solutions or as layers depos-
ited on various surfaces, is a key issue in many processes to fabricate functional
materials, in many applications. Commonly used methods for the modification
of nanoparticles such as quantum dots, graphene, metallic nanoparticles, etc. are
based on solution processing involving organic solvents, which makes the whole
process very difficult to implement as eco-friendly technology. For biomedical
applications in particular, the proper functionalization of the surfaces in synthesis
that involve green solvents is particularly encouraged. Industrial or large-scale
processes for the modification of surfaces by vapor-related physical methods suffer
from huge limitations due to the high-cost and energy-consuming devices. On
the other hand, liquid-related chemical methods have an additional drawback: the
solvent removal after the reaction is completed on the targeted surface. Due to the
variety of roles that can be attributed to carbon dioxide, i.e., solvent, antisolvent,
reaction medium, respectively, unique flexibility for surface engineering is obtained
using scCO,.

A variation of RESS method can be applied for coating processes, with the
condition that coating material dissolves in scCO,. The solution is introduced via
anozzle in another chamber that contains the solid support to be functionalized.
During the rapid depressurization, the density of CO, changes significantly, and
consequently a supersaturation followed by precipitation of the material form-
ing a coating occurs. For example, superhydrophobic coatings on paper were
obtained from alkyl ketene dimer (AKD) dissolved in scCO, by this modified RESS
technique.

Surface modification of silica particles with organomodified silane derivatives
for highly hydrophobic films has been reported by Purcar et al. [32]. The formation
of silica nanoparticles using sol-gel synthesis in various conditions of temperature
and pressure of CO, was investigated, both in subcritical and supercritical phases.
Tetraethoxysilane (TEOS) was used as the particle precursor and octyltriethoxysi-
lane (OTES) as the co-precursor for coating. The dynamic light scattering mea-
surements show that the higher CO, pressure leads to larger diameters of coated
particles. The agglomeration of the silica nanoparticles was found to be dependent
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Figure 9.

SEM images of coated silica nanoparticles prepared in CO, in various conditions of temperature and pressure.
(1 = 25°C, 6 MPa; 2 = 40°C, 6 MPa; 3 = 60°C, 6 MPa; 4 = 25°C, 7.5 MPa; 5 = 40°C, 7.5 MPa; 6 = 60°C,

7.5 MPa). Reprinted with permission from Ref. [32].

on the temperature and pressure of the CO, reaction media. The SEM images con-
firm the tendency of aggregation and differences in the size of silica nanoparticles
coated with octyl-modified derivative (Figure 9).

The size of the resulting silica particles is around 100-250 nm when the CO,
pressure is 6 MPa and decreases up to 150 nm when the CO, pressure increases to
7.5 MPa. It was observed that the higher CO, pressure gives narrower size distribu-
tions. The thin films obtained by the as-prepared silica nanodispersions deposited
on glass substrate show high contact angle values, ranging from 127 to 145°.

The NP processing using scCO, as solvent leads not only to the adequate
modification of the surface but, sometimes, also to the decrease of the aggregates
and better dispersibility and interaction with polymeric matrix. Wei et al. [33]
reported recently the silane modification of graphene nanoparticles for the
fabrication of composite polymeric films with superior barrier properties. The
obtained graphenes functionalized with silane exhibit a fluffy appearance with
small size of sheets. The graphene surface was silanized through the hydrolysis
and condensation of different organomodified silane derivatives: aminopropyl
triethoxysilane, glycidyloxypropyltrimethoxysilane, and methacryloxy propyl
trimethoxysilane. The reaction was conducted in scCO, for 2 hours at 40°C and
20 MPa. The successful formation of SiO2 coating on graphene sheets was proven
by FTIR spectra and thermogravimetric analysis and supports the enhanced
dispersibility of modified GNs in polymeric membrane, together with a signifi-
cant exfoliation.

Nanoparticle surface functionalization with polymeric shells is an important
issue in preparation of biocompatible colloidal vectors in drug delivery that allow
further attachment of bioactive ligands. The transfer of such synthesis in scCO, for
the functionalization of nanoparticles used as drug delivery systems in pharma-
ceutical formulations benefits from the absence of many posttreatment steps that
are generally required to remove remaining solvents or nondesirable by-products
generated in wet chemistry methods. Marre et al. [34] demonstrated the feasibility
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Figure 10.
The variation of polymeric shell thicknesses on nanoparticles as a function of the initial mass fraction of
polymer in the initial solution (reprinted with permission from ref 34).

of a versatile method for coating silica particles used as model substrates, with either
a hydrophilic (polyethylene glycol PEG) or hydrophobic polymer (hydroxyl-termi-
nated polybutadiene, HTPB) using a supercritical antisolvent process (Figure 10).

The principle of the precipitation from compressed antisolvent PCA techniques
is allowing the contact of the polymeric solution with the scCO, as antisolvent,
when a succession of different phenomena governed by hydrodynamic, precipita-
tion kinetics, thermodynamic, and mass-transfer effects result eventually in the
precipitation of an organic shell on the nanoparticles dispersed previously in the
polymeric solution. According to the polymer used (PEG or PBHT) and the reac-
tion conditions, various sizes of the deposited polymeric shell have been obtained,
from 3 to 28 nm, by simply modification of polymer concentration in the initial
solution (Figure 10).

In order to effectively exploit the advantages of “green” processing in scCO,, Roy
et al. describe the successful grafting of a model drug (salicylic acid, SA) on TiO2
nanoparticles [35]. The chosen active compound could react with the nanoparticle
surfaces through the carboxylic and hydroxyl groups. The functionalization of the
TiO2 surface was performed in mild conditions, at 40°C and 16 MPa for a short
period of time, up to 2 hours. The thermogravimetric analysis shows a calculated
amount of drug SA deposited on TiO, nanopowder of approximately 8 wt%, and
the SEM images of coated samples do not reveal rod-like crystals specific for solid
salicylic acid, which confirm the absence of residual drug other than the coating
deposited on nanoparticles.

In the last decades, methods to perform functionalization of nanoparticles
using scCO, were reported, as viable alternative to classical synthesis and showing
remarkable advantage of reduced impact on the environment.

