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Abstract

Chemical looping combustion (CLC) is continuously gaining more importance among the
carbon capture and storage (CCS) technologies. It is an unmixed combustion process which takes
place in two steps. An effective way to realize CLC is to use two interconnected fluidized beds
and a metallic powder circulating among them, acting as oxygen carrier. The metallic powder
oxidizes at high temperature in one of the two reactors, the air reactor (AR). It reacts in a highly
exothermic reaction with the oxygen of the injected fluidizing air. Afterwards the particles are
sent to the other reactor where the fuel is injected, the fuel reactor (FR). There, they transport
heat and oxygen necessary for the reaction with the injected fuel to take place. At high
temperatures, the particle’s oxygen reacts with the fuel producing CO, and steam, and the
particles are ready to start the loop again. The overall reaction, the sum of the enthalpy changes
of the oxygen carrier oxidation and reduction reactions, is the same as for the conventional
combustion.

Two are the key features, which make CLC promising both for costs and capture
efficiency. First, the high inherent irreversibility of the conventional combustion is avoided
because the energy is utilized stepwise. Second, the CO, is intrinsically separated within the
process; so there is in principle no need either of extra carbon capture devices or of expensive air
separation units to produce oxygen for oxy-combustion.

A lot of effort is taking place worldwide on the development of new chemical
looping oxygen carrier particles, reactor systems and processes. The current work is focused on
the reactor system: a new design is presented, for the construction of an atmospheric 150kWy,
prototype working with gaseous fuel and possibly with inexpensive oxygen carriers derived from
industrial by-products or natural minerals. It consists of two circulating fluidized beds capable to
operate in fast fluidization regime; this will increase the particles concentration in the upper
section of the reactors, thus the gas solids contact. They are interconnected by means of two
pneumatically controlled divided loop-seals and a bottom extraction/lift. The system is designed
to be as compact as possible, to help up-scaling and enclosure into a pressurized vessel, aiming
pressurization in a second phase. In addition several industrial solutions have been utilized, from

highly loaded cyclones to several levels of secondary air injections.
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The divided loop-seals are capable to internally re-circulate part of the entrained solids,
uncoupling the solids entrainment from the solids exchange. This will provide a better control on
the process increasing its flexibility and helping to fulfil downstream requirements. No
mechanical valves are utilized, but gas injections. The bottom extraction compensates the lower
entrainment of the FR which has less fluidizing gas availability and smaller cross section than the
AR. The lift allows adjusting the reactors bottom inventories, thus the pressures in the bottom
sections of the reactors. In this way the divided loop-seals are not exposed to large pressure
unbalances and the whole system is hydrodynamically more robust.

The proposed design was finally validated by means of a full scale cold flow model
(CFM), without chemical reactions. A thorough evaluation of the scaling state-of-the-art in
fluidization engineering has been done; two are the approaches. One consists of building a small
scale model which resembles the hydrodynamics of the bigger hot setup, by keeping constant a
set of dimensionless numbers. The other is based on the construction of a full scale model, being
careful to be in the same fluidization regime and to utilize particles with the same fluidization
properties as the hot setup. In this way the surface to volume ratio is kept the same as that one of
the hot rig. The idea presented in this work combines those two strategies, building a full scale
CFM. In this way, it can be used for the hot rig design debugging and it is at the same time the
hydrodynamic small scale model of a ten times larger industrial application.

The adopted scaling strategy and design brought to the construction of one of the world
biggest and more complex fluidized bed cold flow model reactor systems. The air and fuel
reactor have a height of 5 m and a diameter of respectively 0.230 and 0.144 m. The selected
particles are fine and heavy being classifiable as high density Geldart A; there is almost no
published literature regarding those particles utilization in circulating fluidized beds.

Extensive test campaigns have been performed to hydrodynamically validate the proposed
designs. It was possible to understand and evaluate the operational window, the sensitivity to the
input parameters and the key design details performance. Control strategies were qualitatively
developed. The presented double loop architecture design showed good stability and flexibility at
the same time, so that can also suit the requirements of other chemical processes based on two

complementary reactions taking place simultaneously and continuously.
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"O frati", dissi, "che per cento milia
perigli siete giunti a [’occidente,

a questa tanto picciola vigilia

d’i nostri sensi ch’e del rimanente

non vogliate negar l’esperienza,

di retro al sol, del mondo sanza gente.

Considerate la vostra semenza:
fatti non foste a viver come bruti,

ma per seguir virtute e canoscenza".

(Dante Alighieri, Divina Commedia - Inferno, Canto XXVI, vv 112-120)

“O brothers, who amid a hundred thousand
perils,” I said, “have come unto the West,

to this so inconsiderable vigil

which is remaining of your senses still
be ye unwilling to deny the knowledge,
following the sun, of the unpeopled world.

Consider ye the seed from which ye sprang;
ye were not made to live like unto brutes,

but for pursuit of virtue and of knowledge.”

(Translated by Henry Wadsworth Longfellow)



1. Ph.D. Thesis organization

1.1. Project overview

The Ph.D. thesis is part of a project called BIGCLC, which was a subproject related to the
BIGCO?2 research and development (R&D) platform. Since 2011 the BIGCLC project was
included in the BIGCCS research centre. The 150kWy, chemical looping combustion (CLC)
reactor system design, object of the Ph.D. thesis, has been developed within the BIGCO2 R&D
platform. BIGCCS will provide the funding to build and commission the 150kWy, CLC setup in
2012-2013.

The BIGCLC project consists of several working packages. The main focus is on the
construction and commissioning of an innovative reactor system design and the development of
new oxygen carriers (OC). In addition, effort is invested also on system simulation and process
control, power cycles integration and technological, economical and environmental
benchmarking. BIGCLC wanted the reactor system to make a step forward concerning the CLC
state of the art, focusing on thermal load, pressurization and utilization of cheap oxygen carriers
based on Norwegian ores or industrial by-products.

The design presented in the Ph.D. thesis tries to address the above-mentioned project
objectives. It has been developed in a cooperation between SINTEF Energy and Research, the
Norwegian University of Science and Technology (NTNU) and the consulting company CO2-H2
Eurl. A thermal load of 150kW has been chosen, because at the time the project started (2007)
there were no existing setups of that size. It was decided to develop the project in three steps.
First, a design suitable for a 150kWy, atmospheric reactor system was defined. Operational
flexibility and compactness have been a design priority as well as the utilization of industrial
solutions. The OC particles considered in the design phase are those ones under development
within the BIGCLC project. SINTEF Materials and Chemistry is in charge of this task and the
work is still ongoing; for this reason just preliminary results were utilized to finalize the reactors
design, in parallel with published literature from other research groups. The hydrodynamic
validation of the design was done by means of the full-scale cold flow model (CFM) test
campaigns. The second step consists of the construction, commissioning and testing of the hot
150kWy, rig, possibly utilizing the OC developed within the BIGCLC project. The third step

consists of re-engineering the presented design to upgrade it for pressurized conditions and test it.



Several pressurization issues have been considered during the reactor system design phase. One
of those is the compactness, to be capable to enclose the reactor into a pressurized vessel. Others
are the flexibility and robustness of the hydrodynamics, so that the system can better handle
pressure unbalances which are bigger than those ones experienced at atmospheric conditions.

The Ph.D. thesis work represents the first of the above-mentioned three steps: the
150kWy, design development and the CFM reactor system design, construction and testing;
fundamental for the 150kWy, design validation and improvement. The work has been carried out
in cooperation with SINTEF Energy and Research scientists and a CO2-H2 Eurl consultant. In
addition NTNU master students and laboratory technicians have been involved; the first in the
execution of the CFM sensitivity tests, the latter in the reactor system maintenance,
modifications, control and measurement (both with the National Instrument Corporation system
design software LabVIEW and hardware installation and calibration). The polycarbonate CFM
has been built by the French company CONCEPT PLAST SARL and the powder provided by the
South African company DMS Powders. The NTNU Panel for Mineral Production and Health
Safety and Environment, has been involved in all the aspects related to the particles handling:
from the particles sieving, representative sampling and size distribution measurement to the
health safety and environment (HSE) evaluations. The powder explosivity tests have been carried

out by the Norwegian company GexCon.

1.2. Ph.D. thesis objectives

Consistently with the above-mentioned BIGCLC project objectives, the Ph.D. thesis aims
to develop a reactor system design which can represent a step forward with respect to the state of
the art for CLC of gaseous fuels. This is especially related to the reactor system operational
flexibility and hydrodynamic robustness in order to better integrate it into a power system,
including off-design operation and fuel conversion optimization. In addition, the development of
a design leading towards chemical looping industrialization has been a thesis objective. Towards
this respect the design compactness has been always kept into consideration together with a
scaling strategy aiming for bigger sizes, as well as the usage of industrial solutions, whenever

possible. These design characteristics have also the long term objective to serve as a basis for



other chemical looping and fluidized beds based technologies which deal with similar issues as

well as for pressurized CLC.

1.3. Structure and contents summary

The Ph.D. thesis is structured as a paper collection. Chapter 2 presents the background
where the thesis is inserted. First the global warming and the world energy scenario are
described, to introduce the importance of carbon capture and storage as greenhouse effect
mitigation tool. Afterwards the chemical looping processes are discussed, with main focus on
combustion. Currently, chemical looping technologies rely mainly on fluidization engineering, as
the presented design does. For this reason, an overview of the OC particles and fluidized bed
reactor systems state of the art is provided. Afterwards an overview of the Ph.D. work has been
provided in Chapter 3. It starts from the design and cold flow setup existing before the Ph.D.
project began and tested during its first phase. The work behind the four papers is summarized
together with the achieved results. In Chapter 4 the suggested design improvements, when it
comes to design and particle size distribution, have been summarized and experimental results of
the improved design are presented. Finally the thesis conclusions are drawn in Chapter 5,

together with the recommended future work.

An overview of the four Double loop circulating fluidized bed reactor system design study

* Chemical Looping Combustion state of the art improvement
» Addressing industrialization issues (flexibility, compactness, etc.)
« Design methodology

papers constituting the Ph.D.

thesis is provided, Figure 1.1.

Paper |
Paper I defines the double loop
. . L. Paper Il
circulating fluidized  bed
Key features development Cold flow model
(DLCFB)  design of the + Pneumatically controlled divided loop-seals + Commissioning
» Bottom extraction/lift » Measurement techniques
proposed 150kWy, chemical « Solids entrainment dependencies + Stable operation
looping combustion reactor Paper IV
system. A CFM without Paper Il
chemical reactions has been Hydrodynamic validation of chemical looping processes:
« Scaling strategy
built and commissioned to « Hydrodynamic bases in accordance with thermodynamic needs (qualitatively):
Off-design, Chemical Looping Reforming, Gas turbine combustion chamber

debug the hot rig design. It is a

Figure 1.1: Summary of the four papers presented in the thesis

full-scale model to reduce the with a list of the main issues addressed in each of them.



wall effects. The debugging, from the flux measurement techniques to the separated and coupled
operation', is presented in Paper II. Paper III is focused on the adopted scaling strategy as well as
on the hydrodynamic viability of large-scale chemical looping processes. Finally Paper IV
presents a deep analysis of the reactor system operational window as a function of the
independent inputs. It assesses the reactors key features performance and suggests improvements
which need to be implemented to improve the design presented in Paper 1.

The Ph.D. thesis summarizes a wide work, which major focus has been on the cold flow
model construction, operation and improvement. Its main achievements, listed in Section 1.5,
have been thoroughly addressed and presented. On the other hand the work has been
multidisciplinary, touching many of the engineering aspects related to the experimental setup:
from carbon capture and storage to the large amount of existing chemical looping processes, from
the reactor system integration into power generation processes to its potential application in
fluidized beds based technologies other than CLC, from semi-empirical mathematical modelling
to fluidization engineering fundamentals, from project management issues to fine powder

handling with its health safety and environment impact understanding.

1.4. Papers list

Paper I: “Design study of a 150kWy, double loop circulating fluidized bed reactor
system for chemical looping combustion with focus on industrial applicability and
pressurization”, International Journal of Greenhouse Gas Control (2011), Vol. 5, No. 3, pp.
467-474. doi:10.1016/j.ijggc.2010.09.005.

Lab-scale feasibility of the chemical looping combustion technology has been proven.
Research now is mainly focused on the development of innovative chemical looping processes,
on a continuous improvement of the oxygen carriers and on the technology industrialization. A
design for a 150kWy, chemical looping combustion reactor system is proposed, trying to address
design requirements that need to be fulfilled to make this technology applicable at industrial
scale. In the base case it is supposed to work with gaseous fuels and inexpensive oxygen carriers

derived from industrial by-products or natural minerals. It is a double loop circulating fluidized

' In the CFM, the air and fuel reactor can be operated separately, by re-circulating internally the solids that each of
them entrains (e.g. for debugging purposes), or can be coupled exchanging mass between each other as it should be
for the hot reactor system.



bed where both the air reactor and the fuel reactor are capable to work in the fast fluidization
regime in order to increase the gas solids contact along the whole reactor body. They are
interconnected by means of divided loop-seals, capable to re-circulate back to the reactor of
origin the entrained solids, and a bottom extraction/lift, bringing solids from the fuel reactor to
the air reactor. High operational flexibility is aimed, in this way it will be possible to run with
different fuels and oxygen carriers as well as in different operating conditions. Compactness is a
major goal in order to reduce the required solid material and possibly to enclose the reactor body
into a pressurized vessel to investigate the chemical looping combustion under pressurized
conditions. The design methodology summarizing all the key decisions taken during the process
is presented.

Author contribution: Aldo Bischi is one of the contributors to the proposed 150kWy,
chemical looping combustion design led by SINTEF. Aldo Bischi contributed to the cold flow
model construction and commissioning and he performed the majority of the cold flow model
experimental tests and made the result data processing and analysis. Aldo Bischi conceived and

wrote the paper with input and comments from other authors.

Paper II: “Performance analysis of the cold flow model of a second generation
chemical looping combustion reactor system”, Energy Procedia (2011), Vol. 4, pp. 449-456.
doi:10.1016/j.egypro.2011.01.074.

A scaled cold flow model of the proposed design has been constructed and commissioned
to validate the hydrodynamics of the design solutions. First the nozzles design and the share of
gas kinetic losses were verified, as well as the solids inventory control and its influence on the
reactor performance. Solids flow/flux measurement techniques, a direct and an indirect one, were
defined and their reliability evaluated. The air reactor and fuel reactor were first tested separately
monitoring their entrainment capabilities and pressure/particles distribution, with main focus on
finding the best way of operating the divided loop-seals and testing the protruding cooling panel
effect on hydrodynamics. The overall reactor system, combining air and fuel reactor, was also
tested. It gave satisfactory results, but the internal return legs of the divided loop-seals were
sealed off to avoid back-flow of gas coming from the high pressure reactors bottom sections.
Some encouraging results were also achieved reducing primary air and increasing the secondary

air height, to reduce the pressure at the reactors bottom sections.



Author contribution: Aldo Bischi is one of the contributors to the cold flow model setup
construction. He had a main role in the cold flow model commissioning; including auxiliary
devices, health, safety and environmental evaluation and powder handling. Aldo Bischi planned
the experimental tests in co-operation with other authors and he led the test execution (done by
master students) on a daily basis. Aldo Bischi made all the data analysis and interpreted the
results. He made the conclusions in co-operation with other authors. Aldo Bischi conceived and

wrote the paper with input and comments from other authors.

Paper I11: “Hydrodynamic viability of chemical looping processes by means of cold
flow  model investigation”,  Applied  Energy (2012),  Article  in  press.
doi:10.1016/J.apenergy.2011.12.051.