6. Conclusion
The recent works in supercritical fluids demonstrate the multiplicity of advan-
tages in synthesis of nanomaterials, either organic or inorganic. Complex synthesis

of hybrid materials consisting in nanoparticles deposited on other structures
(carbon nanotubes) or core-shell nanoparticles was also developed in scCO;.
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An important problem that requires further research, especially for fine-tuning
the nanoparticle size, is design and fabrication of CO,-philic surfactants that enable
the formation of water-in-scCO, microemulsion as reaction media. The successful
synthesis of nontoxic and cost-effective surfactants will open the opportunity to
extend this method to many nanoparticles used as drug delivery vehicles, where the
size and size distribution control are a key issue.

Another domain which is expected to benefit from further research in order to
advance this technology is the development of novel strategy for surface functional-
ization, especially for scalable processes.
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pressure, MPa

temperature, K

time, s

maximum water content in microemulsion, expressed as water-to-
surfactant molar ratio [H,O]/[surfactant]

polymeric shell thicknesses on nanoparticles, nm
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alkyl ketene dimer
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polyethylene glycol
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RESOLV rapid expansion of supercritical solution into a liquid solvent
RESS rapid expansion of supercritical solution

SAA supercritical assisted atomization

SAILA supercritical assisted injection in liquid antisolvent
SAS supercritical antisolvent technique

scCO, supercritical carbon dioxide

SCFs supercritical fluids

SEE supercritical emulsion extraction

SEM scanning electron microscopy

TEOS tetraethoxysilane

VOC volatile organic compound

W/0O Water-in-oil

W-scCO2 water-in-supercritical CO2
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Abstract

Supercritical CO, (scCO,) impregnation has attracted growing interest due to its
unique properties such as high diffusivity, low surface tension, and ease of solvent
removal at the end of the process. In addition, scCO; is the most environmentally
acceptable solvent possessing many advantages compared with the conventional
aqueous and solvent-based processing. scCO, impregnation has a wide range of
applications mainly used to incorporate various active principles such as pharma-
ceuticals, functional finishing agents, colorants, and other agents into a polymeric
matrix. This chapter reviews some studies carried out so far about the application
of scCO, as impregnation medium to develop various functional materials and it
is intended to stimulate further research into the application of scCO; to textile
functionalization. It mainly focuses on applications related to textiles and some
polymeric films.

Keywords: supercritical CO,, impregnation, functionalization, dyeing

1. Introduction

Supercritical fluid (SCF) is defined as a substance for which both its pressure
and temperature are above the critical values simultaneously [1]. SCFs have been
applied in many areas such as extraction, dyeing, impregnation, cleaning, polym-
erization, fractionation, formation of powdered polymers, and so on [2, 3]. Among
the SCFs, carbon dioxide (CO,) is the most popular as it offers several advantages
including low toxicity, ready availability, low cost, non-flammability, environmen-
tal sustainability, and it is chemically inert under many conditions. In addition,
CO; has an easily attainable critical temperature of 31°C and critical pressure
of 7.4 x 10° Pa which are lower compared with other SCFs such as water (criti-
cal temperature > 374°C and pressure > 22 x 10° Pa) and other organic solvents.
Moreover, at least 90% of the CO, introduced can be recovered and recycled at the
end of the procedure, which is attractive from waste minimization viewpoint. This
also reduces the production cost and avoids the undesirable solvent residue in the
produced material [4].

Impregnation is the process of infusing or depositing solute molecules dissolved
in a solvent into a polymer matrix to modify the property of the material by physi-
cally or chemically binding or absorbing impregnates to a bulk or surface [5].
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The conventional aqueous or solvent-based impregnation processes have many
drawbacks such as low diffusion rates, high temperature, limited penetration depth,
very long contact time, use of hazardous solvents, consumption of high energy,
water, solvents, and other additives. To solve these problems, several techniques have
been developed, and it has been shown that supercritical CO, (scCO,) is an attractive
alternative to conventional organic solvents used in polymer impregnation [6].
scCO; has appeared to be the appropriate candidate to replace conventional
impregnation using organic solvents due to several unique properties suitable for
impregnation of polymeric materials. It has high diffusivity and low viscosity
allowing faster penetration of molecules to the polymer matrix than in water. The
absence of surface tension also improves the penetration of molecules into poly-
meric structures and avoids the unwanted distortion of delicate materials during
processing. In addition, the possibility to recover high purity and dry product free
from residual solvent is one key advantage especially important when considering
the production of food and pharmaceuticals [6-8]. Furthermore, scCO, reduces
the environmental pollution and the associated cost incurred for the removal of the
residual solvent, cost of freshwater input, and wastewater treatment. Due to these
important attributes, today, scCO,-assisted impregnation has been used in many
fields and it is a promising candidate to replace organic solvents in the future.

In this chapter, studies involving scCO, dyeing and impregnation processes to
develop products for various functional applications are reviewed. The chapter
focuses on studies related to scCO, impregnation of textile fibers and polymers
and some polymeric films, made of similar polymers. The references used are not
exhaustive, as many articles are published covering the same subject area, but only
the most relevant ones for this chapter are presented.

2. Impregnation mechanism in scCO,

Various studies utilizing scCO, as impregnation medium of textiles and
polymers have been reported in the literature. Generally, scCO, impregnation
of additives can be performed based on two mechanisms. The first mechanism
works if the solute molecule is readily soluble in scCO, solvent. When polymers are
introduced into scCO, bath containing solutes, the small CO, molecules penetrate to
the free volume of the amorphous region and swell the material creating additional
free volumes. This causes plasticization of the material due to a decrease in the
glass transition temperature (Ty) [9]. Then, the dissolved solutes are transported to
the fiber surface and subsequently penetrate and diffuse into the swollen polymer
matrix. Finally, upon depressurization, the CO, molecules are removed by the
shrinking polymer, and the impregnate molecules are trapped inside the polymer
matrices [10]. The second mechanism applies for solute molecules, which are poorly
soluble but having high affinity to the polymer. In this case, the solute molecules
partition preferably toward the polymer matrix than the fluid because of their
higher affinity to the polymer. This is the key mechanism by which polar dye mol-
ecules are incorporated into the polymer matrix in scCO, dyeing and impregnation
of drug molecules into polymers [8]. Therefore, the impregnation process is feasible
when the active principle (solute) is soluble in scCO, or the partition coefficient is
favorable toward the polymer charging enough solute, and the polymer itself is well
swollen by the scCO, solvent [6]. The general steps of impregnation of polymeric
fibres in scCO, are illustrated in Figure 1.

Functional active principles such as functional dyes, antimicrobial agents,
flame retardant, antioxidants, fragrances, pharmaceutical drugs, and others can be
impregnated into a polymer by exposing the polymer to scCO, medium containing
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Schematic of impregnation mechanism of polymeric fibres with functional agent in scCO.,.

these agents based on the mechanisms explained above [5]. It has been shown that
pharmaceutical drugs can be impregnated into a swollen polymer matrix at operat-
ing temperature low enough to avoid thermal degradation of temperature-sensitive
drugs. After impregnation and depressurization, the impregnated drug materials
slowly diffuse out from the polymer matrix at a slower rate than the rate it was dif-
fused into the polymer which can be used to form a novel controlled release of drugs
[11]. The same principle works for deodorizing and antimicrobial agents as well.

3. Solubility of functional agents in scCO,

The most important property for the design of processes in scCO, medium is the
solubility of the compounds in scCO, fluid. For this reason, solubility data of many
compounds including dyes are available in the literature [12-14]. The properties of
the compounds such as molecular structure, size, and polarity are the main factors
determining their solubility in scCO, solvent. The solvent character of scCO, is very
much like a hydrocarbon solvent such as n-hexane [15], in which polar compounds
are poorly soluble and nonpolar molecules such as disperse dyes have relatively
higher solubility [16, 17]. To improve the solubility, polar co-solvents (also called
entrainer or modifier), such as acetone or alcohols, are usually added to the scCO,
bath. Furthermore, the solvent power of scCO, is a function of its density, and this
density can be fine-tuned by changing the pressure and temperature of the system
[18]. Disperse dyes are among the most investigated compounds, owing to accept-
able solubility and suitable molecular size for dyeing polyester and other synthetic
fibers in scCO, [13]. However, the solubility data of functional finishing agents
commonly used for textile finishing are still scarce in the literature. According to
reports, several non-ionic, low molecular mass organic materials are soluble in
scCO,, but only two classes of polymeric materials such as fluoropolymers and
silicones showed appreciable solubility in scCO; at a readily accessible temperature
and pressure [19]. Thus, future research should focus on studying the solubility of
functional compounds in scCO,.

4, Functionalization in scCO,

In the conventional process, functional finishing agents are usually applied at
the end of the process during dyeing or finishing stages. The common problems
with these conventional finishing processes are the requirement of a higher amount
of water, energy, and auxiliary chemicals, which generates toxic wastewater causing
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environmental pollution and increases production cost. Due to this, a new dyeing
and impregnation process has been developed in which scCO, is used as a solvent
and transport media owing to unique and important properties as explained earlier.
In this section, attempts that have been made so far to functionalize different textile
fibers and polymers using scCO, impregnation technique are reviewed. The func-
tional finishing agents used in impregnating polymers are categorized as functional
dyes based on natural and synthetic origin, silicon and fluoropolymer-based,
natural functional compounds, and organometallic-based agents.

4.1 Functional dyes

One strategy that has been followed to functionalize textiles in scCO, is by using
different dyes having additional functional property. In this method, the functional
dyes are either prepared by modifying them to contain functional groups through
molecular design or those dyes which inherently possessed the required functional
property are directly used. In most of the cases, disperse dyes are modified to
contain functional groups based on the needed functionality, and some of them
are presented in this section. Fluorescence functional dyes, such as disperse fluo-
rescent yellow 82 were used to dye polyester in scCO, with the aim to manufacture
protective clothing [20]. Results showed that polyester fabric was successfully
dyed in scCO, medium exhibiting better photostability and fastness properties,
and no morphological change was detected. Abou Elmaaty et al. [21] synthesized
new hydrazonopropanenitrile dyes and applied the new species to polyester fabric
using scCO, for potential antimicrobial application. Efficient dyeing and excellent
antimicrobial and fastness properties were obtained using scCO, dyeing procedure.
A series of disperse azo dyes with potential antibacterial activity were also applied
to nylon 6 fabric using scCO, technique and compared with aqueous dyeing [22].
The comparison showed that samples dyed under scCO, medium had excellent
antibacterial efficiency and better color fastness properties compared with the con-
ventional exhaust dyeing with the advantage of the elimination of auxiliary chemi-
cals. Impregnation of polyester (PET) films and poly (hydroxybutyrate) (PHB)
granules with curcumin natural dye in scCO, has been reported [23]. In this study,
the impregnation process was successfully developed with different amounts of
curcumin add-on depending on the dyeing conditions and no significant detrimen-
tal effect observed on the material properties. More recently, curcumin has been
used to dye and functionalize polyester in scCO, in our research group [24]. Dyed
samples exhibited excellent color strength and fastness properties with improved
antibacterial, antioxidant, and UV protection properties. Thus, the strategy of uti-
lizing functional dyes which are suitable for scCO, process is a promising approach
toward the production of colored and functional material in a single step.

4.2 Silicon and fluoropolymer-based functional agents

As stated earlier, silicon and amorphous fluoropolymers are known to have
appreciable solubility in scCO, solvent. Due to this, functional agents based on these
compounds have been employed to functionalize various textiles, polymers, and
films. Mohamed et al. used a modified dimethyl siloxane terminated with silanol
groups (DMS) to functionalize cotton fabric in scCO, [25]. Different crosslinking
agents were used for covalently bonding silicon and cellulose. The results confirm
that scCO, medium provides good coating (thickness between 1to2 x 107° m) of
the cotton surface with a 3D network of DMS compound and crosslinker. Chen
et al. [26] synthesized CO,-philic silicon-containing quaternary ammonium salt
(QAS) and applied to cotton in scCO, to prepare antimicrobial fabric. The treated
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fabric exhibited potent antimicrobial activity with good durability against washing
and UV irradiation. They also synthesized silicone-containing 2,2,6,6-tetramethyl-
4-piperidinol (TMP)-based N-chloramine and applied to polyethylene (PE) fiber
via scCO, impregnation technique. A uniform coating of TMP-based N-chloramine
reaching up to 70 x 10 m was obtained using 28 x 10° Pa pressure. The obtained PE
modified with TMP-based N-chloramine imparted powerful and durable biocidal
activity [27]. The same research group synthesized a CO,-philic biocidal fluorinated
pyridinium silicon and applied to cotton yarn using scCO, impregnation medium.
Up to 50 x 10”° m thickness of biocidal layer with pyridinium groups segregated on
the top surface was attained at 24 x 10° Pa and 50°C. The obtained material provided
higher biocidal efficiency [28]. Furthermore, polyester fabric was treated with low
molecular weight polytetrafluoroethylene in scCO, medium and a high degree of
water repellency was consistently obtained [29, 30]. Xu and co-workers [31] pre-
pared a water/oil repellent polyester fabric using a solution of organic fluorine in
scCO,. A uniformly distributed fluorine could be obtained with good water/oil repel-
lency keeping good air permeability and improved strength. Recently, perfluoroalkyl
methacrylate/hydroxyalkyl methacrylate and a crosslinking agent (diisocyanate)
have used to treat nylon fabric in scCO, medium to fabricate a durable water and