The cold flow model already built and commissioned, can be considered as a platform to
study the hydrodynamics of chemical looping processes. A state-of-the-art evaluation within cold
flow model testing and scaling criteria was done. The choice of having a full-scale (i.e. 1:1) cold
model of the 150kWy, hot rig design was done, on one hand, to reduce the wall-effects which
have considerably larger influence at smaller reactor diameters than on larger ones. On the other
hand it can be considered the small scale hydrodynamic copy of an industrial prototype about 10
times bigger. The cold flow model was extensively tested and experimental results are presented.
The aimed design condition, mirroring a chemical looping combustion process adapted to steam
generation, was achieved successfully and in a stable way. The performance of the reactor system
was further tested in off-design conditions to define operational guidelines for the hot operation.
In addition, attempts were done to resemble other chemical looping processes (e.g. gas turbine
combustion and chemical looping reforming), to get some understanding of how the actual
reactor system may behave and consequently provide solid hydrodynamic basis to improve the
design for those applications. In all cases, it was possible to find operational conditions capable
to satisfy the cold flow model hydrodynamic requirements consistently with the actual high
temperature processes.

Author contribution: Aldo Bischi planned the experimental tests in co-operation with
other authors and he led the test execution (done by master students) on a daily basis. Aldo Bischi

made all the data analysis. He interpreted the results and made conclusions and suggestions for



new tests in co-operation with other authors. Aldo Bischi conceived and wrote the paper with

input and comments from other authors.

Paper 1V: “Double Loop Circulating Fluidized Bed reactor system for two reactions
processes based on pneumatically controlled divided loop-seals and bottom extraction/lift”,
Powder Technology (submitted).

Many industrial processes are based on two reactions: a primary one related to the
achievement of the main process objective and a secondary one which is necessary to
continuously run the process. Those can be performed simultaneously and continuously by means
of two interconnected fluidized beds; the design object of this study is a possible answer to the
needs of those processes, especially compactness, flexibility and higher particles concentration in
the upper section. The key components of the reactor system are the pneumatically controlled
divided loop-seals and the bottom extraction/lift. The divided loop-seals can re-circulate back to
the reactor of origin part of the entrained solids. This means that the solids flow that one reactor
exchanges with the other one can be smaller than the solids flow entrained by the reactor. The lift
compensates the lower entrainment capability of that one of the reactors with less fluidizing gas
available and smaller cross-section. Those two features allow to uncouple the solids exchange
from the solids entrainment, thus from the reactor fluidization regime. The aim of this paper is to
further improve the presented design by means of an intensive test campaign finalized to better
understand its operational window size and limits. It was concluded that the design can be further
improved by reducing the cyclones’ pressure drop due to too high gas velocity at their inlet.
Another option towards this respect, is the particle size distribution reduction, this allows going
down in gas velocity without reducing the solids entrainment. An increase of the loop-seal
overflow height is required to increase its bottom section pressure and improve its stability. The
return legs heights can be lifted up to reduce the pressure the loop-seals are exposed to. Finally
some interesting dependencies of the entrained solids flux have been found (e.g. cyclone pressure
drop), looking at an indirect way to monitor it on-line.

Author contribution: Aldo Bischi planned the experimental tests in co-operation with
other authors and he led the test execution (done by master students) on a daily basis. Aldo Bischi

made all the data analysis. He interpreted the results and made conclusions and suggestions for



design improvements in co-operation with other authors. Aldo Bischi conceived and wrote the

paper with input and comments from other authors.

1.5. Scientific contribution

Development of a chemical looping reactor system design aiming to address open issues such

as conversion optimization, operational flexibility, industrialization and compactness.

Hydrodynamic validation and performance analysis of double loop circulating fluidized bed
(DLCFB) reactor system based on pneumatically controlled divided loop-seals and bottom

extraction/lift.

State-of-the-art comprehensive overview of cold flow modelling scaling strategies.

Subsequent synthesis of the two most common scaling approaches strengths into one.

Construction, commissioning and operation of one of the world biggest cold flow models

finalized to the hydrodynamic study of two interconnected fluidized beds.

Usage of high density fine particles (high density Geldart A) in circulating fluidized bed

reactors.

Finding of promising dependencies of the entrained solids flux from cyclones pressure drop

and inlet gas velocities, in order to monitor the solids flux indirectly.



2. Chemical looping technologies and fluidization engineering

2.1. Global warming and energy scenario

At the beginning of the 19" century, Joseph Fourier understood the role played by the
gases present in the atmosphere with respect to the thermal equilibrium of the planet [1];
nowadays this role is known as atmospheric greenhouse effect. At the end of the century, Svante
Arrhenius [2] saw that an increase of carbon dioxide concentration, including the manmade one
due to fossil fuel combustion, may lead to an increase of the average global temperature.

The global average temperatures

Calibrated reconstruction

of air and ocean have unequivocally
increased since mid 20" century. It is
confirmed by observational climate data

as shown for example in Figure 2.1,

Temperature anomaly [°C]
=
=y

where a multi proxy calibrated
200 400 600 800 1000 1200 1400 1600 1800 2000 . .

Year [AD] reconstruction of the temperature in the

Figure 2.1: Multi proxy reconstruction (red and blues) Northern Hemisphere is presented (red

and instrumental measurements (green) of the Northern and blues) toge ther with measured data

Hemisphere mean temperature variation” [3].

(green) [3]. At the same time also the
concentration of anthropogenic greenhouse gases in the atmosphere has been increasing. Those
gases are mainly four: carbon dioxide (CO;), methane (CHj), nitrous oxide (N,O) and the
halocarbons. All those gases have increased their atmospheric concentration during the industrial
era, but carbon dioxide has, by far, the strongest impact, comparing all of them in terms of CO,
equivalent’ [4]. The analysis of air bubbles trapped in ice, allowed to evaluate the CO,
concentration in the far past back to 600000 years ago; in Figure 2.2 the measurements of the ice
cores sampled at the Antarctic stations of Vostok and EPICA (European Project for Ice Coring in

Antarctica) [5]. The direct measurements of CO, concentrations during the last decades are

shown in the last part of the graph, whose dramatic increase is represented by the quasi-vertical

% Temperature anomaly is calculated with respect to the 1961-1990 average.
® COy-eq describes, given a greenhouse gas, the amount of CO, that would have the same effect towards global
warming.
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red line. CO, concentration went

c

-% - 400 Mauna Loa, 2011 400 from the pre industrial value of

E % 200 200 280ppmv’ up to an average value

g = EPICA Vostok

S 0 . . 0 of about 390ppmv, measured at
600 500 400 300 200 100 0 2011 in the observatory of

Year [kY before present] Mauna Loa, Hawaii (USA) [6].

Figure 2.2: CO, concentrations derived from EPICA and Vostok Nowa days the scientific

ice cores [5]. The red bar at the side indicates the evolution of the . .
community widely agrees on the

Mauna Loa measurements®.

fact that the temperatures
increases are very likely® a consequence of the observed increase of anthropogenic green house
gases concentration in the atmosphere. In addition it acknowledges that the anthropogenic
warming is likely to have a discernible influence on many physical and biological systems. This
means that there will be a strong impact on the frequencies and intensities of extreme weather,
climate and sea-level events and they are expected to have mostly adverse consequences on
natural and human systems. For those reasons it will be of utmost importance to reduce
greenhouse gas emissions in order to avoid their effects and whether not possible to mitigate it
[7].

The path of the world primary energy demand, in Mtoe’, by fuel and region, for the last
years up to 2008 is shown in Figure 2.3 [8]. Those data give an idea of the fossil fuels share of
the total energy needs (a). Looking at the regional perspectives, the share of the coal intensive
economies of United States and China (b) is impressive. When it comes to the CO, emissions by
economic sector, about 41% of the total comes from the power sector, 23% from the transport,
16% from the industry and 12% from residential and services. About 50% of the current man
made emissions are coming from large stationary CO, sources like power plants, refineries or
cement and iron industries [9]. In addition there are other values to keep into consideration for
each region, like the population growth, gross domestic product (GDP), debt accumulation,

energy intensity® trends.

* Parts per million by volume.

> On this time scale, the 50 years of measurements span is less than the thickness of the line, so it appears vertical.

® Very likely and likely assess a probability of occurrence respectively above the 90% and 66% [7].

" toe is tonne of oil equivalent.

8 Energy intensity is a way of measuring the economy energy efficiency. It is calculated as units of energy per unit of
gross domestic product (GDP).
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Data about future scenarios are intentionally not presented, because they may differ rather
much depending on the underlying assumptions. Anyhow looking at the actual energy scenario it
is possible to understand that in the forthcoming years the fossil fuels will still be the
predominant world source of primary energy. The International Energy Agency (IEA), in its
World Energy Outlook 2010 [8] presented updated possible scenarios for the upcoming decades.
The fossil fuels are well above 50% of the world primary fuel mix by 2035 for all of them,
including the “best case scenario”. The IEA presents such a kind of study on yearly bases and
gives analogous outlooks with respect to fossil fuels. All the factors affecting the primary energy
demand are carefully addressed for each different country, from the global economical situation
to the technology state of the art, including deployment of technologies that are now approaching
the commercialization phase e.g. carbon capture and storage, concentrating solar power and smart
grids. It should be mentioned in addition that no completely new technologies, beyond those

already known today, are assumed deployable before the end of the projection period.

a) b)
5000 R . - DR —— 0| 18000 . "'\Ch‘"a
— |
- 16000 M United States
4000 ~ m—l0a 14000 M European Union
— Gas o 12000 - M India
" S d
o 3000 — T e . R——" —Blomass E 10000 | W Middle East
o
£ Nuclear 8000 Japan
2000 - i
Other renewables 6000 W Inter-regional (bunkers)
Rest of world
1000 '_-_”_,__—-—'/ = Hydro 4000
2000 -
0 - T 0

i T ¥ ' T T T 1
1980 1990 2000 2008 1990 1995 2000 2005 2008

Figure 2.3: World primary energy demand by fuel a) and by region b), updated at 2008, according to the
International Energy Agency (IEA) [8].

2.2. Carbon dioxide capture and storage

“Carbon dioxide capture and storage (CCS) or carbon sequestration is a family of
methods for capturing and permanently isolating CO, that otherwise would be emitted to the
atmosphere and could contribute to global climate change” [9]. CCS implementation in

correspondence of the big stationary emission sources, can have a crucial role in the next decades
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mitigation strategies. It can act as bridging technology, “gaining time” to allow renewable
energies development up to total fulfilment of the world energy requirements. This is especially
true considering the above-mentioned role of coal in the world primary energy demand: coal is
responsible for no less than 40% of global CO, emissions, and each year 100GW of new coal-
fired power capacity is built [10]. In addition the combination of CCS and biomass combustion,
can contribute to negative emissions, reducing the CO, concentration in the atmosphere.

Once captured, the CO; has to be compressed up to a high pressure and relatively low
temperatures. The aim is to have it as a supercritical liquid, in order to transport it and inject it
into an underground long term storage site. It can be stored into depleted oil and gas reservoirs,
coal formations and saline formations; the last one has by far the largest capacity potential.
According to the Intergovernmental Panel on Climate Changes (IPCC) [11], it is likely that 99%
or more of such stored CO, will be retained for 1000 years.

The aim of this work is neither to find an answer to the sustainable development nor to
understand to which extent carbon capture and storage is one of the solutions to global warming.
Those are among the most complex challenges humanity is facing and for sure there will not be
just one solution. The intention here is to develop further one of the most promising CCS
technologies. In this way an additional piece of information is provided to the scientific
community and consequently to policy makers, to help taking more aware strategic decisions.

When it comes to the costs of CCS there is still a lot of uncertainty, but they are by far
related to the capture, while the transport and storage are minor ones. For this reason the ongoing
research activities are mainly aiming to achieve a substantial capture cost reduction and energy
penalty reduction. The capture technologies are normally classified in three families: post-
combustion, pre-combustion and oxy-fuel combustion.

e The post-combustion is applied to conventional power generation, it is based on
processing the exhaust gases in order to chemically or physically remove the CO,. It is
attractive for the existing power plants, as long as it is the best option when it comes
to retrofitting. Its main drawback is related to the energy penalty of processing large
amounts of flue gases at almost ambient pressure. In fact, the CO; is diluted, mainly in
the air Ny, being about the 4% of the processed gas with natural gas and 14% with

coal combustion.
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The pre-combustion consists of a first reforming step or gasification step aiming the
production of synthesis gas (syngas) ideally made of CO, H,, H,O and CO,. The
reforming reactions options are several e.g. auto-thermal reforming obtained with a
partial combustion of the fuel or steam reforming decomposing the methane by steam
and external heat. Afterwards a water gas shift reaction may convert the residual CO
in H, and CO,, and the gas flow can be processed to capture the CO; and having pure
H, to use in the combustion process as fuel. In this case the amount of gas flow that
needs to be processed is reduced, CO, rich and pressurized. In addition some power
cycles based on solid fuels gasification, like the integrated gasification combined
cycle (IGCC), are already intrinsically realizing part of the pre-combustion capture
process. It is expected to be more expensive than the post-combustion techniques
because of its complexity and the necessity of dedicated gas turbines. In addition, the
combustion of H; rich fuel is more exposed to the risk of NO, formation.

The third carbon capture family is the oxy-fuel one. It utilizes pure oxygen instead of
air in the combustion process, giving ideally just CO, and water vapour as exhausts.
The H,O can be easily separated by condensation and the carbon dioxide needs just to
be compressed to be sent to storage. One of the drawbacks is the high temperature of
such kind of combustion, thus energy losses and NOy emission, which is handled by
means of CO, re-circulation (up to 70%) or steam/water injection. The costs of
producing such high quantities of oxygen are high. The required amount is about three
times more than that one required by pre-combustion techniques. It is done either by
means of expensive cryogenic air separation units (ASU) or by means of complex

chemical, adsorption or membrane processes.

Each of the above-mentioned carbon dioxide capture methods is capable to reach high

capture efficiencies and all their components are currently utilized in some commercial process

[12]. The high costs represent the major drawback for all of them to be deployed at gigaton scale.

They require high investments and especially the high energy penalties related to operation

contribute to high costs. The thermal efficiency penalty for CO; capture is about 10% points, few

points more or less depending on the technology. This implies the need of focusing in research

and development to propose breakthrough technologies aiming to less energy penalty [13]. One

of these promising technologies is the chemical looping combustion (CLC).

14



2.3. Chemical looping processes

All the above-mentioned “conventional” ways of controlling greenhouse gases emissions
by capturing CO; are inherently related to direct combustion processes, where about 1/3 of the
chemical energy of the fuel is destroyed while producing thermal energy [14]. Conventional
fossil fuel combustion is highly irreversible because its thermodynamic equilibrium is reached at
temperatures much higher than those ones that the materials enclosing the reaction can withstand
[15]. The high difference between the energy donor and acceptor will persist even if the
combustor and gas turbine (GT) will be improved, making them capable to handle higher
temperatures [16]. On the top of it there is the above-mentioned energy penalty related to the
capture technology. Those two are the fundamental reasons of the high energetic, thus economic,
penalty of the CCS technologies.

The above-mentioned issues can be tackled following new chemical routes which
innovate the combustion process in a way that utilizes stepwise the fuel chemical energy no
matter the carbon capture, but in addition it separates intrinsically the combustion products
streams [13]. These combustion requirements can be fulfilled by means of chemical looping
processes. A chemical looping process occurs when its underlying chemical reaction takes place
following a reacting scheme consisting of multiple sub-reactions. These sub-reactions make use
of chemical intermediates which react and regenerate in a cyclic manner. This allows designing
the chemical looping processes sub-reactions to reduce the exergy losses as well as to produce
CO; in a different stream, easy to separate [17]. Several processes can be developed relying on
this principle: from the chemical looping combustion which is the core interest of this work to the
chemical looping reforming (CLR) and gasification (CLG) respectively focused on power
generation and on hydrogen and syngas production.