oil repellent coatings [32]. A uniform, highly repellent, and durable coating was
obtained by scCO, treatment compared with a coating deposited from a liquid
solvent. These studies show that silicon and fluoropolymer-based materials have
been playing a key role in the application of scCO, processing method for functional-
ization of textiles and polymeric materials.

4.3 Natural functional compounds

Superecritical CO, has also been used to impregnate polymers with natural
functional compounds to impart different functionalities. Zizovic and co-workers
widely investigated the application of thymol to various textile-based substrates
in scCO, to develop different functional materials. They studied the solubility of
thymol in scCO, and its impregnation on cotton gauze [33], cellulose acetate [34,
35], corona modified polypropylene non-woven material [36], and polycaprolac-
tone (PCL) and polycaprolactone hydroxyapatite (PCL-HA) composites. Thymol
has been shown soluble in scCO;, solvent, and impregnation process was successful.
All the samples prepared using scCO, impregnation exhibited strong antimicrobial
effect against a wide range of bacteria strain. The same research group also used
scCO, impregnation medium for loading cellulose acetate beads with carvacrol in
order to fabricate a biomaterial with antimicrobial properties obtaining consider-
able antibacterial effect [37]. Thymol has also been used to modify polylactic acid
(PLA) [38] and linear low-density polyethylene (LLDPE) [39] films using scCO,
impregnation technique with the aim to prepare active materials for a wide range
of applications such as food packaging and others. Furthermore, thymol was
applied along with quercetin, a natural bioactive compound, to a film and foam-like
structure N-carboxybutyl chitosan (CBC) film and agarose (AGR) using scCO,
impregnation technique to fabricate wound dressing material. Impregnation was
performed with the help of ethanol as a co-solvent, and higher impregnation yield
was obtained at higher pressure and temperature. The obtained materials also
exhibited a sustained release profile based on the release kinetic study [40]. Goiii
et al. used Eugenol, a well-known natural antioxidant, and antimicrobial agent,
to impregnate LLDPE films to fabricate active food packaging material [41]. The
obtained film presented a good level of antioxidant property with some degree of
heterogeneity and a decrease in crystallinity when higher treatment pressure was
used. In another study, Eugenol was also used to impregnate polyamide fibers to
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fabricate antibacterial dental floss, and inhibition of more than 99.99% has been
achieved [42]. Recently, Pajnik and co-workers impregnated pyrethrum extract

to polypropylene, polyamide, and cellulose acetate in the form of films and beads
using scCO; to fabricate functionalized materials with repellent properties [43]. In
addition, chitosan and derivatives have been used to impregnate polyester in scCO,
bath [44]. Results showed that low molecular weight chitosan and chitosan lactic
acid salt were successfully impregnated whereas no chitin could be impregnated.
More recently, very low molecular weight chitosan and chitosan lactate have also
been successfully incorporated to polyester fabric using scCO, dyeing technique
in our research group obtaining good antibacterial activity [45]. Overall, natural-
based functional agents have shown a huge potential for the fabrication of various
functional materials using scCO, impregnation technique.

4.4 Organometallic-based functional agents

In addition to the agents mentioned above, impregnation of organometallic
compounds into polymer matrices using scCO, has also been widely studied for
various functional applications. Antifungal textiles have been produced via scCO,
impregnation of cotton with silver, Ag (hepta), and Ag (cod), demonstrating mea-
surable inhibition [46]. Boggess et al. produced highly reflective polyimide films
for aerospace application with silver-containing additive using scCO, infusion and
subsequent curing at 300°C [47]. They have demonstrated that silver additive was
incorporated into a polyimide film creating a reflective surface on both sides of the
film. Chiu et al. [48] produced a wearable photocatalytic device via integration of
Ni-P/TiO, onto silk fabric using scCO, impregnation technique. Co-deposition of
photocatalytic TiO, and electrically conductive Ni-P metallization layer was achieved
through scCO,-assisted electroless plating and silk fabric with higher corrosion-resis-
tant, and photocatalytic activity was achieved. Metallization of silk with platinum
(Pt) was also conducted in scCO, medium obtaining a smooth and compact layer with
improved adhesion promoted by sccCO, metallization [49]. The results demonstrated
its applicability in medical and wearable devices. Cotton fabric has been impregnated
with palladium (II) hexafluoroacetylacetonate to fabricate conductive fabrics [50].
Hematite nanoparticles were loaded to cellulosic fiber under scCO, to fabricate a
water repellent composite fiber [51]. Peng et al. used silver nanoparticles to coat wool
fabrics in scCO,, and the coated fabric exhibited excellent catalytic, antistatic, and
antibacterial activities [52]. Polycarbonate has been impregnated with silver nitrate
in scCO,, resulting up to 99.9% bacteria reduction [53]. Belmas and co-workers
[54-56] have used scCO, process to impregnate a range of organometallic complexes
in a synthetic polymer prior to electroless copper plating to improve the adhesion
of copper to the polymer. The adhesion between the copper and polymer was much
improved after scCO, impregnation of the organometallic complexes. Polyacrylate
has been impregnated with copper (II) hexafluoroacetylacetonate in scCO, followed
by thermal decomposition of the copper. The formation of copper oxide was evident
ensuring improved wear resistance of polyacrylate [57]. In conclusion, owing to
nanoscale metal microparticles, organometallic compounds have been successfully
used to modify polymers in scCO, solvent for various functional applications and
might be one potential area that needs further investigations in the future.

5. Conclusions

From the studies reviewed in this chapter, it has been shown that scCO, is a
viable technique for the fabrication of various functional materials if appropriate
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agents suitable for the process are used. It can be an attractive alternative to tradi-
tional aqueous or organic solvents as it avoids toxic auxiliary chemicals and the use
of water. Further studies are still required in selecting suitable functional agents
which works best under scCO, solvent through investigation of their solubility,
compatibility, and process optimizations. Due to its environmental advantages, the
scientific community and the industrial compartment would expect an increase

in research in this area as scCO, has the potential to replace the current water and
solvent-based textile chemical processes in the future.
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Nomenclature

Ag silver

AGR agarose

CBC carboxybutyl chitosan

CO, carbon dioxide

DMS dimethyl siloxane

LLDPE linear low-density polyethylene
m meter

N nitrogen

P phosphorus

Pa pascal

PCL polycaprolactone

PCL-HA polycaprolactone hydroxyapatite
PE polyethylene

PET polyester

PLA polylactic acid

Pt platinum

QAS quaternary ammonium salt
scCO, supercritical carbon dioxide

T, glass transition temperature
TiO, titanium dioxide

TMP 2,2,6,6-tetramethyl-4-piperidinol
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Chapter 9

Foaming + Impregnation One-Step
Process Using Supercritical CO,

Antonio Montes, Clara Pereyra
and Enrique Martinez de la Ossa

Abstract

Polymers are widely used in everyday life due to their properties as toughness,
viscoelasticity, and the possibility to form glasses and semicrystalline structures.
For that reason, it is used in mostly drug delivery systems and tissue engineering
and in pharmaceutical and biomedical investigations. Foaming process allows
creating porous structure into the polymer leading to scaffolds. Scaffolds are the
focus of many investigations as prolonged drug delivery systems and implants or
injections which are used to deliver cells, drugs, and genes into the body. Particulate
leaching, freeze-drying, thermally induced phase separation, rapid prototyping,
powder compaction, sol-gel, and melt molding are the main techniques in front of
supercritical fluid technology to prepare scaffolds. Supercritical foaming process
using CO, presents advantages as a high dissolution in polymers and a green pro-
cess because CO, is nontoxic, inexpensive, and reusable. Moreover, supercritical
technology allows to do an impregnation with an active substance together with the
foaming at the same time. Thus active substances entrapped into scaffolds could be
fabricated in a one-step green process.

Keywords: supercritical, foaming, scaffold, polymer, impregnation

1. Introduction

For decades, drug delivery systems are the focus of many investigations [1-4]
because it increases the effectiveness of formulations, avoiding the first-pass
effect, and reduces the drug dosage of patients, producing delayed drug delivery
to increase the patient comfort. Polymers are the coating agent frequently used in
pharmaceutical technology due to their properties as toughness, viscoelasticity, and
the possibility to form glasses and semicrystalline and porous structures.

Microencapsulation of active substance with polymers allows to produce drug
delivery systems where the release phenomena is controlled by the diffusion of the
active substance through the polymer and/or the erosion and degradation of the
polymer at acid or basic media. Many authors have carried out investigations to
prepare controlled drug delivery systems using supercritical technology [5-8]. In
most of the cases, supercritical antisolvent process (SAS) has been the chosen tech-
nology because most of the active substances are insoluble in supercritical fluids. In
this process an organic solution that contains the polymer and active substance is
sprayed into a chamber filled with bulk supercritical fluid. The generated micro-
droplets improve the mass transfer between the supercritical fluid and the solution
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producing the dissolution into the solvent and the consequent solvent expansion
and precipitation of particles of polymer and active substance by antisolvent
effect. The result could be a coprecipitation of both compounds separately, the
inclusion of particles into a matrix of polymer called composites, or the produc-
tion of microcapsules with polymer coating as the active substance. In general, to
avoid the separated precipitation, the ratio of polymer/active substance should
be high. Moreover, operating conditions as pressure, temperature, concentration,
flow rate ratios, and nozzle device have a relative influence on the final product
characteristic.

However, some formulations require a long time drug delivery system as trans-
dermal drug delivery where, for instance, hormone treatment could be carried
out. Synthetic polymers, for example, polycaprolactone (PCL), polyvinyl alcohol
(PVA), or polyvinylpyrrolidone (PVP), are good candidates to prepare for this kind
of systems. An excellent alternative is the use of biopolymers, such as chitosan,
alginate, starch, or hyaluronic acid [9].

Extended or long delay drug delivery systems are not often achieved in super-
critical microencapsulation. If the active substance was placed into the pores of a
polymeric porous structure, the drug release would be delayed most of the time.
Thus supercritical impregnation into the pores of a polymer is an excellent alterna-
tive to prepare delay drug delivery systems.

In supercritical impregnation two processes could happen, the impregnation
into the polymer pores and the foaming of polymer with the subsequent impreg-
nated scaffold production. This fact will happen if the polymer structure is able to
grow up in the depressurization step. For that many authors have carried out the
foaming + impregnation one-step process and the other ones only the impregnation
process. CO, is widely used as blowing agent because it presents properties that are
nontoxic, inexpensive, and reusable and have a high dissolution in polymers.

When a polymer is put in contact with supercritical CO,, in a first step the
polymer is saturated with the gas above supercritical conditions. In a second step,
the system is driven to a supersaturated state, usually decreasing the pressure or
increasing temperature. This causes nucleation and relative growth of the porous
cells within the polymeric matrix [10]. The fact that the polymer is under super-
critical conditions alter physical properties as melting point and heat, glass transi-
tion and crystallization temperatures, crystallization rate, and swelling or foaming
processes, among others, could be occasioned [11-13].

In general, as a solvent penetrated the polymer, it induced swelling and conse-
quently facilitated the mobility of the chains, allowing reorientation of the chains
to form the more thermodynamically favorable crystalline state and reducing the
crystallization and melting temperatures [14].

Moreover, other authors conclude that crystallization rate of polymer-CO,
depends only on the local degree of swelling inside the amorphous regions and the
degrees of crystallinity itself [15].

Campardelli et al. [9] investigated the pore formation of PCL under CO, at 100—
200 MPa of pressure and 35-40°C of temperature; due to a higher temperature, the
polymer was melted. Process time was varied between 4 and 8 h. They concluded
that formation of pores and thus the foaming of the polymer were only favored
at 8 h when 100 MPa was used, but at higher pressures the foaming is produced
independent of processing time. As pressure increases a regular pore structure was
obtained with lower average pore diameter. However, as the temperature increases,
the polymer swells more, forming a single structure, sticking polymer granules.