Chemical looping conversion of carbonaceous fuels was considered first to produce
syngas or pure carbon dioxide [18 and 19], then to reduce the exergy loss of a conventional
combustion process [15 and 16]. The combination of these two features makes chemical looping
processes of strategic importance with respect to CCS. Chemical looping combustion takes place
in two steps (Figure 2.4), where a metal working as Oxygen Carrier (OC), gets oxidized and
reduced in a cyclic manner, carrying the oxygen from one reactor to the other. First the OC has a
strong exothermic reaction with the oxygen of the air injected in the air reactor (AR), from

MeO,-; to MeO,. The air heated up and depleted of the oxygen can be utilized for example to
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Oxygen depleted air €O, + H,0 produce steam or to expand in a turbine if the
above-mentioned reaction takes place in a
pressurized environment. Afterwards the oxidized
OC is sent into the fuel reactor (FR) and its oxygen
reacts with the fuel, being reduced from MeQ, to

MeO,-1. The reduction reaction is endothermic or

slightly exothermic, depending on the OC material

e
a4

I MeO, , and fuel used, and it generates an almost pure
stream of CO, and steam. The heat required by the

ir Fuel

. . . endothermic reaction is carried by the OC, which
Figure 2.4: Schema of the chemical looping
combustion (CLC). The oxygen carrier can determine almost the same temperature in the

MeO,/MeO,.; is oxidized exothermically in two reactors when high circulation is achieved.

the air reactor (AR) and reduced The water vapour can be removed by condensation
endothermically or slightly exothermically in

the fuel reactor (FR).

leaving the CO, available for storage, after being
cooled and pressurized up to supercritical
conditions.

The overall reaction obtained summing the oxidation and reduction of the OC is
equivalent to the conventional combustion of the fuel and releases exactly the same amount of
energy. These are the oxidation and reduction reactions for a generic OC defined as MeO,.;

reacting with a generic hydrocarbon CHy:

MeO, +%02 o MeO,, @2.1)

C.H, + (Zx + Zj MeO, <> xCO, +2 H,0+ (2x + leeoa, . 2.2)
' 2 2 2

The overall reaction obtained summing the above-mentioned ones is equivalent to the

conventional combustion one and produces exactly the same amount of energy:
CH +[x+1j0 < xCO,+2H,0 2.3)
iy 4) 2 2Ty :

Auto-thermal reforming can be executed with the same system. This happen whether the
amount of oxidized oxygen carrier sent to the fuel reactor is reduced down to a level where the

carried oxygen is below the stoichiometric one, required having complete fuel combustion. It also
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brings heat and acts as catalyst; in those cases it is important that the selected OC has good
catalytic properties towards steam reforming of natural gas like the Ni-based ones [20]. In this
case the reaction in the AR is the same as in the combustion case, while in the FR the partially

oxidized fuel generates synthesis gas (CO and H»):
C.H, +xMeO, <> xCO + % H, +xMeO, ,. 2.4)

Syngas is also generated by the strongly endothermic steam methane reforming reaction injecting

also steam in the FR:
C.H, +xH,0 - xCO+ (x %) H,. 2.5)

Obviously the amount of heat generated in the AR, which needs to be extracted from the system
to keep the thermal balance, reduces in correspondence of oxygen transport reduction and steam
injection. In this way it can be reduced down to a level where the process is auto-thermal.

It has been proven that chemical looping combustion is one of the most promising
technologies when it comes to net power efficiencies [21, 22 and 23] and capture costs [24]. The
best performance is expected when integrated into a combined cycle, with the CLC reactor
system tacking the place of the gas turbine combustor. In this way it can drive a GT with the
depleted air and the hot exhausts can be used to generate steam for a bottoming Rankine cycle. In
some configurations additional integration is proposed. A CO, turbine can be added to the
process as well as another gas turbine after a post combustion process of the depleted air. In fact
the oxygen depleted air still contains enough oxygen to combust extra fuel, but some CO,
emission has to be tolerated in this case. Several are the first and second law studies showing the
high efficiencies [21, 22 and 23] that can be reached in this way with gaseous fuel; some studies
also highlight low costs in addition to the high efficiencies [24]. The main challenges are
substantially the feasibility of a pressurized system and the capability of the oxygen carrier to
withstand red-ox cycles at a temperature going above 900°C. The chemical looping reforming of
gaseous fuels has been evaluated promising as well; a thorough evaluation of the advantages in
comparison to methane steam reforming has been done by Proll et al. [25]. In addition it is
especially competitive whether pressurized, in this way the energy penalty of the H;

pressurization after production is avoided [26 and 27].
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Atmospheric chemical looping combustion of gaseous fuels is a promising option for heat
generation (e.g. steam production for industrial processes) with CO, capture. Up to a certain size,
this is an interesting option as well for combined heat and power generation and for power
generation with CO, capture. Whether not pressurized, the chemical looping combustion of
gaseous fuels for large-scale power generation has to compete with the high efficiencies of
combined cycles, which compensate the efficiency losses induced by the introduction of
“conventional” capture technologies. For those reasons many of the CLC research activities, at
this stage of technology development, are related to solid fuels combustion, like coal [17, 28].
Those cheaper fuels are utilized for steam cycles without being capable to reach the combined
cycles high temperatures and efficiencies, not even for the more efficient ultra-supercritical steam
cycles. Another option to utilize solid fuels is using a gasification process which provides
gaseous fuel to utilize in combined cycles, like in the IGCC process. The lower efficiencies,
compared to combined cycles, and the energy penalty of the “conventional” carbon dioxide
capture technologies integration, make atmospheric CLC potentially competitive for solid fuels
both in combustion and gasification processes.

Focus of the current work is on the chemical looping combustion of gaseous fuels. The
experimental device is designed to validate an atmospheric CLC design for steam generation.
Some reforming issues are also addressed as well as some of the needs of pressurization/GT
application have been considered. The long term objective is to develop a design architecture that
can be hydrodynamically flexible and stable, so suitable also for other chemical looping
processes. The setup object of this work is designed for combustion, as shown in Figure 2.4, by
keeping stationary the reactors and circulating the OC: AR and FR are two fluidized bed reactors

exchanging metallic particles acting as oxygen and heat carriers.

2.4. Chemical looping technologies

A brief overview of the approaches proposed worldwide to realize the chemical looping
processes is provided in this section. The use of interconnected fluidized beds is by far the most
common, it has already been tested on experimental basis and it is the chosen approach for the
work presented in this thesis. In Section 2.5 and 2.6 it will be carefully addressed from particles

and reactor system side, respectively.
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Another option consists of alternating the gas streams and keeping stationary the reactor
containing the metal oxide. It is based on packed bed technology where several reactors are
operated dynamically. In this way the reactors are alternatively exposed to reducing and
oxidizing conditions in a frequency that allows continuous feeding of the downstream apparatus
e.g. heat exchangers or gas turbine for pressurized conditions. The main advantage is to avoid the
challenge of separating particles and gas. This is especially important to avoid gas turbines blades
damages. In addition it is aiming higher compactness and better utilization of the OC, optimizing
its degree of oxidation. Such packed bed chemical looping reactors still present challenges for
large-scale deployment. The necessity to deal with high temperature and high flow rate in a gas
switching system is problematic. At the same time the bed particles replacement can be costly, so
they need to be mechanically, chemically and thermally stable [29 and 30]. For the time being,
the principle has been proved experimentally in a lab-scale device by Noorman et al. [31]. Also
onboard hydrogen production for cars based on micro packed bed reactors has been proposed. Its
goal is to tackle the hydrogen storage problem either with the possibility to regenerate the spent
particles in external fuel stations fuelling the engine with water [17] or absorb on board the CO,
generated fuelling the engine with methane [32].

A further concept which has been proposed to realize chemical looping combustion is the
rotating reactor. It consists of a doughnut-shaped fixed bed rotating between the two gas streams:
air and fuel. It is interesting because of compactness and higher flexibility compared to the
stationary fixed beds mentioned previously. It does not require complex valving systems and the
gas exits from the system radially, in a way that the increasing reactor volume can fit, expanding
it, the gas volumetric flow which increase due to reactions and heating. In addition, large-scale
experience comes from rotating heat exchangers used to preheat air streams e.g. Ljungstrom®
regenerative air preheaters [33]. The particle fragmentation can be an issue here as well as in the
above-mentioned case. The main challenge for the time being seems to be the gas mixing
between the two separate gas streams. The concept has been widely tested on a lab-scale
experimental set up by SINTEF Material and Chemistry [34] and important information has been
collected to improve the design.

Other interesting chemical looping innovative ideas have been proposed. One is the usage
of coal particles both as fuel and oxygen carriers from fuel to air reactor without the need of an

intermediate OC. It uses the coal property of up taking oxygen atoms at its surface
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(chemisorption) at moderate temperatures, about 500°C, and desorbe it at higher temperatures,
about 700°C, in an oxygen-free atmosphere. It has been tested in a thermogravimetric
discontinuous process [35]. Also the usage of direct combustion of liquid metal has been
proposed and thoroughly studied in its thermodynamics. The purpose is to use different metals in

liquid and gas phases both as OCs and turbine working fluid [36].

2.5. Oxygen carrier and particle characterization

The oxygen carrier is playing a crucial role in the chemical looping processes
performance. R&D activities for improved OC are fundamental in order to achieve commercial
success of CLC. The chemical looping reactor proposed in the thesis is a fluidized bed system,
consequently the oxygen carrier is a powder which will circulate between the air and fuel reactor,
being continuously oxidized and reduced. The particles used for such kind of interconnected
fluidized bed system usually have a density and size distribution which make them belong to
group B or A of the Geldart classification [37], Figure 2.5. In this work, Group A particles were
selected, which means fine particles like for the well known and mature fluid catalytic cracking
(FCC) processes. FCC was the first fine powder application in fluidization engineering [38]. The
Geldart group and more specifically the density and particles size distribution (PSD) within the
same group are chosen in order to fulfil the design requirements.

Fine A particles means higher surface available for the reactions to take place. This is
beneficial also for the heat transfer coefficient, which is larger for smaller particles. At the same
time the heat transfer coefficient increases with the particles suspension density, which depends
on the fluidization regime; an example of both the dependencies is shown in Figure 2.6 [39]. Also
the fluidization regimes hydrodynamics depend rather much on the particles size and material
density. As shown in this thesis, those particles properties have to be selected consistently with
the required hydrodynamic performance and design constraints e.g. finer or lighter particles bring
more entrainment for the same superficial gas velocity. On the other hand, particles should not be
too small, because it will lead to Geldart group C particles which means cohesive and difficult to
fluidize because of interparticle forces. Too small particles will also be more difficult to handle
within the process (e.g. cyclone efficiency) and from the health safety and environment (HSE)

point of view.
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Figure 2.5: Geldart particles classification [37]. Figure 2.6: Comparison of heat transfer coefficients,
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The OC production methods are several and they affect the oxygen carrier performance.
For solid fuel combustion, minerals and industrial wastes have been tested as OC. Usually after a
preliminary screening the most promising candidates are carefully characterized by means of
thermogravimetric analysis (TGA). A second step is testing the particles, in a cyclic manner, in
batch fluidized bed reactors. In both cases the particles are exposed alternatively to air and fuel,
the aim is to study their reactivity, conversion and mechanical strength. Afterwards they are
tested continuously in fluidized bed systems, to resemble the same kind of environment as in a
CLC reactor, like in Chalmers University of Technology and Instituto de Carboquimica-CSIC of
Zaragoza, where small reactor systems are used extensively to accomplish this task [40 and 41].

The oxygen carrier composition is usually based on a transition metal, such as Fe, Mn, Cu
and Ni. This is setting the theoretical amount of oxygen that the oxygen carrier can take up (Ry).
The addition of an inert material is required to gain mechanical strength; it is also believed to
increase the porosity and reactivity of the particles. This means also that the share of active
material will be less; the amount of inert is a parameter that can be varied, within certain limits,
while designing the OC for a certain process. Actually, part of the active material content can
change during operation either because of changes in the particles structure or because located

too deep in the particle structure to be capable to participate to the reactions; Kolbitsch et al. [42],
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during experiments, found about 35 wt% of active material in an OC having a theoretical value of
active material equal to 40 wt%.

The material reactivity is important to fully characterize the OC performance. It provides
an understanding of how much of the transport capability of the material can be actually used. An
example is shown in Figure 2.7; it is a zoom of the reduction and oxidation curves, once
stabilized, presented by Fossdal et al [43]. Those tests were done by 30s oxidation and 30s
reduction, with 30s of flushing with nitrogen in between. This Mn ore is that one originally
utilized for the design of the presented set up. The tests were done in a thermogravimetric
balance, but in the interconnected fluidized bed system, the particles will not have so much time
available to complete the reactions, which means that just part of the theoretical Ry will be
exploited. Such kind of experimental data help to gain an understanding of the exploitation of the

oxygen capacity (AX) and take a qualified guess in order to design the reactor in a conservative

way.
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oxidation of Mn ore at 1000°C, those are the data utilized for the design [43].

Figure 2.7 shows also how the oxidation reaction is faster compared to the reduction one,
this is a typical issue related to CLC. The reduction reaction actually continues during the
flushing. The reaction rate usually depends also on the OCs conversion during the oxidation and
reduction reaction, being quicker at the beginning of the reactions when the OC is fully reduced,
for the oxidation reaction, or fully oxidized, for the reduction reaction. This can be noticed
looking at the gradients of the reduction oxidation curves of the batch-wise tests like the
presented ones. The reason is that the gas reacts first with those parts of solid particles easier to
access while afterwards it is increasingly more difficult with respect to mass transfer. Studies

have been done on OC samples taken from continuously operating systems, to understand more
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realistically the impact of this phenomenon. Those have proven that, no matter which is the
oxidation state of the particles entering the reduction reactor, they will behave as fully oxidized,
in terms of reaction rate. This means a faster reaction rate which helps to achieve a better fuel
conversion [44]. The amount of oxygen the oxygen carrier can take and its oxidation and
reduction rate are used to conservatively estimate the required solids circulation and required
residence time necessary to have full fuel conversion.

Depending on the kind of fuel utilized it is necessary to know how the OC behaves with
respect to the presence of impurities, like sulphur compounds. The knowledge of mechanical
properties of the particles is important in order to make life and cost estimates and to set the
maximum temperature the OC can operate without sintering. The temperature will change the
kinetics which usually improves for higher temperatures. As already mentioned, also the particles
size influences the reactions rate, which gets higher for smaller particles.

Up to 2010 more than 700 materials have been produced and tested. Interesting and
comprehensive overviews have been given by Professor Lyngfelt [45 and 46] and Professor

Adénez [47] in their keynote lectures at the “1*

international conference on chemical looping”.
Table 2.1, is summarizing the most important characteristics of the materials. Ni- based materials
are the more reactive and having high oxygen transport capability, but at the same time those
ones which cannot give full conversion of the fuel, maximum 99-99.5% with methane because of
thermodynamic restriction. Ni-based OCs are the more expensive and also the more harmful, but
there is a lot of large-scale experience because of the importance of Ni in catalysis. Cu- based
materials have a high reactivity and

Fe Mn Cu Ni )
can reach full methane conversion.

Oxygen transport capability (Rg) - - + )
X They have both the reactions
Reactivity with CH, - + + + ) ]
exothermic; also the reduction
Purity CO - . . . .
YR * + + reaction is slightly exothermic,
Melti int - . .
g pom + * + leading to a more uniform heat
Cost - .. .
o + + distribution between the reactors. It
Health and environment + + + -

has the drawback of having lower

“Significantly higher reactivity with CO and H,. melting temperature compared to the

Table 2.1: Summary of the most important characteristics . . .
other materials. In addition it should
of different oxygen carrier materials [47].

be mentioned that some Mn- and Cu-
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based oxygen carriers have the property to release gaseous oxygen at high temperature. This
means that the released oxygen will react directly with the fuel giving better combustion, which
is especially important in the case of solid fuels. Ideally the need of a carbon stripper step
separating the unreacted char particles from the OC may be avoided, thus avoiding the char going
from FR to AR. This phenomenon has been called the CLOU effect, chemical looping with
oxygen uncoupling [48].