Thus polymer foaming could be achieved in some operating conditions produc-
ing scaffolds. The inclusion of active substance in these scaffolds is the focus of
many new investigations. So when a polymer is going to be impregnated, it should
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be taken into account if the foaming process will carry out to produce scaffolds or
the impregnation of the active substance happens mostly on the polymer surface.

2. Supercritical CO,

A supercritical fluid is a substance above its critical temperature and pressure. A
typical pressure-temperature phase diagram is shown in Figure 1. At this condition
the fluid has unique properties as diffusivities that are two orders of magnitude
larger than those of typical liquids, resulting in higher mass transfer rates. Moreover
this state presents many exceptional characteristics, such as singularities in com-
pressibility and viscosity and diminishing difference in liquid and vapor phases,
among others. It is a good candidate to do extraction or impregnation processes
because density can be adjusted continuously by altering the experimental condi-
tions of temperature and pressure so solvent power and selectivity can be tuned.

The requirement that should fulfill the supercritical fluid is on the one hand
low danger and on the other hand the relative low cost. In this sense CO, is GRAS
solvent, noninflammable, nontoxic, and gaseous at room temperature which makes
the separation process easy. Besides it does not present a high cost and presents
relative mild conditions of its critical point (31.1°C and 71.8 bar), allowing the
thermolabile solute processing.

0

Critical point

Pressure

Temperature T

Figure 1.
Pressure-temperature phase diagram.

3. Scaffold fabrication

During the past two decades, biomedical research has advanced extensively to
develop potentially applicable scaffolds. Several methods are used decades ago to
manufacture these porous structures.

The solvent-casting particulate leaching (SCPL) technique is a standard method
to produce polymer-based scaffolds. A polymer is dissolved in an organic solvent
that contains mainly salts, with specific dimensions. Then, the mixture is shaped
into a three-dimensional mold to produce a scaffold. Thus, when the solvent is
removed by simple evaporation, it creates a structure of composite material consist-
ing of the particles together with the polymer. At the end, particles are dissolved
in a bath leaving behind a porous structure. In this way, Sola et al. fabricated
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innovative 3D porous structures to mimic the bone marrow niche in vitro using
polymethyl methacrylate (PMMA) and a flexible polyurethane (PU) and NaCl, as
an efficient porogen [16].

The preparation of porous structures from a thermoplastic polymer melt is a
convenient route because of the production of scaffolds of many shapes and sizes
reproducibly with the use of molds and without involving any solvents. These tech-
niques typically include compression molding, extrusion, and injection molding.
Scaffolds of any desired shape could be created by simply changing the mold to use
for clinical applications. Moreover, various solid fillers as bioactive molecules could
be employed as additives. However, the use of high molding temperatures could
degrade and inactivate the biodegradable polymer or the impregnated bioactive
molecules [17].

In freeze-gelation method, the porous structure is generated during the freeze
of a polymer solution, and then the solvent is extracted by a non-solvent, or the
polymer is gelled under the freezing condition. Thus, the porous structure destruc-
tion would be avoided during the subsequent drying stage. Porous PLLA, PLGA,
chitosan, and alginate scaffolds were successfully fabricated with this method [18].

Various porous biodegradable scaffolds with these polymers have been also
fabricated by thermally induced phase separation (TIPS) technique to be used in
tissue engineering and drug delivery [19-20]. This technique is based on changes
in Gibbs free energy to induce the demixing of a homogeneous polymer solution to
obtain a multiphase system [21]. Highly porous scaffolds of biodegradable PCL have
been fabricated by this method [22]. Even PLLA scaffolds with hydroxyapatite as
filler were successfully fabricated by Ghersi et al. [23].

Three-dimensional printing (3DP) is another method to produce scaffolds for
tissue engineering. In 3DP method the solid is created by the reaction of a liquid
selectively sprayed onto a powder bed. This is a versatile method to produce scaf-
folds for tissue engineering [24].

In robocasting process the object is built by printing the required shape
layer by layer. For that, a filament of a paste-like material is extruded from a
small nozzle while the nozzle is moved across a platform. Many authors have
combined this method with sol-gel synthesis, mixing precursors in an aqueous
medium. The resulting gels are used to print scaffolds by robocasting. Houmard
et al. fabricated in this way highly porous calcium phosphate (CaP) scaffolds for
bone-tissue engineering using calcium nitrate tetrahydrate and triethyl phosphite
precursors [25].

Besides, several reports on the fabrication of porous scaffolds using sol-gel
technique are found in the literature [26-32].

Scaffold could be fabricated using supercritical CO, as blowing agent, avoid-
ing the use of organic solvent, and thus the presence of solvent residue in the final
product due to tradition processes tested until now does not allow the complete
removal of the organic solvents involved in the starting solutions, avoiding high
temperatures and long processing time (12-48 h) that can imply the stratification
of the drug inside the scaffolds due to the separation of the loaded materials from
the polymeric solutions. In this way, the efficiency of the generated devices sensibly
decreases due to the inhomogeneous distribution of the drug [33].

In supercritical CO, foaming, the polymer is exposed to carbon dioxide, which
plasticizes the polymer by reducing the glass transition temperature. Then in the
depressurization step, thermodynamic instability causes supersaturation of the
carbon dioxide dissolved in the polymer matrix, and hence, nucleation of cells
occurs. Anyway gas foaming could not be used in polymers which have a very low
affinity for CO, because the main requirement of process is that CO, can be dis-
solved in a sufficient amount in the polymer. So this technique is more commonly
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applied to amorphous polymers excluding polymers with high crystallinity or high
glass transition temperatures [34].

In this way, for instance, the PCL scaffolds produced by supercritical fluid pro-
cessing had a homogeneously interconnected porous structure, and they exhibited
a narrow pore size distribution. Consequently, these results indicated that the PCL
scaffolds made by supercritical fluid processing offer well-interconnected and
nontoxic substrates for cell growth, avoiding problems associated with a solvent
residue. This suggests that these elastic PCL scaffolds formed by supercritical fluid
processing could be used for cartilage tissue engineering [35].