Some experimental studies have been performed to evaluate the OC behaviour under
pressurization. Garcia-Labiano et al. [49] and Abad et al. [50] assessed by thermogravimetric
analysis that pressurization had a negative effect on the reaction rate for all the materials (Cu-,
Fe- and Ni- based) tested. CO and H, were used as fuels. They speculate that it may be a
consequence of changes in the internal structure of OC at high pressures. Siriwardane et al. [51]
tested under pressure a packed bed of Ni- based material. In this case, there was a performance
improvement with a significant reduction of the time required for conversion. Ortiz et al. [52]
tested a Ni- based material under chemical looping reforming conditions, semicontinuously in a
fluidized bed. Tests were done for different reaction temperatures and OC to fuel molar ratios,
without giving negative effects when it comes to the distribution of the process gas product. Xiao
et al. [53] studied coal combustion and found an improvement of the reduction reaction of their
iron ore based material, both with respect to fuel conversion and OC reduction rate. This was the
consequence of an improvement of the gasification rate of the coal as first step which led to the
combustion reaction rate improvement accordingly. The performance peak is at about Sbar, while
it is worsening going higher in pressure.

Summarizing, on one hand the pressure effects are very much depending on several case
specific factors like the type of oxygen carrier, fuel and pressure range. This means that specific
tests need to be carried on the selected material at the same pressure the reactor will be operated.
On the other hand it is possible to conclude that it will have important consequences from a
reactor system point of view. In fact, x times higher pressure brings about x times higher density
of gas, in case of ideal gas assumption. This means that, keeping the same thermal load, the
volume flow of gas available to fluidize the reactors will be x times smaller, while the mass of
reactants in the reactors will be the same. So the challenge is to provide the same amount of
solids exchange between the reactors in order to accomplish the reactions with just 1/x of the

volumetric gas flow available. In fact, in many fluidized bed systems the volumetric gas available
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is also utilized to control the solids exchange, as partially done in the design presented in this
thesis. In this way, it will not be possible to simply keep the same design as the atmospheric case
and just increase x times the mass flows of gases to have the same volumetric flow as before,
thus the same gas velocities. This will most likely provide the same solids exchange as in the
atmospheric case, but the solids capacity of transporting and releasing oxygen, as we have seen,
will not be enough to react with the higher amount of fuel because the oxygen carrier
performance does not necessary improve for high pressures. The issues highlighted in this
paragraph need to be kept in mind while designing chemical looping processes for pressurized

applications.

2.6. Chemical looping fluidized bed reactor systems

Fluidized beds systems have been applied for decades in a wide range of industrial
processes [38], from combustion or gasification of solid fuels [54 and 55] to hydrocarbon
cracking with more than 400 units in operation worldwide [56]. They operate continuously,
provide a homogeneous temperature inside the reactors and tolerate a wide spectrum of PSD. In
addition some of those deal with complex processes consisting of two reactions taking place
simultaneously. The FCC is a good example; one reactor is cracking endothermically heavy
hydrocarbons by means of catalytic metallic particles used also as heat carrier, while the other
reactor regenerates the metallic particles from carbon deposition and produces the heat required
by the process. The usage of fluidized beds systems is, for the time being, the best option for the
industrial development of chemical looping technologies.

Above 4000h of operational experience for CLC have been achieved all over the world,
utilizing different fuels, oxygen carriers and fluidized bed systems. More than 700 materials
based on Ni, Co, Fe, Cu and Mn have been used in several facilities with a thermal load in the
range of 0.3 and 140kW. This proved that almost 100% conversion can be reached together with
100% of CO, capture as summarized by Prof. Anders Lyngfelt in a wide overview [46]. Looking
at those CLC setups it is possible to notice how the reactors design has evolved. The main
objective of the first CLC reactors, such as the 10 kWy, units, developed at Chalmers University
of Technology [57] and at the Instituto de Carboquimica - CSIC [58] was to demonstrate the

feasibility of this technology and it was done with natural gas. After this first step, research
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started to be focused towards the solution of other more specific problems. The 10kWy, prototype
built and operated by IFP Energies nouvelles and Total, has among its main objectives a good
control of the solids flow exchanged between the reactors. This is realized by means of bottom
extraction/lifts utilized to exchange the solids among air and fuel reactors, both bubbling beds
[59]. A second 10kWy, reactor has been built and operated at Chalmers University of Technology
to utilize solid fuel: petroleum coke and bituminous coal. The solid fuel CLC concept was proved
and the separation of unreacted coal particles from the oxygen carrier was addressed by means of
a carbon stripper after the bubbling bed FR [28]. The 10kWy, reactor of Southeast University
tested coal and biomass as fuel, having a spouted bed as FR [60]. The Alstom 15kWy, prototype
has a high integrated design which utilizes loop-seals with double exits to be capable to re-
circulate part of the solids back to the reactor of origin, reaching 99% of methane conversion with
Ni based oxygen carrier [45]. The Korean institute of energy research (KIER) had an earlier
50kWy, prototype with a bubbling bed FR connected to the circulating fluidized bed (CFB) AR
with a slide valve [61]. Recently KIER presented a new design with the same thermal load; here
both the reactors are bubbling beds and act as well as loop-seal because the downcomers are
immersed in the beds. The aim of this setup is to be pressurized up to 6 bar [62]. Other small
sized setups exist like the Chalmers 300W [40] and the Instituto de Carboquimica - CSIC [41]
500W ones. Those are usually utilized to validate, with continuous reduction/oxidation operation,
the performance of the OCs resulted more promising during the batch-wise tests (Section 2.5).
The 120/140kWy, reactor system of Vienna University of Technology [42, 44 and 63] is
the experimental set up which reached, for the time being, the biggest thermal load and addressed
the most scale-up issues. It is compact, because it utilizes a turbulent circulating fluidized bed as
FR instead of a bubbling bed. Bubbling beds require big dimensions and inventory to go up in
scale, in this way the gas velocities can be low and gas slip is avoided. This design, shown in
Figure 2.8 a), has proven to be intrinsically stable from hydrodynamic point of view. The bottom
loop-seal creates a hydraulic link between the two reactors, therefore a variation of solids
entrainment from the AR is automatically compensated by the mass, thus weight, accumulating
in the FR which pushes as a consequence more or less solids back to the AR. This design has
proven to be capable to reach high solids exchange and to control the solids circulation, while at
the same time the FR operation can be tuned to optimize the fuel conversion utilizing the FR

internal re-circulation. This flexibility, including part load, is fundamental to integrate the reactor
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system into a power cycle [63]. In addition this setup was also used as auto-thermal reformer,
reducing the solids, thus oxygen, exchange [25]. The compactness, stability and flexibility of this
configuration are a milestone for the chemical loping reactor system development and scalability.
In fact, as an example, it is currently used as basis to develop a FR capable to combust solid fuels
by means of some FR modifications, Figure 2.8 b). The FR is divided into several vertical
sections after cross section reductions and its fluidization velocity is reduced, this implies
counter-current flow inside the reactor body as well as high particles density for each of the
above-mentioned vertical sections [64]. In addition also an up-scaling of the original design, for
gaseous fuels, up to I0MWy, demonstration plant is ongoing. The project has been presented and

a scaled model without chemical reactions is under construction to validate it [65].
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Figure 2.8: Principle setup of the dual circulating fluidized bed reactor system of Vienna University of
Technology [63] a). On the right, b), a zoom is shown of the fuel reactor body after internals were added.

Qualitative pressure drop, pressure gradient and solids volume fraction are illustrated [64].

As mentioned in the chemical looping processes Section 2.3, pressurization has a primary
importance. It is essential to make the chemical looping combustion and reforming of gaseous
fuels competitive. Up to now, no experimental fluidized beds reactor systems for pressurized

chemical looping processes have been built and operated successfully. Just batch-wise tests were
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done under pressurization; Section 2.5 provided a short overview of the results which have
shown to be case specific, anyhow big kinetics improvement should not be expected. When it
comes to the reactor system, just few authors tried to address the challenges that can be expected.
In fact, pressurized circulating fluidized bed is not a mature technology; there were a lot of
research activities going on early nineties which led to construction of some pilot plants in order
to integrate coal combustion with gas turbines [66]. Their problematic performance together with
the higher efficiency of supercritical steam boilers, reduced rather much the interest for that
technology. One of the main concerns related to pressurized CFBs, was the low availability of the
plant both because of the higher incidence of breakages due to complexity and longer procedure
to shut down and depressurize the system in order to do maintenance [67]. Few are the studies
about how the pressure increase will affect the solids flow patterns inside the reactor body.
According to Richtberg et al. [68] it will actually lead to a more homogenous axial and radial
solids distribution. While the gases will increase their density linearly with the pressure, the
particles concentration in the reactors and their oxygen uptake will not change so much. In
addition the chemical looping processes consist of two reactors whose difference in pressure may
create a challenge to the overall reactor system operability. At pressurized conditions the pressure
unbalance will be amplified, making bigger the challenges faced at atmospheric conditions, like
those ones described in the thesis (Paper II, III and IV). All these facts do not make the
atmospheric CLC designs directly utilizable under pressurized conditions, but a re-engineering is
required.

The research groups previously mentioned as well as other ones are increasing their effort
in chemical looping combustion, presenting new reactor systems and configurations. Many of
them have focus on coal combustion [69 and 70] as well as liquid fuels [69], gasification [17] and
hydrogen production [71]. Some of them combine, for gasification and H, production purposes,
the chemical looping process based on metallic oxygen carriers either with their capability of
having more than two oxidation levels or with the CO, capture capability of limestone typical of
post-combustion carbonation/calcination loops [17, 71 and 72]. There are also other ongoing
industrial projects aiming to go up in scale, reaching the MW size, like Alberta Innovates-
Technology Futures [73], Bertsch Energy together with Vienna University of Technology [65
and 74], Total together with IFP Energies nouvelles [75] and Alstom [76]. The latter is now

commissioning a 1 MWy, coal-based setup at the Darmstadt University of Technology [77] as
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well as a 3 MWy, limestone unit. The calcium is used instead of the metallic OC because of its
capability of reacting with CO; and O, thus carrying them. Ca and CaS give CaCOs and CaSOy,

respectively, with the exothermic reactions.
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3. 150kWy, chemical looping reactor system design and cold flow model validation

Several experimental setups worldwide have successfully proven the lab-scale feasibility
of atmospheric chemical looping combustion (CLC). The aim, at this stage, is to bring the
chemical looping combustion stepwise towards commercialization being capable to develop
configurations suitable for industrial applications. At the same time, processes with a higher
degree of complexity are under development for hydrogen production, liquid and solid fuels
combustion, gasification as well as pressurized applications for combined cycles. The majority of
the ongoing studies, existing setups and up-scaling plans, are based on fluidized bed systems,
with special focus both on oxygen carriers and reactor system development.

The overview provided in the previous Chapter represents the chemical looping state-of-
the-art where this thesis is put into a context. The aim here is to develop a reactor system design
which can be at the same time hydrodynamically flexible and robust, in a way that can manage
high fuel conversion and good off-design performance while fulfilling the system downstream
requirements. Considering that such kind of fluidized bed processes cannot be scaled linearly [78,

79 and 80], also a step forward with respect to reactor size is aimed.

3.1. Preliminary reactor system design.

A small-scale cold flow model (CFM) was built by SINTEF Energy and Research in
order to verify the hydrodynamics of a proposed CLC design with 100kW of thermal load. A
drawing and a picture of the Lexan® model are shown respectively in Figure 3.1 a) and b). The
air reactor (AR) was made of a wider bottom section and an upper riser with smaller cross
section. The fuel reactor (FR) was a bubbling bed in order to get lower superficial gas velocities
because of the slower oxygen carrier (OC) reduction kinetics. This was the same design
architecture of the first successful chemical looping combustion setup, the Chalmers University
of Technology 10kWy, [57], but linearly’ extended at a larger size. The utilized particles were
based on polystyrene having a density of about 1050 kg'm™ and a mass median diameter, dso, of
140 um; they belong to the Geldart group A. The CFM design was meant to be a smaller scale of

the hot setup, without following any specific scaling strategy.

? Linear scaling refers to the same design architecture re-proposition at a bigger size. It does not mean that the 10
kWy, prototype dimensions or design solutions have been taken and linearly increased by a scale of 10 up to 100
kWi,
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Figure 3.1: Drawing a) and picture b) of the cold flow model (CFM) utilized to validate the hydrodynamics of

a preliminary design of the chemical looping combustion reactor system object of the presented work.

Many of the preliminary design solutions are not suitable for industrial applications. For
example the usage of perforated plates instead of nozzles may determine uneven fluidization and
increase the back-sifting risk. In addition the selected seal pots and especially their return legs are
not capable to circulate and control high solids flows e.g. they have a too small cross section and
too long horizontal extension, which does not allow operational flexibility. The cyclone, a
conventional air cleaning one, is not capable to handle high AR solids entrainment and the inlet
duct is too long which implies the formation of particles dunes. In addition the FR will need a
filter system or a cyclone to collect the elutriated fines.

A preliminary test campaign with this device was done facing many challenges. A
thorough analysis of all those challenges was carried on, component by component, together with

a deep analysis of the chemical looping and fluidization literature to understand the experienced
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phenomena and the chemical looping technologies needs. It was concluded to radically modify

the single components and the reactor system architecture as well as the adopted scaling strategy.

3.2. Double loop circulating fluidized bed (DLCFB) reactor system.

The proposed design architecture is based on two circulating fluidized beds
interconnected by means of pneumatically controlled divided loop-seals and bottom
extraction/lift, Figure 3.2. It is compact compared to the existing chemical looping setups and
many design solutions are taken from industry. One of the most promising Manganese-based
oxygen carriers developed by SINTEF Materials and Chemistry was utilized as design basis for
the presented design. An example of its oxidation-reduction curves has already been shown in
Section 2.5, Figure 2.7 [43]. The design is sized to be used with gaseous fuel and work as steam
boiler; methane in the specific case. Anyhow such kind of architecture is meant to be flexible
with respect to OCs and to be extrapolated to other chemical looping applications. The thermal
load, 150kW, was chosen to go higher in size compare to the state of the art at the project start
up. The reactor system is meant to be cooled by means of the insertion of protruding cooling
panels in the AR body and eventually also in the FR. The double loop circulating fluidized bed
(DLCFB) design features are described in Paper I [81]. Figure 3.2 shows that both the air reactor
and the fuel reactor are circulating fluidized beds (CFB), capable to work in the fast fluidization
regime in order to increase the gas solids contact along the whole reactor body. High operational
flexibility is aimed at utilizing the above-mentioned divided loop-seals and bottom extraction/lift.

Both the air and fuel reactor divided loop-seals (ARLS and FRLS) are fluidized by means
of three bubble caps (central, external and internal) to exert a control over the solids direction. In
this way it will be possible to re-circulate back to the reactor of origin part of the solids each
reactor is entraining. In addition, there is a lateral injection in the downcomer to avoid particle
de-fluidization; deep Geldart A particles beds are more exposed to the risk of partial
defluidization and consequent gas bypassing. The above-mentioned divided loop-seal details are
shown in Figure 3.2, where an example of air reactor loop-seal operation is presented. The AR
loop-seal is there circulating solids just through the external return leg without any internal re-

circulation of solids; in this specific case the internal return leg is not in use'’. In the loop-seal

1% The term return leg “not in use”, is not referred to a specific loop-seal return leg, but to that one, if any, of each
loop-seal return legs which is not utilized during a specific test. This happen whenever a loop-seal is utilized to
circulate the solids 100% on one side (Figure 3.2), the return leg facing the other side is “not in use”.
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zoom is also highlighted the overflow height of the recycle chamber which has shown to have a
big impact on the maximum pressure achievable in the bottom section of the loop-seal (Chapter
4). The lift is utilized to shift mass from the reactor with less entrainment capability, the FR, to
the other one, AR. In fact in the hot process the volumetric flow of gas available to fluidize the
FR is less than that one available for the AR, so the FR was designed with a smaller cross section
in order to have superficial gas velocities capable to give fast fluidization regime. The less gas
available and the smaller cross section make the FR entraining less solids compare to the AR. In
this way, the lift allows fulfilling the overall mass balance requirements maintaining steady-state
operation and allows controlling the inventory, thus bottom pressure, inside the reactors. The
latter is very important to fulfil the reactor system pressure balance and to not expose the divided
loop-seals to high pressure unbalances. Further solids entrainment control is exerted by means of
the availability of three gas injection points each reactor, primary, secondary one and secondary
two, highlighted in Figure 3.2.

These features should allow running with different fuels and oxygen carriers as well as
different operating conditions such as variation in air excess, complying with the downstream
requirements. Compactness is also a major goal in order to reduce the required solids inventory
and possibly to enclose the reactor body into a pressurized vessel (highlighted in Figure 3.6, b) to
investigate the chemical looping combustion under pressurized conditions.

All the main actions and decisions undertaken along the design path have been
summarized in Paper I. First, input parameters needed to be established according to the project
requirements and resources available. Mass and heat balances, design and hydrodynamic
calculations were performed. All the missing parameters were assessed iteratively in order to
achieve a reactor with the above-mentioned characteristics. A key step of the design procedure
has been the hydrodynamic validation; it is necessary before constructing any hot setup in order
to tackle eventual shortcomings and find the best operational window. According to the chosen
strategy, first a preliminary evaluation was done of the fluidization regime, both by means of
comparison to similar cases in the published literature and by means of the empirical Grace
classification [82]. J.R. Grace developed an empirical diagram where it is possible to have an
understanding whether the selected superficial gas velocity and particles are giving the desired
reactor fluidization regime. Afterwards, the proposed design hydrodynamics have been validated

by means of the construction of a scaled polycarbonate model, whose scaling strategy is
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described in the upcoming Section 3.3. The cold flow model construction, commissioning and
deep test campaign are described in the thesis, being the core of the work.

Another option could have been the 150kWy, design validation by means of mathematical
modelling. Anyhow, the scientific community still does not feel confident of using modelling
alone, to scale up a new process [55 and 79]. The existing mathematical models can be roughly
divided into two categories, the empirical models and the computational fluid dynamics (CFD)
models. The empirical models are more engineering oriented and they utilize experimental results
by means of data fitting in order to overcome the discrepancies between theory and real reactors
performance [55]. The CFD tries to keep into account all the physical correlations down to
micro-scale phenomena. It is acknowledged to have a great potential, but still it is not considered
reliable as the basis for construction of an experimental fluidized bed-type setup [79].

Anyhow, some attempts were done to investigate more thoroughly the reactors
hydrodynamics by means of simulations. This was done in an early stage before the construction
of the cold flow model in order to preliminarily verify the feasibility of the required values of
solids entrainment and reactors exit concentration. It was also possible to carry out evaluations of
the particles concentration along the reactors height and estimate the mass of particles present in
the AR and FR. The simulations were performed just for the reactor bodies without developing a
model for the whole reactor system.

Several design solutions are innovative, like the bottom extraction, the pneumatically
controlled divided loop-seals, the three injection points in the reactors and the heavy loaded
cyclones which adopt more than one specific solution e.g. sharp inlet duct cross section
restriction, eccentric and diverging vortex finder. For this reason, it is not possible to find in
published literature mathematical models or correlations describing exactly those features. The
development of a mathematical model including those solutions would have cost a big effort and,
at the same time, it is not sure that it would have predicted with sufficient accuracy the hot rig
performance.

For the above-mentioned reasons the Levenspiel [83] “$10 approach” was followed: it
means that to predict/interpret such complex phenomena it is worth to start always with the
simplest model and then adding complexity on it according to the requirements. Some reactors
hydrodynamic studies were done relying on the models of Kunii-Levenspiel [84 and 85], Adanez

et al. [86], Davison [87] and Pallares et al. [88]. All those models are based on the solids
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concentration exponential decay. The missing parameters which are necessary to describe the
concentration decay were “borrowed” from literature cases; anyhow none of those was precisely
fulfilling the reactor specific features. In addition the same job was done by means of the
commercial software Ergun [89] which utilizes the empirical flow pattern models of Berruti [90]
and Horio [91].

Figure 3.3 shows the pressure profiles obtained with the latter models, directly validated
with the experimental results measured after the CFM commissioning. The presented test is a
design case'' with air and fuel reactor operated separately. The inventories and superficial gas
velocities were respectively 45kg and 1.9 m's™ for the AR and 50kg and 2.2 m's™ for the FR. It is
possible to see that the two empirical models can tackle the reactor behaviour from order of
magnitude and trend point of view, but there are big discrepancies especially in the bottom
section, which has fundamental importance in order to understand the pressure unbalance faced
by the two divided loop-seals return legs. This figure is interesting to show how it may be
misleading to rely just on such kind of models for complex fluidized bed reactor system design.

In addition those tests were done with separated reactors, considerably reducing the possible

inputs and interdependencies.
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Figure 3.3: The solid lines show the reactors pressure measurements for design case separate operation. The
two dotted lines represent the simulations results obtained with the Berruti [90] and Horio [91] empirical

models. With a) and b) are labelled respectively the air and fuel reactor.

" The design test cases presented in Figure 3.3 are the same presented in Paper I for the reactors separate operation.

36



It was concluded necessary to validate the design hydrodynamics by means of a cold flow
model. Anyhow, such kind of modelling has big importance in a second phase when the
experimental setup already exists and works, to describe its behaviour and interpret the physics

behind it.

3.3. Cold flow model scaling strategy and design

The hydrodynamic validation is a key step in order to finalize the proposed design. In
fluidization engineering this is usually done by means of the construction of a scaled model of the
actual reactor system, without chemical reactions: cold flow model. A successful cold flow
modelling validation with deep understanding of hydrodynamics is necessary before moving
further on and constructing a hot rig. The scaling strategy adopted to design the CFM of the
presented reactor system is thoroughly addressed in Paper III; it tries to combine two existing
scaling approaches.

The first scaling strategy is more academic and consists of building a small scale
atmospheric copy of the hot reactor system keeping constant a set of dimensionless numbers
derived by non-dimensionalizing the equations of motion for particles and fluid. The most known
sets of scaling relationships are that of Glicksman, full [92] and simplified sets [93]. This strategy
has several limitations, like the risk of ending up into a fluidization regime different from that
one under investigation and the utilization of particles belonging to a different Geldart group
(Figure 2.5), with different fluidization properties. In addition, the inter-particle forces are not
considered. Often it is not even possible to achieve a full match of the dimensionless numbers,
because of practical limitations.

The other approach consists of building a full-scale CFM, keeping the same particles size
and density as would be the case with chemical reactions and high temperatures. This is common
approach within the industrial world. In this way the difference in surface to volume ratio
between the CFM and the hot setup will be reduced, thus the wall effect. A larger model leads to
a smaller surface to volume ratio reducing the wall friction effects, which play a big role in the
hydrodynamics of fluidized bed systems. In fact, it is proven that over a certain reactor diameter

size, the rate of change of hydrodynamic parameters as function of the reactor diameter reduces
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its value levelling off to an almost

constant value (Figure 3.4). This means

Group B that  for  bigger  reactor  sizes,

L . . .
E- hydrodynamic parameters, like the solids

E . .

&'E Group A hold up, will change less and in an almost

/‘ linear way with the reactor diameter [79].
| Summarizing, the scaling strategy
Dt D2 of the current work tried to combine the

Diameter

above-mentioned two approaches. On one
Figure 3.4. Hydrodynamic parameter variation (e.g.

bubble size, solids hold-up) as function of the reactor hand the model is built at full-scale,

diameter, for different particles groups [79]. having the same dimension as the

150kWy, reactor system; this helps trouble
shooting the actual hot rig, developing process control methodologies and understanding the
sensitivity of the reactor system to several design and operational parameters. Ideally the particle
size distribution (PSD) and density, pp, are kept the same as the hot rig, but it was not possible in
the case under investigation because the cyclone designs have been frozen for finer PSD, thus
smaller superficial gas velocities. Anyhow the particles were selected belonging to the same
Geldart group A (shown in Figure 2.5, the upper blue points represent the two sets of particles
utilized in the CFM and the lower red point represents the hot rig particles) and also the
fluidization regime of the reactors was the same according to the Grace [82] empirical
classification. On the other hand the superficial gas velocity, the particle size and density were
selected in order to fulfil the simplified Glicksman criteria of similarity with an industrial
application/prototype plant of about 15SMW thermal load. The cyclones were sized according to
those values, so that a radical change in gas velocity and particles determines the need of cyclone
re-design. In this way the CFM can be also used to resemble the hydrodynamics of a reactor
system about 10 times bigger.
Concluding the hot 150kWy, rig, once built, can be utilized as a process development unit
(PDU) for the industrial application/prototype plant in order to address some industrial concerns.
This means that in this way the cold and hot models can provide together a solid basis to scale up
the proposed design. Figure 3.5 is summarizing the scaling strategy highlighting the reasons

behind each connection.
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Industrial Application/Prototype plant

Address industrial concerns:

» Start-up & shutdown procedures,

» Long period operation and
equipment reliability

 Particles attrition

O 2
Full scale CFM | 1nmmsmp> | Hot Rig/PDU

ds~100pm
P,~2000kg/m?3

Resemble ind. app. Hydrodynamics:

» Residence time studies (solids & gases)

*» Pressure/particles concentration profile

 Solids exchange

+ Gas bypassing dyo~34pm
P,~7000kg/m?

Trouble shooting, operating guidelines & operators training

Process control methodologies

Reliable ways to predict the gas/solid behaviour

Operational sensitivity to the design (system & components) and PSD

Figure 3.5: Schema summarizing the correlations between the cold flow model (CFM), the large-scale

industrial application/prototype plant and the 150kW4, hot rig/ process development unit (PDU).

The full-scale cold flow model was built according to the design presented in Paper I and
according to the scaling strategy summarized in this section and carefully addressed in Paper III.
The setup is shown in Figure 3.6, a) with a picture and b) with the computer aided design (CAD)
drawing. Both the reactors have 5 m height and a diameter of 0.230 and 0.144 m, respectively for
the air and fuel reactor. The downcomers, return legs and the bottom extraction/lift have the same
size of 0.102 m. The fluidizing air is injected in 16 independent injection points highlighted in
Figure 3.2 and controlled by means of Brooks” Smart Mass Flow Controllers, model 5853. Those
provide the injected air flow in Normal conditions which correspond to atmospheric pressure and
0°C, for this reason also the temperature of the injected air is measured in order to derive each
time the actual air flow. A filter box located on a scale in the basement below the rig is utilized to
collect and quantify the particle losses on-line. This allows keeping track of the total solids
inventory (TSI) which needs to be systematically refilled in order to do not affect the system
performance, as shown in Paper II. It also allows making an evaluation of the cyclones
performance, by means of rough collection efficiency estimations. In addition, a frequency

controlled fan in the filter box is utilized together with two flap valves located downstream each
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cyclone to set the required backpressure, usually kept equal to zero. The pressure is monitored
on-line by means of 32 differential pressure transmitters. Those are Fuji FCX-AII having an
accuracy of £0.065% of the calibrated span (320mbar). The conventional location of the pressure
transmitters is shown in Figure 3.2. Plastic hoses connect the transmitters to the taps on the
reactor system walls; they are inclined downwards and periodically flushed with air in order to
avoid particles back-flow, this have shown to affect the pressure measurements in several
circumstances, giving values higher than the actual ones. The air and fuel reactor transmitters are
differential: the air reactor ones are referenced to the AR exit pressure P10, while this is
referenced to the atmospheric pressure. The FR pressure transmitters are referenced to P23,
which is referenced to the atmospheric pressure. This way of measuring the static pressure is
expected to better buffer the impact of hydrodynamic perturbations propagating through the

reactor bodies.

3.4. Health safety and environmental evaluation of the cold flow model, with focus on the utilized
particles.

Once the reactor system has been designed, an important task before starting with the
CFM test campaigns was to assess the health, safety and environmental risks (HSE). Main HSE
focus has been on the air quality and dust explosion risk; both are consequences of the fine
particles utilized.

The adopted scaling strategy guided towards particles with a mass median diameter, ds,
of about 25 pum and density of about 7000 kg-m™. Such high density can be achieved with a metal
which has also the advantage of reducing the static electricity usually generated in cold flow
models. A Fe-Si alloy with about 80% Iron was chosen. It was not possible to find in open
literature circulating fluidized beds utilizing such fine and heavy particles in order to gain
knowledge about their behaviour and benchmark the results of the experimental campaign, but
just some fluidization studies which labelled it as high density Geldart A [94]. This combination
of density and PSD in first instance was not found, so the adopted particles size was bigger
compared to the above-mentioned 25 pm. Atomized Ferrosilicon powder with a dso of 34 pm was
utilized; it is produced by the company DMS Powders [95]. PSD is shown in Figure 3.7 and

about ten percent of it is below 10 pm. On one hand, during operation the powder may fraction
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and get even finer. This has to be kept in mind for HSE reasons as long as fines are the easier to
lose through the cyclones and will concentrate in the filter box. On the other hand this process of
fines losses will imply bigger PSD inside the reactor system as shown in Paper IV. The samples
to measure the PSD were taken according to the American Society for Testing and Materials
(ASTM) standards B 215 [96] and measured by means of a laser diffraction particle size analyzer
Beckman Coulter LS230 [97] which provides a volume based PSD. Figure 3.8 is a picture taken
with the scanning electron microscope (SEM); it shows the rounded irregular shape of the
particles. The particles sphericity, ¢, was estimated to be about 0.75, relying on two-dimensional

studies performed on the same DMS Powders particles by de Vos et al. [94].
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Figure 3.7: Particle Size Distribution (PSD) Figure 3.8: Image of the Fe-Si sample (unsieved), taken in a
of the Fe-Si Powder used in the Cold Flow scanning electron microscope (SEM).

Model (CFM) experiments (without any

sieving to obtain the design PSD).

The calculated minimum fluidization velocity, umns, and terminal velocity, u;, are
respectively 0.0014 m-s™ and 0.11 ms™ for the particles having a dsp of 25 um. The 34 pm ones
have higher values of un and u; respectively equal to 0.0026 m's™ and 0.19 m's™. The presented
values have been calculated by means of empirical correlations [80]. This shows how finer
particles are easier to fluidize. In fact the fluidization onset achievement requires smaller
velocity, ume. Also the particles shape irregularity plays a role: lower sphericity implies a smaller

unr because the particles are easier to fluidize and a smaller u; because of the bigger drag.
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The PSD influence on the circulating fluidized beds (CFB) solids entrainment has been
confirmed by experimental studies. Mastellone et al. [98] had a clear increase of solids
entrainment with finer particles. The same study evaluated also the influence of the particles
density showing how high density particles determine higher solids concentration in
correspondence of the reactor bottom section; this is consistent with the high bottom densities
experienced for the high density Geldart A particles utilized in the present work. Basu et al. [99]
in addition to the entrainment increase, showed how a finer PSD determines higher pressure in
correspondence of the loop-seal bottom section; this fact will improve the divided loop-seal
stability with respect to pressure unbalances.

Considering the air quality, studies were done to evaluate continuously the particle
concentration in several points at the experimental setup [100]. Measurements were done together
with the NTNU Panel for Mineral Production and Health, Safety and Environment by means of a
light-scattering laser photometer that provides real-time aerosol mass readings: DustTrak™” DRX
Aerosol Monitor, model 8533 [101]. The sampling points were located where usually the
operators are, during a period corresponding to a full working day. Each of the measured
concentrations was utilized together with the chemical composition of the Fe-Si alloy to be
compared with the substance exposure limits. The measured concentrations of particles from
PMI up to PM10'* showed a risk classified as low. The average particles concentration was
about one tenth of the Norwegian occupational exposure limit (OEL) [102], which is equal to one
fourth of the value provided by the manufacturer in the safety data sheet, 10 mg:m™~, which
means 2.5 mg'm”. The concentration measured during the procedure of inventory refilling was
higher than that one measured during standard operation, it increased for a period of about 30
minutes reaching pikes from 0.5 mg'm™ of the PM1 up to 0.9 mg'm™~ of the PM10. For this
reason it was decided to install two suction arms that can be placed just above the emission
points, during particle handling. Those are connected directly with a dedicated filter box as long
as the finest particles were not retained, by “conventional” vacuum cleaners utilized in first
instance for this scope.