Other authors used supercritical CO, in the foaming process for the formation of
polyvinylidene fluoride copolymerized with hexafluoropropylene loaded scaffolds
which is a material that is semicrystalline and biocompatible with a good resistance
to acid environments. They concluded that a higher pressure, a lower temperature,
and a longer saturation time were more favorable for obtaining uniform foam.
Moreover, the average pore cell diameter in low depressurization is larger than that
in rapid depressurization. Lower crystallinity and higher melting temperature were
induced in the formed scaffolds [36].

Supercritical CO, is used sometimes as dryer to prepare scaffolds. In this way
polymer solution is prepared, and then this solution is put in contact with scCO,. In
that moment CO, solubilizes the organic solvent and the scaffold is formed.

In this sense a chitosan-based scaffold for tissue engineering applications
has been prepared using supercritical CO, as dryer. The hydrogel fabricated was
subsequently processed with supercritical CO,. The highest porosity (87.03%) was
achieved at 250 bar, 45°C, and 2 h of processing at 5 g/min CO, flow rate [37].

However other authors investigated about a new supercritical fluid-assisted
technique for the formation of 3D scaffolds to overcome the main difficulty to
obtain the coexistence of the macro- and microstructural characteristics necessary
for a successful application. The process consists of the formation of a polymeric
gel loaded with a solid porogen, then the drying of the gel using supercritical CO,,
and the washing with water to eliminate the porogen. In this way Reverchon et al.
fabricated (PLLA) scaffolds with elevated porosity (>90%) and interconnectivity
and with good mechanical properties [38]. Moreover they produced scaffolds with
predetermined shape and size in a relatively short time (<30 h) and without an
appreciable solvent residue (<5 ppm).

Tang et al. produced porous PCL scaffolds with open and interconnected archi-
tectures based on supercritical fluid-assisted hybrid processes of phase inversion
and foaming. They achieved the encapsulation growth factor in these porous scaf-
folds, promoting the osteogenic differentiation and thus having also a significant
potential in bone tissue engineering [39].

4. Impregnation

A scaffold where a bioactive substance can be incorporated that, for instance,
can control proliferation and differentiation of cells is an excellent alternative to be
used in tissue engineering. In this way the function of a scaffold is not limited only
as a physical support but also as a bioactive element to control cell proliferation and
differentiation. Anyway, scaffold impregnation process has been mostly studied for
the preparation of long time drug delivery systems, with more or less delay depend-
ing on the final purpose of the delivery.

The conventional impregnation of scaffolds uses organic solvents that dissolve the
drug which is going to be incorporated into the scaffolds, but this organic solution
should swell and stretch the polymer to allow the diffusion of the drug at adequate
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depressurization rate. Posteriorly the organic solvent should be removed, leaving
the impregnated scaffold. This method has several drawbacks, for example, residues
of organic solvent in the final product need a last step to dry the scaffold, and the
distribution of drug into scaffold is heterogeneous.

SCF impregnation removes all these drawbacks due to its properties as high
diffusivity, low surface tension, and the ease of solvent recovery. Nevertheless, this
methodology is limited by the solubility of the drug in the SCF, and the polymer
can be swollen by the SCF. If these last requirements are fulfilled, a high-quality
product free of residual solvents can be obtained, since no organic solvents are
involved in process [40, 41]. In this process SCF is put in contact with the active
substance that is going to be incorporated into the scaffolds. Then the SCF solu-
bilizes this substance till saturation during the impregnation time. Later, in the
depressurization step, the gas rapidly diffuses out of the polymer, deplasticizing it
and avoiding the polymers and active substance exposition to high temperatures,
which may degrade them.

CO, is the frequently used SCF because it is not dangerous, not toxic, not flam-
mable, relatively cheap, and classified as a safe solvent. Anyway due to polarity
limitations, it is often used as a cosolvent to increase the polarity and selectivity.

Duarte et al. prepared loaded chitosan scaffold able to sustain the release of
dexamethasone using supercritical impregnation [42]. Sproule et al. [43] achieved
the successful impregnation of a protein in PMMA scaffolds for biomedical applica-
tions holding unaltered the protein activity.

Campardelli et al. [9] prepared polycaprolactone/nimesulide patches using
supercritical impregnation. In this work the authors achieved the foaming of the
polymer in certain conditions at the same time that nimesulide is incorporated
into its structure. Thus impregnated scaffolds are prepared in a one-step process
for determined conditions. However in other operating conditions, foaming of the
polymer is not favored, and scaffolds were not achieved.

Biodegradable PLA/PLGA foams impregnated with indomethacin in scCO,
were studied by Cabezas et al. [44]. Authors observed that drug loading of foams
was favored by high values of stirring rate. Moreover little pore sizes were obtained
at slow depressurization rates. As it was expected, composition influenced the
mechanical resistance, the PLA foams being more fragile.

Fanovich et al. studied the functionalized PCL scaffolds impregnated with
natural compounds extracted from Patagonian Usnea lichen for tissue engineering
[45]. An integrated process at high pressure for extraction/impregnation/foaming
of PCL was developed. Authors concluded that the process is successful at 35°C and
15-17 MPa of CO, by foaming. The same researchers incorporated in a posterior
work hydroxyapatite to these scaffolds, concluding that the scaffold obtained from
PCL-HA with 20% of the HA shows the highest impregnation yield at 17 MPa and
35°C and subsequently also the best bactericidal effect on the tested Staphylococcus
aureus strains [46].

The impregnation of chitosan with lactulose using supercritical fluids under
various operating conditions, in order to improve the solubility of this natural poly-
mer at neutral or basic pH, was carried out by Diaz et al. The highest impregnation
yield was obtained using continuous process, 60-min contact time, 14% (v/v) of
cosolvent ethanol/water (95:5), depressurization rate equal to 3.3 bar/min, 100 bar
of pressure, and 100°C [47].

The impregnation of 5-fluorouracil, a chemotherapy agent, into a polymer
based on D,L-lactide and glycolide was carried out at the same time to the foaming
process in a one-step procedure. The possibility of regulating the rate of the scaf-
fold degradation and the kinetics of drug release makes the usage of the copolymer
more attractive for a further medical application. Venting rate is revealed to be the
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most important factor affecting the probes’ pore size and their morphology. Thus,
slow venting rates should be used to promote small pores in order to retard the drug
release from the polymeric matrix. As it was expected, vigorous stirring rates favor
the contact between supercritical CO, and the swelled polymer, improving the
impregnation process. On the other hand, the presence of glycolide enhanced the
mechanical strength of the foam preventing pore collapse [48].