After a preliminary evaluation of the dust explosion risk it was not possible to exclude the
likelihood that an accident could happen. Fine metallic particles can theoretically oxidise

exothermically reacting with the oxygen present in the air. The finer the PSD is, the bigger the

12 PM10 are all the particles measuring 10 pm or less and PM1 are all the particles measuring 1 um or less.
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surface area for unit of mass is: this means that the particles offer a wider surface to the contact
with O, and the hazard is bigger. The free energy of formation of the Iron oxides and Silicon
oxides is negative therefore the oxidation reaction is spontaneous from a thermodynamically
point of view. The particles and oxidant are for sure well mixed in the reactor system; the particle
concentration may be too high to be explosive. Anyhow, the different particles/oxidant
combinations within the reactor are many, depending on the fluidization regime under testing.
This means that the explosible concentration range is likely to be achieved. In addition, it
happens in a confined environment, the reactor system, so that it may determine a smaller
primary explosion. The blast wave of the primary explosion can for example entrain the particles
lying on the floor around the reactor, disperse and ignite the larger quantity of dust into a
dramatic secondary explosion. The static electricity generated due to the contact between
particles and reactor body is partially reduced using metallic particles and reactor system metallic
components connected with some copper wires to the ground. Some static electricity is still
present. The finest particles stick to the walls of polycarbonate and sometimes electric sparks are
generated. Those sparks provide the potential ignition source to dust explosions [103-106]. For
those reasons a particle sample was sieved, to have a finer size approaching the original dso
requirements slightly above 20 pm. This was sent to the company GexCon AS, which performed
an explosibility test trying to ignite the sample according to the Association of German Engineers
(VDI) standard procedure [107]. The powder was found not explosive.

Both the air quality and the dust explosion risk have been carefully evaluated and
excluded. Those issues are a direct consequence of the fineness of the PSD adopted together with
the large size of the experimental setup. This implies the usage of large amounts of fine particles

(hundreds of kg) with all the difficulties to handle it safely.

3.5. Cold flow model commissioning

The operational and measurement procedures definition has been the first commissioning
step. In this paragraph some of the most important procedures are listed. Safe start-up and shut
down procedures were defined as well as the way to systematically collect, quantify and refill the
mass losses in order to keep the total solids inventory constant and do not affect the reactor
system performance. It was defined how to take reliable direct measurements of entrained solids

flux and how to place and flush the pressure transmitters in order to avoid dust plugging. Those
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issues have been continuously updated during the whole test campaign period. In this way it has
been possible to improve the procedures both to better accomplish the demanded tasks and to fit
to the changes in design or operation.

Before operation, the nozzles design was verified with empty reactor computing their
pressure loss. The mass inventory was quantified in two ways. One way was to measure the
solids level in the reactor system when it was shut down, thus calculating the volume occupied by
the particles. The density of a packed bed of particles was evaluated separately, just putting the
particles into a known volume and weighting it, obtaining about 4000 kg'm~. The other way
consists of deriving the mass present inside the reactors during operation by pressure
measurements [108]. It is called active mass because it is that one actively participating at the
reactions in the hot case vs. the parasitic which is that one in the downcomers, loop-seals, and
lift. The solids flow/flux measurement techniques reliability was object of studies as well. The
conventional direct technique consists of measuring the height of the column of particles
accumulated in the downcomer after a sharp loop-seal fluidization shut down. An indirect
technique was also tested, it consists of closing a perforated flap valve placed in the downcomer
[109]. In this way, the gas coming from below fluidizes the amount of powder which
accumulates on the flap-valve, once closed. The entrained solids flux value is proportional to the
gradient of the pressure drop measured across the flap valve/fluidized bed as function of the time.
This is true if minimum fluidization conditions are achieved for the particles above the flap valve.
Several tests were done to understand the reliability of the solids flow/flux measurements
together with a simplified error assessment [110]. These operations have been described in Paper
II.

The air reactor and fuel reactor were then operated separately monitoring their
entrainment capabilities and pressure/particles distribution (Paper I). They were isolated from
each other by means of a rubber seals in the interconnection pipes; the cold flow model pipes
have five flanges where it is possible to insert the rubber seals whether required (Figure 3.2). Air
and fuel reactors were tested for different inventories, exit' superficial gas velocities and
primary/secondary air injection combinations. Also the divided loop-seal performance was

studied thoroughly (Paper II), to understand the best way of operating it with respect to solids

'3 Superficial gas velocity at the reactor exit; in this way the superficial gas velocity value depends neither on the
primary/secondary air combination nor on the reactor geometry which has constant diameter at the exit. All the
reactor superficial gas velocities in the thesis refer to the exit velocity unless specified otherwise.
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flow/flux circulation increase. During the separate operation just the internal return leg was
utilized being the loop-seal fluidized with the central and internal bubble cap nozzles (loop-seal
described in Section 3.2, Figure 3.2). The lateral air injection was utilized as well, in order to
keep fluidized the particles in the downcomer; this is especially useful in case of high columns of
Geldart A particles. The possible combinations were explored to find the highest solids
circulation together with a stable fluidization regime in the loop-seal, avoiding large pressure
fluctuations and a slugging fluidization regime. It was concluded that the solids circulation
increases with the increase of each of the above-mentioned gas injections. This is true up to a
certain volumetric gas flow injection rate in the central bubble cap nozzle; above this value the
system is not sensitive any more to the gas fluidization and the solids fluctuations get bigger
together with the measured pressure fluctuations. The loop-seal has always been capable to adjust
the pressure in correspondence of its bottom section to the pressure of the reactor in
correspondence of the point where the return leg in use merges. P28 adjusts to (P1+P2)/2 and P30
adjusts to P14 (Figure 3.2), being this the case of internal re-circulation of solids. This means that
the pressure drop across the solids accumulated in the downcomer varied according to the
pressure faced by the return leg in use. This is both a consequence of the amount of solids
accumulated in the downcomer and of the velocity of the gas relative to the solids flowing
downwards. The last one has always to be directed upwards and can be adjusted by tuning the
loop-seal fluidization [99]. The solids circulation upper limit for reactors separate operation was
achieved as consequence of reactors inventory and/or superficial gas velocity increases. The
average downcomer particle level increased with the solids entrainment up to a point where the
accumulated solids were abruptly reducing their level and then increasing it again in a cyclic
manner. This affects the active inventory inside the reactor body and the pressure measured in the
bottom section of the loop-seal increases its fluctuations up to the unusual values of + 25mbar.

In addition, also the insertion of dummy panels was tested (Figure 3.2), they represent the
150kWy, reactor system cooling devices, necessary to fulfill the heat balance. The insertion of
heat transfer surfaces is also utilized in industrial boilers to better control the furnace temperature.
The boilers height usually is not increased above 40m due to economic considerations; this
means that high thermal loads can be handled with the help of cooling panels insertion [111].
Here it is tested how those insertions influence the reactor hydrodynamics testing different

configuration. No big change was experienced looking at the solids entrainment. Figure 3.9
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shows how the particles concentration behaves in the air reactor upper section (4 m) for the
different cooling panels combinations; the set of tests is that one described in Paper II and the
cooling panes location is shown qualitatively in Figure 3.2. The concentration increases in
correspondence of the panels insertion; this happen also for the upper panel, but with a smaller
magnitude. The concentration is directly derived from the pressure measurements neglecting
friction and acceleration, especially because those are located in the upper 4m above the end of
the conical bottom section, where the flow is fully developed. The higher pressure drop being
measured may also depend on the turbulences and friction induced on the flow by the panels
rather than being the consequence of solids concentration increase. Further tests need to be done

in order to measure the local concentration by means of non-isokinetic suction probes [112-114].
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Figure 3.9: Solids concentration in the upper section (upper 4 meters) of the air reactor in correspondence of
four different combinations of the dummy cooling panels insertion. Those are the cases studied and
described inside Paper II [110]. Cases a), b) and c) represent tests done with one cooling panel inserted in the
bottom, middle and upper position of the reactor upper section, while two cooling panels are inserted for the

case d).
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This will help to understand if the pressure increase is effectively determined by a solids
concentration increase. It was not possible to assess it by visual observation, because of finer
particles sticking to the reactor walls due to static electricity and because the phenomenon is not
so big.

Afterwards the rubber seals between air and fuel reactor were removed and the overall
reactor system was tested in coupled operation, with the solids being exchanged among the
reactors through the external loop-seals return legs, fluidized by the external bubble cap nozzles
(as in the AR loop-seal zoom of Figure 3.2). The divided loop-seals also in this case
automatically adjusted their bottom pressure to the pressure of the point where their return leg in
use merges, the external one for these tests. The air reactor loop-seal was adjusting its pressure to
the point of the fuel reactor where its external return leg merges (P28 adjusts to P15, Figure 3.2).
At the same time the fuel reactor loop-seal adjusted its bottom pressure in order to be capable to
be higher than the pressure at the point where its external return leg merges with the air reactor
(P30 adjusts to (P1+P2)/2, Figure 3.2).

The challenge of the system operation has been related to the high pressure unbalance that
the divided loop-seal may experience between its two return legs. This is especially true for the
above-mentioned cases of full solids exchange between the two reactors. It may happen that the
pressure which the return leg not in use faces is higher than the pressure experienced by the
return leg in use. As previously said, the pressure in correspondence of the bottom section of the
loop-seal, has proven to fit to the pressure of the return leg in use, reaching values somehow
higher than this in order to ensure solids circulation. This means that one of the loop-seals may be
exposed, through the return leg not in use, to a pressure higher than the pressure reached at its
bottom section. In this case there is a gas back-flow through the downcomer, which determines a
dramatic loss of particles through the cyclone. For the actual design, this phenomenon usually
happened for the fuel reactor loop-seal where P30 automatically adjusts its value above that one
of (P1+P2)/2, when the fuel reactor exchanges 100% of the entrained solids with the air reactor.
P14 is the pressure experienced by the FR loop-seal internal return leg, when it is not sealed off
by means of the rubber seal insertion, and it can be higher than P30. This is also the consequence
of the internal FR loop-seal return leg merging the very bottom section of the FR and facing P14
where the pressure is the maximum the FR can reach, instead of P15. At the same time the other

loop-seal is operating safely because it faces the high pressure with the return leg in use, so the
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pressure of its bottom section adjusts to it (P15, Figure 3.2) and the low pressure of the return leg
not in use is not creating any problem.

With the actual design, it was possible to operate the reactor system inserting a valve in
the return legs not in use. Seals were introduced, as if it was a cone valve fully closed, and
smooth performance was achieved according to design needs of 2 kg's™ exchange. If no valves
are used, it is required to carefully control the bottom pressures of the reactors and avoid a big
difference between them. Ideally, according to the measured values, a difference of 30 mbar
between the two return points of air and fuel reactor for each loop-seal should not be exceeded to
be sure to operate safely. Those points are located in correspondence of (P1+P2)/2 and P14 for
the FR loop-seal and (P1+P2)/2 and P15 for the AR loop-seal, Figure 3.2. In this way the divided
loop-seal facing a high pressure with the not in use return leg, will not be harmed. The options to
control the bottom pressures without reactor system design modifications are several. For
example the total solids inventory can be reduced, the primary air injection can be reduced or the
secondary air height can be increased'®. Those ways of controlling the bottom pressure impose
limitations to the maximum amount of solids which is possible to circulate. The bottom
extraction/lift usage has proven to be the best operational way to equalize the bottom pressures.

The lift can compensate the higher solids entrainment arriving from the air reactor to the
fuel reactor. In addition it can reduce the FR inventory down to a level where its bottom pressure
is not determining back-flow risks. In fact the internal return leg of the fuel reactor in the actual
design is the critical one because it merges the reactor body in the very bottom (Figure 3.2), thus
encountering the highest pressure. This is obtained utilizing the lift as turbulent bed while it was
previously utilized as bubbling bed just relying on the gravity, to transport the particles from FR
to AR. Its overflow height is too high so it cannot be used as a loop-seal, in that way immobilizes
a high amount of mass and determines a too high pressure in the FR bottom. All those issues are

described in Paper II, Paper IV and partly in Paper III.

'* The secondary air heights presented in Figure 3.2 are those ones utilized for the majority of the tests. Tests were
also performed with the fuel reactor secondary one air injection located at a higher position in the reactor, 0.40 m vs.
the 0.17 m qualitatively shown in the figure.
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3.6. Hydrodynamic validation of chemical looping processes

A good understanding about how to reach stabile operation with the actual design has
been achieved in the commissioning phase, Section 3.5. The share of total solids inventory inside
each reactor body can be controlled by means of the lift fluidization. This means controlling the
pressure in the reactors bottom section, thus the pressure difference between the divided loop-
seals return legs. Once this knowledge was achieved, the targeted design conditions were
reached; their performance was stable and repeatable in terms of solids exchange and fluidization
regimes. Afterwards, the reactor system has been object of an experimental campaign to verify
and to study its hydrodynamics while resembling off-design conditions and other chemical
looping processes conditions. All the results of this experimental campaign have been
summarized in this section and carefully presented in Paper III.

As already mentioned the reactor system at design conditions resembles the
hydrodynamics of an atmospheric boiler utilized for steam production. The example shown in
Figure 3.10, a) shows the general arrangement for a typical circulating fluidized bed boiler [54].
At industrial scale, the CLC reactor system is supposed to replace it, being integrated in the steam
cycle in a similar manner according to the case specific circumstances. The cold flow model was
operated to resemble the steam boiler hydrodynamics at off-design conditions. Attempts were
done to increase the fuel reactor solids concentration, in the upper section. The idea was to
increase the gas particles contact all-over the reactor body having less mass in the bottom section
and more in the upper one; at the same time a big share of the entrained solids was re-circulated
internally to increase the FR solids residence time. This should help to improve the fuel
conversion and more in general to have more options to control the FR fluidization regime
according to the oxygen carrier and the fuel. Part-load conditions were successfully tested;
resembling the hydrodynamics of a hot rig with a fuel input down to about 70% and 50%
compared to the design case. The load was also increased up to an input of about 115% of the
design case.

The last step was to try to address the hydrodynamic viability of other kind of chemical
looping processes: the gas turbine (GT) combustion and the chemical looping reforming. In the
gas turbine case the chemical looping combustion hot rig would go to take the place of the
combustion chamber of a gas turbine, as shown in Figure 3.10, b), being inserted into a

pressurized vessel as already suggested by Xiao et al. [116] and Wolf [117]. Pressurization is
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Figure 3.10: Examples of chemical looping combustion reactor system integration. Figure a), taken from
Basu [54], shows the typical arrangement for a circulating fluidized bed steam boiler. Figure b) shows

the usage of the CLC as a combined cycle gas turbine combustor [115].
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challenging, especially for the system availability and control of two interconnected pressurized
reactors. Looking at the hot process as a whole, two main changes are expected in the GT case: a
higher overall excess air ratio, A, and a high pressure. The first will determine an increase of air
reactor volumetric gas flow keeping constant the FR one. This will also imply a reduction of the
cooling duties in favour of the higher exhaust stream exiting from the AR. The second, as
explained in Section 2.5, determines a gas density increase linearly with the pressure increase,
while the density and most likely the performance of the solids OC will be the same. Keeping the
same design implies that fuel injection increase (as the pressure increase) is required to keep the
same volumetric flow as before. This implies the need of more OC circulation, roughly it
increases linearly with the pressure increase, unless part of the required fuel to keep the same
volumetric gas flow is compensated with CO; re-circulation or the oxygen needs are partially
compensated with O, injection directly in the FR. For the CFM, this means an increase of AR
fluidization and solids entrainment/exchange, while keeping the FR with the same superficial gas
velocity or less and balancing with the bottom extraction. In this way it is possible to explore to
which extent the actual, atmospheric, design can handle the pressurized requirements.

Chemical looping reforming (CLR) resembles the hydrodynamics of a hot rig used to
produce a syngas by supplying less oxidized solids to the FR, less than the stoichiometric
amount. In the CFM tests this was done in two ways; either reducing the AR solids entrainment
or increasing the AR internal re-circulation while reducing the external exchange. Also in this
process, as for the gas turbine case, it would be beneficial to pressurize the reactor system to
increase the net plant efficiency. The availability and control challenges of pressurized processes
are the same as in the chemical looping combustion case. As explained in the last paragraph of
Section 2.5, the OC may not be capable to fulfil the FR oxygen requirements for a full
combustion under pressurized conditions. In fact, the OC performance may be about the same as
the OC performance for the atmospheric combustion or slightly better, while the amount of fuel
injected will need to be increased in order to keep the same volumetric gas flow as in the
atmospheric case. Same volumetric gas flow allows to keep the same fluidization regime in the
reactor without radically changing the reactor system design. This “incomplete combustion” is
beneficial for the reforming reaction, instead of being a challenge as for the pressurized
combustion. It goes towards the process requirements direction; in fact the goal of CLR is a

partial combustion.
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3.7. Procedure to operate the cold flow model according to the hot process requirements.

The procedure followed to operate the cold flow model is presented in this section. The
aim is to have the CFM working both in a stable manner and consistently with the expected hot
process requirements from a qualitative point of view. It is summarized in the flow-sheet of
Figure 3.11 and it was utilized for the cases presented in the previous Section 3.6.

First of all, the reactor system design has to be defined. In the above-mentioned cases no
design changes are considered; anyhow in the gas turbine case a smaller fuel reactor cross section
can be an option to achieve the aimed fast fluidization regime reducing the requirements of fuel
injection increase and exhaust re-circulation. The oxygen carrier performance is as well defined
at a design stage; this is important because it is used to determine the amount of solids exchange
theoretically required for a specific application. Together with the OC performance, also the
thermal load"® of the case studied is fundamental: to determine the oxygen, thus the solids
exchange, required, to determine the system cooling duties and consequently design the cooling
system and to know the amount of fluidizing gas available in the fuel reactor. Finally it is
required to know how the reactor is integrated within the system; in fact it is necessary to design
the heat exchangers and determine the exhaust gas flow rates and temperature requirements for
downstream applications.

With those inputs it is possible to determine the amount of gas which can be utilized to
fluidize the FR. In addition it is possible to play with the primary/secondary fuel injection, steam
injection and re-circulate part of the exhaust CO, to be capable to tune the solids concentration
within the FR body and solids entrainment in order to find the best fluidization regime according
to the process objectives. A further degree of freedom is given by the divided loop-seal which
allows to internally re-circulate part or all the entrained solids. This is important both to tune the
reactor fluidization regime and, together with the usage of the lift, to uncouple the solids
entrainment from the solids exchange. In this way downstream requirements can be met. This can
also be done utilizing the bottom lift to exchange the solids while the reactor and loop-seal
operation can be focused on the desired fluidization regime or vice versa exchanging solids by

the loop-seal and reducing the lift exchange to vary the fluidization regime; it will affect rather

!5 This term and other ones like steam, excess air ratio, CO, re-circulation etc. refer to the hot process. The variations
of these parameters mentioned along in the section correspond to variations of air injection in the cold flow model

operation.
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much the bottom inventory in first instance. The loop-seal has to be properly fluidized avoiding
circumstances like particles defluidization in the downcomer or like slugging fluidization regime
which determines pressure fluctuations and gas leakages, and possibly maximizing the pressure
drop across the solids column in the downcomer exerting a control over the gas velocity [99].

Based on the system input, it is possible to determine the amount of solids to circulate in
order to provide the necessary oxygen to the FR. Afterwards it is possible to determine the
amount of fluidizing air to utilize for the AR fluidization, this has to be capable to entrain the
required amount of solids consistently with the excess air ratio appropriated for the application.
The solids entrainment is the first process requirement. It is especially important to be capable to
fulfil the upper limit, the AR has to be capable to entrain at least as many solids as required to be
exchanged. As well as for the previous case the primary/secondary share can be used to tune the
solids concentration and entrainment. The entrainment can be uncoupled from the solids
exchange by means of the divided loop-seal usage. This will offer a degree of freedom more to
have sharp control over the solids exchange according to the process requirements. In addition it
will also allow exerting some control over the solids distribution in the reactor body for heat
exchange needs as well as some control over the volumetric flow and temperature of the exhaust
gasses according to downstream needs. This is especially true for the AR rather than the FR,
because here the highly exothermic reaction takes place. The idea is to set the priority among
these options according to the process integration requirements, which are case specific. An
example to clarify the idea is whether lowering the solids exchange by entrainment reduction or
by internal re-circulation; the latter means higher gas flow with its impact on the reactor system
heat balance. The oxidation reaction for chemical looping processes has quick kinetics, so that
the AR fluidization regime has secondary importance in comparison with the required
entrainment, fundamental for the FR fuel conversion.

Finally the lift fluidization has to be utilized firstly to balance the reactors bottom
pressures and avoid that a too big pressure unbalance may damage the loop-seal performance.
The pressure difference allowed is not an absolute value, for the actual design it will be better to
have it below 30mbar, anyhow it depends on the loop-seal design, on the height where the return
legs merge with the reactors (thus the pressure they face in the reactors) and on the operational
conditions e.g. pressure fluctuations have proven to be higher for higher solids circulation. In

addition the lift has to fulfil the mass balance being capable to transport, together with the solids

54



going through the FR loop-seal to the AR the same amount of solids coming from the AR loop-
seal to the FR, to reach steady state conditions. Finally if possible it can be utilized to help the
achievement of the required fluidization regimes in the reactors as well.

Last step consists of the achievement of an overall equilibrium of all these parallel
operations, of FR tuning to achieve the best fluidization regime, AR tuning to exchange the
required amount of solids exchange with possibly the downstream requirements fulfilment and
lift tuning to be capable to balance the situation.

The tested chemical looping configurations provided useful information, especially from
qualitative point of view both to improve the actual design and to understand how to combine the
hydrodynamic and thermodynamic reactor system needs. The reactor system has been modified
to address design limitations found out during the test campaign and to widen its operational
window, those modifications have been presented in the following chapter. Anyhow the defined
procedure about how to operate such double loop circulating fluidized bed reactor system design
is methodologically valuable also for the final design. Process simulations of the industrial
application/prototype plant, including heat and mass balances, should be carried on in the future
to be capable to provide also some quantitative figures of the hot process requirements. Those
can be hydrodynamically validated while working in parallel with the improved rector system

CFM according to the presented procedure.
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4. Double loop circulating fluidized bed design evaluation and finalization

4.1. Design evaluation and improvement suggestions

In addition to the above-mentioned chemical looping processes of combustion and
reforming, many are the industrial processes based on two reactions that can be performed
continuously by means of two interconnected fluidized beds. Examples are: the fluidized catalytic
cracking, biomass gasification, gasification with selective transport of CO,, the
carbonation/calcination post-combustion CO, capture and the sorption-enhanced reforming. All
those processes have a primary reaction related to the achievement of the main process objective
and a secondary one which is necessary to continuously run the process. The proposed design is
sized for a 150kWy, atmospheric chemical looping combustion reactor system for steam
generation (Paper I). The double loop circulating fluidized bed (DLCFB) reactor system idea can
be utilized also to fulfil the requirements of such kind of processes, especially when it comes to
compactness for scale-up purposes and increase of gas-solids contact in the reactor upper section
[118].

A cold flow model (CFM), without chemical reactions, has been dimensioned utilizing
the scaling laws described in Section 3.3, built and tested to validate the hot rig hydrodynamics
before construction. The performance of the DLCFB cold flow model during the experimental
campaign has been studied in order to find its operational window and limits, to understand the
key input parameters and to propose design improvements which will get it intrinsically more
stable. Those results, summarized in this section are presented in the Paper IV of the thesis.

Long term operational stability tests as well as repeatability tests have been successfully
performed, with the system showing good robustness to external perturbations. In this way it was
possible to define a design condition based both on the hot rig design requirements and on the
achievement of cold flow model hydrodynamic stability. Once the design condition was set, the
superficial gas velocity has been varied separately in each of the two reactors, air and fuel
reactor, and in the bottom extraction/lift (Figure 3.2). This was done without taking any
compensating action, to re-equilibrate the reactor system hydrodynamics. In this way, it was
possible to monitor how the reactor system reacts to each of these superficial gas velocity
changes and to which extent it is capable to keep on working before instability onset. The reactor

system showed a bigger equilibrium margin towards the fuel reactor (FR) superficial gas velocity
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sensitivity; in fact the FR has a smaller section than the air reactor (AR). On the other hand, an
AR superficial gas velocity increase of few decimals of meters per second (e.g. from 2.4 to 2.8
m's™) determines a large increase of solids flux entrainment from the AR (e.g. from 40 to 60
kg'm™s™). This obliges to take action in the rest of the system to continue running it and to avoid
all the mass shifting from the AR to the FR. The lift limitation is related to the lower superficial
gas velocity limit. As mentioned in the commissioning Section 3.5, a too small value of lift
superficial gas velocity gives mass accumulation in the FR body leading to a too high pressure in
the FR bottom section. This reduces the margin of the divided loop-seals pneumatic control; it
can be reduced down to the point where gas back-flows from the FR through the FR loop-seal
return leg which is not in use, causing large mass losses through the cyclone. The same problem
was encountered increasing the total solids inventory with the same reactor system fluidization
conditions. A too high inventory gives a too high pressure in the FR bottom section with gas
back-flow through the divided loop-seal return leg not in use and causes cyclone efficiency
collapse.

A deep understanding of the divided loop-seal was achieved by means of the above-
mentioned experiments, analyzing its behaviour in each of the operating conditions tested. In this
way, it was possible to identify which operating conditions are critical for the loop-seal
performance, determining an exposure to a large pressure unbalance till gas back-flow onset.
Dedicated tests were done to better evaluate those critical operating conditions, just operating the
air reactor alone, internally re-circulating the entrained flux of solids (Figure 4.1). In this way the
solids were passing through the internal return leg of the air reactor loop-seal, which merges in
the AR body. Air was not injected through the external bubble cap nozzle of the air reactor loop-
seal, so that the external return leg merging the fuel reactor body was not in use. The other
reactor was utilized as a pressure chamber to set an increasing pressure in correspondence of P15
which is faced by the return leg not in use. In this manner it has been possible to test the divided
loop-seal keeping the same conditions on one side, with the return leg in use facing the pressure
(P1+P2)/2, and varying the pressure on the other side, with the return leg not in use facing

pressure P15.
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The results tell that, with the actual design, it was possible to reach safely in the return leg
not in use an average'® pressure of 10mbar lower than that one of the loop-seal bottom section.
When this difference has been reduced to zero, the particles losses become about the triple; this is
due to the pressure fluctuations in correspondence of the loop-seal bottom section which, in this
specific case, reached the value of maximum + 5 mbar, because of the lower solids circulation
compared to design case conditions. Going higher in value with the pressure of the return leg not
in use, the mass losses increased exponentially. Keeping the pressure in correspondence of the
loop-seal bottom section (P28 in the example of Figure 4.1) at least 20mbar higher than that one
of the return leg not in use (P15) seems a safe solution. In this way 5 to 10mbar are kept as safety
margin, based on the usual pressure fluctuations in correspondence of the bottom section of the

loop-seal from +10 to 15 mbar.

Flap valve partially closed

N/ to control P15
-~
AR
: i
ARl \Y/..
I Solids
ARLS A I circulation ARLS
internal return leg : external return leg
(in use) 8 (notin use)
ARLS
0
Overflow ¥
height -ﬁ A ’:. .
1 $4 X
\ External
Central ™%
P2 Intemal Potential gas leakages
Bubble cap nozzles going up to the cyclone
P1
f Eigz:; seals Slightairinjection
to control P15

Loop-seal pressure unbalance
I

Figure 4.1: Configuration of the dedicated tests aiming to study the

air reactor loop-seal critical operation due to pressure unbalance.

1 All the pressure measurements presented are average values. The pressure values fluctuate across the average
value with amplitude depending on the value itself and depending on the fluidization regime. The fluctuations of the
pressure measured in correspondence of the loop-seal bottom sections are among the highest and can easily reach
values between + 10 and + 15 mbar during stable operation. The higher values are usually reached for higher solids
fluxes being processed by the loop-seals, so usually the AR loop-seal has somehow higher pressure fluctuations.
Those ones in correspondence of the reactor bottom sections are among the smallest. Paper IV brings examples of
pressure fluctuations (Figure 5, Figure 6 and Figure 9, a 3) and b 3).
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Ideally the reactors bottom pressure can be controlled also by reactors fluidization, one
way of doing it, is to increase the superficial gas velocity, which will reduce the mass in the
reactor body, thus the pressure in the bottom section. Anyhow, this fact gives an increase of the
cyclones pressure drop which shifts the pressure measured inside the fuel reactor body towards
higher values (Figure 8 of Paper IV), somehow neutralizing the effect of the mass reduction with
respect to the pressure value measured at the reactor bottom. The reactors cyclones were designed
to have a certain inlet gas velocity between 20-25 m's”, to be achieved with superficial gas
velocities lower than those ones utilized in the test campaign: below 2 m's™. The available solids
inventory particles size was bigger than the design one, with a dso from 34 to about 50 um.
Bigger size of the available particles means that higher velocities were necessary to entrain the
aimed solids flow. This information tells how important is the cyclone design, not only to have
high efficiency and low erosion, but also towards the pressure balance of the overall system.
Superficial gas velocities and particle size distributions (PSD) different respect to the design ones
can determine a different cyclone pressure drop which affects rather much the overall system
performance. For this reason the actual cold flow model should be operated with a finer PSD, as
planned during the design phase. In Figure 4.2 the required PSD is shown; the dso is about 25 um
and the distribution is narrower compared to the original coarser powder provided by DMS
Powders [95] (Figure 3.7). The latter was sieved obtaining the volume based values presented in
Figure 4.2 which were also

=] T j
| | | | ‘ 1 measure a by means of a laser
| w |
T

1 diffraction  particle size
|

" | ; || analyzer Beckman Coulter
| LS230 [97]. This has been a

(=)

Volume (%)

/ . ‘ ‘ demanding procedure because

N
=]

required. Few tests were done

hundreds of kilograms are
1

0 | ! oy
0.04 0.1 0.4 1 2 4 10 20 40 100 200 1000 . .
Particle Diameter (um) with the finer particles and are

presented in Section 4.2.
Figure 4.2. Particle size distribution (PSD), of the Fe-Si Powder

batch which was sieved to obtain a smaller mass median diameter, The pressure measured
dsg, of about 25 pm and narrower distribution. in COITeSPOIldeIlCC of the IOOp-

seals bottom section (P,
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Figure 4.3) has proven to easily fit to the pressure of the point where the return leg in use is
merging with the reactor (Pa, Figure 4.3). If both the return legs are in use, the bottom section
value (Pp) is fitting to the higher of the two pressure experienced. During the experimental
campaign, the pressure measured in the bottom section of the loop-seals (Pg) has reached a value
which is usually at least 50 mbar higher than that one in the return point (Pa). This pressure
difference depends on the operating conditions and has reached the maximum value of about 80
mbar in the AR loop-seal during the highest solids circulation achieved. Those values of the
bottom section of the loop-seals are average values, because the measured pressure can easily
fluctuate up to about 10+15 mbar across the average value, depending on the solids flux
circulating through the divided loop-seal. The return leg not in use faces a value Pc depending on
pressure in correspondence of the reactor point where it merges, which has proven to fluctuate
maximum about +5 mbar. Unless an automatic feedback control system is developed relying on
this information, it is recommended, for the actual design, to keep the two return point pressures
at maximum about 30 mbar of difference between each other, |Pa-Pc|. This is assessed
considering the minimum pressure difference experienced, Pg-Pa, of about 50mbar, which
determines the pressure in correspondence of the bottom section of the loop-seal (Pg), and
considering its fluctuations which can easily reach + 10+15mbar. In this way, it is possible to be
confident that there will be a safety margin between the lowest values reached by P during its
fluctuations and the value of Pc.
(A)

P = Pressure faced by the return leg in use,
(depending on the merging point)

® Ty
Pressurein the bottom section of the loop-seal .
Pg = 50 + 80 mbar above Py
(fluctuations up to about +10+15mbar,
during stable system operation)

Downcomer

Recycle
chamber

Overflow

(©) height

Pc = Pressure faced by the return leg not in use, .,
up to a value which does not have overlaps )
with the lowest Pg fluctuation pikes

(depending on the merging point, Internal Central External
fluctuations up to about +5mbar) Bubble cap nozzle

Figure 4.3. Schema of a divided loop-seal exchanging 100% of solids on one return leg (in use),
with overview of the pressures experienced during stable reactor system operation and their

interdependencies.
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Two design modifications were proposed, in order to increase the system stability without
the need to rely so much on the bottom lift capability of shifting the mass from one reactor to the
other.