In the same way, Salerno et al. prepared porous PCL scaffolds containing three
different drugs: 5-fluorouracil, nicotinamide, and triflusal, in order to obtain sys-
tems with controlled drug delivery capabilities. ScCO, saturation and foaming con-
ditions were optimized to create the porosity within the samples and demonstrated
that the composition of the starting PCL/drug/solvent mixtures influenced polymer
crystallization, scaffold morphology, and pore structure features. Moreover, it was
found that drug loading depended on both initial solution composition and drug
solubility in scCO,. So, in the case of triflusal that is a highly scCO,-soluble drug,
loading efficiency was improved by adding a higher amount of free drug inside of
the impregnation vessel. The drug delivery study, as it was expected, indicated that
release profiles depended mainly on pore structure and scaffold composition [49].

However, the authors observed that the control on the pore interconnectivity
and pore size with this technique still needs to be improved. They proposed the use
of natural plasticizers as eugenol to overcome these limitations. Thus, eugenol-
containing PCL scaffolds were prepared by supercritical foaming followed by a
one- or a two-step depressurization profile. Moreover these scaffolds presented
antimicrobial activity preventing the attachment of Gram-positive (S. aureus, S.
epidermidis) bacteria and showed good tissue integration [50].

A hybrid porous scaffold of PLGA hydroxyapatite and collagen was prepared
using a supercritical CO, saturation technique by Zhang et al. The results showed
that the pore size and porosity of the scaffold could be controlled by manipulating
these process conditions. The pore size and porosity can be regulated by supercriti-
cal CO;, saturation temperature, saturation time, and saturation pressure [51].

5. One-step supercritical foaming + impregnation process: a particular
case

In our facilities PCL scaffolds impregnated with quercetin were prepared using
supercritical CO,. PCL is a semicrystalline polyester with a melting point (Tm) of
329-334 K and a glass transition temperature (Tg) of 213 K [52]. Quercetin (Q) is
a flavonoid present in many fruits and vegetables [53]. This flavonoid highlights
its antioxidant action, but it has different benefits as antibacterial, cardiovascular
health, anti-inflammatory, and anticancer effects [54, 55]. The study was supported
by an experimental design to elucidate the influence of pressure (15-30 MPa),
temperature (308-333 K), and depressurization rate (0.1-20) on foaming, melting
temperature, melting heat, and amount of released quercetin.

The experiments were carried out in a plant RESS250 developed by Thar
Technologies [56]. PCL and quercetin were mixed physically into an aluminum foil
support (ratio 50:1 PCL/Q ), and it was introduced into a stainless steel vessel. Then,
CO, was pumped to the vessel till the desired operating pressure at the same time
that the temperature was adjusted is reached. A determined impregnation time was
awaited, and once finished, the output valve was opened to vent the CO, in a range
of depressurization rate of 0.1-20 MPa min~". In the SEM image in Figure 2, it can
be seen that PCL/quercetin foamed in our facilities [56].

The generated PCL/quercetin scaffold with higher pore density and smaller
pore size was achieved for higher pressure and depressurization rate and lower
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temperatures (300 bar, 308 K, and 20 MPa min™"). In general according to our
results, the high level of temperature is recommended to obtain a pronounced effect
of foaming to produce scaffold.

It was also observed that experiments done at lower pressure and tem-
perature together with a higher depressurization rate led to a higher melting
temperature. An increase of pressure and temperature leads to composite which
released a higher amount of quercetin. However, depressurization rate has the
opposite trend, so an increase of depressurization rate leads to a lower amount
of released quercetin. These facts can be observed in the contour surface plots
(Figures 3 and 4).

Release profiles showed that quercetin took five times longer to dissolve the same
amount of quercetin into the first 8 h, demonstrating the efficacy of using PCL to
control quercetin release and its possible use with other medical or pharmaceutical
compounds (Figure 5).

Figure 2.
SEM image of PCL/quercetin scaffold.
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Figure 3.
Contour plot of melting temperature of PCL/quercetin scaffold.
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Figure 4.
Contour plot of release quercetin of PCL/quercetin scaffold.
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Release profile from raw quercetin and PCL/quercetin scaffold.

6. Conclusions

Impregnated scaffolds are an interesting alternative to be used in pharmacol-
ogy and biomedicine because scaffolds act not only as a physical support but also
as a carrier of a bioactive substance with a controllable release. The possibility of
regulating the rate of the scaffold degradation and the kinetics of drug release make
it easy to fabricate particular drug release systems. Bone regeneration, implants,
hormonal treatment, and tissue engineering applications are fields where scaffolds
could be used. The way to create the porosity in the polymer originated a multiple
scaffold fabrication methods based most of them in molding and removing the used
organic solvent in a posterior step. Supercritical CO, has been used as dryer in many
conventional methods as sol-gel where the solvent must be evaporated. However, in
these methods supercritical CO, is able to remove almost the totality of used organic
solvent, which requires several process steps. Another way to use supercritical CO,
is in the gas foaming process. In this sense the porosity is created at the same time
that the bioactive substance is incorporated, avoiding the use of organic solvent.
Moreover these processes do not use high temperature, so the activity of the bioac-
tive molecule would hold unaltered. Foaming process changes not only the polymer
porosity but also other properties as melting, crystallization or glass transition
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temperature, melting heat, and so on and thus could produce more fragile or
harder polymer depending on the foaming conditions. Particularly in our facilities,
polycaprolactone/quercetin scaffolds were prepared using supercritical CO, foam-
ing + impregnation one-step process in an efficient way. Release profiles showed
that quercetin took five times longer to dissolve the same amount of quercetin into
the first 8 h where it was placed into scaffold.
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Using SuperCritical Fluids (SCFs) in various processes is not new, because Mother
Nature has been processing minerals in aqueous solutions at critical and supercritical
pressures for billions of years. Somewhere in the 20th century, SCFs started to be used
in various industries as working fluids, coolants, chemical agents, etc. Written by
an international team of experts and complete with the latest research, development,
and design, Advanced Supercritical Fluids Technologies is a unique technical book,
completely dedicated to modern and advanced applications of supercritical fluids in
various industries. Advanced Supercritical Fluids Technologies provides engineers and
specialists in various industries dealing with SCFs as well as researchers, scientists,
and students of the corresponding departments with a comprehensive overview of
the current status, latest trends and developments of these technologies.Dr Igor Pioro
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