The first is related to the internal return leg of the FR divided loop-seal, which needs to
merge the fuel reactor body at a higher level than the very bottom (Figure 4.4). 0.2 m is enough
to experience big pressure reductions inside the reactor body, so in correspondence of the point
where the loop-seal return leg merges. About 30 mbar is a typical value for the actual design
conditions of total solids inventory (120kg) and fluidization velocities (about 2.6 m-s™). The
bottom section of the reactor system is shown in Figure 4.4. On the left side, the air and fuel
reactor are represented together with the bottom extraction, after the modification
implementation. In light blue, the return leg position is shown, before the modification of having
it 0.2 m higher. On the right side there is a picture taken at the same bottom section before
modifications. It is possible to distinguish clearly just the fuel reactor and the lift, while the air
reactor is behind and difficult to see. The blue arrows represent all the potential gas flows coming
from injection points and the main gas streams directions. The height increase of the point where
the return leg merges, reduces the risk of gas back-flow because the pressure experienced at
higher height is much lower, for the same solids inventory and fluidization regime. The previous
return leg location was about doubling the reactor cross section at that height, which results in a
big reduction (=50%) of the actual superficial gas velocity, thus entrainment capabilities. In
addition the primary bubble cap nozzle and the lower location of the “secondary air injection
one” nozzles were just facing the return leg section. This increased the risk of having gas back-
flow because the nozzles were injecting straight into the return leg opening.

Second of the proposed modifications is the increase of the air and fuel reactor loop-seal
recycle chamber overflow height, for both the return legs of the two loop-seals (shown in Figure
4.5). This determines an increase of the solids columns accumulated in the return leg recycle
chambers. An increase of 0.2 m was implemented; this value is almost doubling the overflow
height with an expected doubling of the pressure drop between the loop-seal bottom section and

the point where the return leg in use merges (Pg-Pa, Figure 4.3).
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In Figure 4.5 the new loop-seal design is shown, on the left side with a schema while on
the right side a CAD drawing shows the old one. The first one represents with purple arrows the
solids circulation and with the light blue arrows the gas flow paths. The case shown is that one
with full solids exchange and no internal re-circulation of solids, in fact the internal bubble cap
nozzle is not fluidized. The fluidization regime in the loop-seal downcomer and in the recycle
chambers have to be better understood, especially because it depends very much on the operating
conditions which determine the overall pressure balance. As an example the gas direction in the
downcomer is not known, and it has fundamental importance influencing the pressure drop across
the downcomer particles together with the particles column height, as mentioned in Section 3.5
[99]. The gas dragged down with the solids circulating is going downwards while the gas injected
from the nozzles goes partially upwards. These uncertainties related to the gas flows, thus the
superficial gas velocities for each loop-seal section, have been the biggest obstacle to a deep
characterization of the fluidization regimes for each loop-seal component. This is especially true
because during the test campaign presented in this thesis a good understanding of the reactor
system and the divided loop-seals operation had to be achieved and their design, thus

hydrodynamic robustness, had to be improved. A sensitivity analysis with the usage of tracer gas

Returnleg notin use Returnlegin use
(no solids circulation) (solids circulation)

\Solids flow

l Solids flow

Y
Overflow height
increase 0.2m

v

3

Overflow height
increase 0.2m

A

Lateral

injection

Recycle \Recycle
chamber chamber

Internal Central External
Bubble cap nozzle

Figure 4.5: Schema (left side) showing the divided loop seal after the design improvement and CAD drawing
showing it before the design improvement. The first one is also showing the solids flow and the air injections
and stream directions during design case operation, without solids re-circulation in the internal return leg,

which is not in use.
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injections needs to be done, now that those issues have been addressed. It will provide a complete
understanding of the loop-seals fluidization regimes.

The successful tests involving the whole reactor system, coupling air and fuel reactor,
were collected and analyzed to find possible dependencies between the reactors solids
entrainment and other parameters: both measured parameters and input parameters like the
superficial gas velocity at the reactor exit, the primary/secondary air share, the total solids
inventory. For each reactor, a clear dependency of the solids entrainment was found, both from
the superficial gas velocity at the reactor exit and from the pressure drop measured at the reactor
upper section. The key has been to look for components or regions of the reactor system which
pressure drops are sensitive to small changes in solids flux and gas velocities, as suggested by
Patience et al. [119]. The pressure drop in the cyclones has proved to be very much depending on
both the superficial gas velocity (Veye enr) and the solids flux (Gs), achieving a fit with a
coefficient of determination, R, of about 0.9. The air and fuel reactors cyclones’ pressure drop
correspond respectively to P10-P12 and P23-P25 looking at the numbering of Figure 3.2. Those
dependencies are shown in Figure 4.6 a) and b). All the utilized tests were originally performed
to understand the reactor system behaviour and design limitations. This means that they were not
systematically carried out to map those dependencies; in fact the operational conditions were
differing rather much. Nevertheless, it was possible to find such high fit, isolating the entrained
solids flux as function of the pressure drop that it generates through the cyclone. In addition, the
results tell that also the superficial gas velocity entering the cyclone should be kept into account
because it contributes to generate the cyclone pressure drop; both directly due to gas pressure
losses and indirectly influencing the entrainment increase. In fact this is the reason why in Figure
4.6, a) the FR cyclone pressure drop is much higher than the AR one. Looking at Figure 4.6, b) it
is possible to see how the FR velocities are higher than the AR ones and how much this affects
the pressure drop. The intention is to develop a correlation that can be utilized to monitor on-line
the entrained solids flux also for hot conditions. This indirect solids entrainment evaluation will
ease the control of the overall system and especially in off-design conditions, when the amount of
solids exchanged has to be varied according to the process requirements as explained in Section
3.7. Now that a good understanding of the way to operate the reactor system has been reached
and the design has been improved, the promising dependencies of the cyclone pressure drop both

on the solids entrainment and on the gas velocity at the exit of the inlet duct will have to be
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systematically studied, as a further work, and combined together to derive an accurate Gs

prediction.
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Figure 4.6: Overall cyclones pressure drop (AP) dependency on the entrained solids flux, G;, a) and on the

superficial gas velocity at the cyclones entrance, just after the inlet duct acceleration Veye enee b).

4.2. Improved design performance

The design improvements proposed in the previous section have been implemented. The
fuel reactor loop-seal internal return leg has been lifted of 0.2 m and now it merges in the FR
body at the same height as the return leg coming from the air reactor loop-seal, according to the
drawing of Figure 4.4. Both the loop-seals overflow heights were lifted of 0.2 m as in Figure 4.5.
So it was possible to perform a few tests to make an evaluation of how they affect the reactor
system performance. In addition a particle size distribution according to Figure 4.2 was utilized;
in this way the superficial gas velocity required to exchange the same solids flow as with the
coarser particles is lower. Information regarding the performance of the reactor system design
case before the design modification and particles change is presented in Paper III and Paper IV.

Figure 4.7 represents the pressure profile of a test performed after all the modifications

were implemented and protruding cooling panes were inserted both in the air and fuel reactor, in
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the way shown in Figure 4.8. The cooling panels, three in the AR and two in the FR, were located
at the heights shown in Figure 4.9 a) and b) and qualitatively in Figure 3.2. The improved design
showed a higher stability allowing the achievement of a solids circulation of almost 3 kg-s™
(almost 70 kg'm™s™). It was done with a superficial gas velocity in the AR of just 1.5 m's”,
including the air injected in the lift. The 3 kg's™ entrained from the AR were all sent to the fuel
reactor, which was capable to entrain back 1.7 kg-s'1 (about 103 kg~m’2-s'l) with a superficial gas
velocity of 1.6 m's™ basically doubling the maximum FR solids flow achieved with the previous
design. The higher solids entrainments are the consequence of the finer particles, easier to

fluidize, and the increase in total solids inventory (TSI) up to 170 kg (vs. 120 kg).
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Figure 4.7: Pressure profile measured in the reactor Figure 4.8: Protruding cooling
system, after reactor improvement operated with finer panel zoom.

particles and cooling panels inserted. Secondary air

location and return points height to the air reactor (AR)

and fuel reactor (FR) are highlighted.

The higher solids inventory was in first place required to fill the higher overflow heights
of the loop-seals, which allow gaining in system stability, but contribute to reduce the inventory

share inside the reactors. The latter corresponds to the inventory that would actively participate in
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the reactions in a hot setup. The active inventories estimated in the reactor bodies by means of
pressure measurements, are lower compared to those estimated before the design change: about
28kg for the AR and 10 for the FR vs. 31 and 13kg of the design case condition before
modification. They are slightly lower looking at the absolute number, but considering the TSI
increase from 120 to 170kg they correspond to a large active mass reduction. The smaller active
inventory (from 37% to 22% of the TSI) is mainly due to a big reduction of the mass in the
reactors bottom sections, as confirmed by the concentration curves of Figure 4.9. At the same
time the shift towards faster fluidization regimes determined a concentration increase in the upper
section. The solids concentration in the reactors upper section is equal to about 1% of the reactor
volume and sometimes even above this value till the reactor exit. Before the modification, it was
dropping dramatically from the height of 2 m till the reactor exit (Figure 5 in Paper III). This is
especially true for the FR, which in fact entrains a higher solids flux of about 100 kg'm™s™ vs.
70 kg'm™s” of the AR.
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Figure 4.9: Concentration profile in the air reactor a), and fuel reactor b) bodies for the improved design

test, with finer particles. The cooling panels and secondary air injections location are provided.

As a consequence of the reactors faster fluidization regimes and higher entrainment, the

solids fluxes through the connecting ducts are much higher: the fluxes in the AR and FR
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downcomers are about 360 and 200 kg'm™s”, respectively about 50% and 100% increase
compared to the design case before modification. The moving packed bed solids level height in
the AR downcomer slightly increased up to about 0.7m and the FR one increased up to 0.6m,
compared to the previous design values of about 0.6 and slightly above 0.4m, respectively for air
and fuel reactor. No clogging was noticed and the loop-seal appeared smoothly fluidized with
eventually small bubbles rising from the bottom nozzles. The fluidizing air injected was about the
same as before the modifications, despite the higher solids circulation to deal with: it was 5, 30
and 100 Nl'‘min™' for the lateral, central and external air injections respectively for both the
reactors. As long as the downcomers solids level heights were measured to be about the same, the
loop-seal fluidization was kept the same for those few tests. The lift gas velocity was kept at 1.5
m's”, as for the design case before modification. This shifted anyhow the lift fluidization regime
towards faster fluidization, thus entrainment, because of the finer PSD. The higher lift
entrainment is therefore another reason of the high solids circulation.

The pressure drop of both the cyclones did not vary so much, because the smaller
superficial gas velocities reduced it, but the higher solids flows increased it. The solids flows
almost doubled for the FR and increased of 50% for the AR. The gas velocities at cyclones inlet
were about 14 and 17 m-s™, respectively for the air and fuel reactor. The cyclones efficiencies
were measured to be about 99.9%, it is slightly below the value of 99.95% reached before the
modifications discussed in this section. To this respect, it has to be considered that the cyclones
inlet velocities should have been somehow higher, typical values for circulating fluidized beds
are above 20 m's™ [120]. This means that the PSD reduction, down to such fine dso, did not affect
so much the cyclones performance confirming the good quality of their design whose key
features are mentioned in Paper I. It was not possible to find similar high density Geldart A
particles to benchmark the cyclone performance. It was compared with the efficiency of high
loaded cyclones operating with Geldart A fluid catalytic cracking (FCC) particles, showing to be
promisingly higher [121]. A secondary cyclone to take care of this 0.1% of fine losses needs to
be installed, even if it will cost in terms of extra pressure drop and extra components. Especially
in hot conditions, it will help to reduce the refilling frequency, to avoid damaging the
downstream equipments and it will also be important for health safety and environment (HSE)
reasons. A systematic test campaign should be performed to map the cyclones efficiency

according to the operating conditions and possibly each of them should be connected to a
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separated filter box and scale. In this way it will be possible both to monitor the cyclones’
efficiency on-line and also to analyze the PSD of the losses. In addition also the erosion problems
need to be addressed; it hurt the design'’, especially in correspondence of the points where the
particles stream was impacting the FR cylindrical body. It has to be understood if it is enough to
reduce the superficial gas velocity at cyclone inlet, as it has been done with the finer PSD.
Another option is to re-think the cyclone design, which has a tangential inlet, going to a volute
inlet [122]. The latter is supposed to provide more space to the particles, which enter the cyclone
already with an angle after having experienced the centrifugal force. This means that they take a
circular trajectory before impacting the cyclone wall, reducing the risk of hitting it straight at
their maximum velocity. The vortex finder was saved from the erosion problem by its
eccentricity; in this way it was not in the particle trajectory.

The insertion of dummy cooling panels, did not affect so much the reactor performance.
The panels have been tested already in the AR during the separate operation/debugging phase
confirming this impression, as discussed in Paper II and in Section 3.5. The main cooling panels
influence on the reactor system performance was a slight solids concentration increase in
correspondence of their presence (Figure 4.9, a) and b). It happened also in other circumstances,
especially for higher solids concentrations, to experience a concentration increase which was not
the consequence of cooling panels insertion. Anyhow, this concentration increase is located
exactly in correspondence of the panels location and is also confirmed by the above-mentioned
AR tests done in the debugging phase, Figure 3.9. The panels presence is creating an obstacle to
the flow resulting in a local pressure drop. Part of it is just the consequence of higher friction due
to local turbulences and gas acceleration. The panels induce a cross-section area reduction which
increases locally the superficial gas velocity from 1.5 m's™ and 1.6 m's™ up to 1.9 m's™ and 2.4
m-s”, respectively for air and fuel reactor. What needs to be understood is, how much of the
measured pressure drop is really due to the higher solids concentration. It can be done, as further
work, sampling the particles concentration inside the reactor by means of non-isokinetic suction
probes [112-114] or more advanced systems like optical and capacitance probes [112 and 123].

The pressure difference between the loop-seals bottom sections (Pp, Figure 4.3) and the

reactors points where the return legs in use merge (Pa, Figure 4.3), had a big increase as a

' Design before the change in PSD, when it comes to the finer particles, too little tests have been performed in order
to evaluate erosion phenomena.
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consequence of the 0.2 m increase of the recycle chamber overflow height. The pressure
difference Pp-Pa, (Figure 4.3) in this case is about 100mbar, slightly higher for the AR loop-seal
and slightly lower for the FR one. The pressure difference experienced in the AR loop-seal was
higher than the FR one before the design modifications as well; it could reach maximum values
of about 80 mbar for the higher solids fluxes, while the FR was at about 50 mbar (Paper IV
describes these issues for the design before the modifications were implemented). This was most
likely a consequence of the higher solids flux passing through the AR downcomer and loop-seal,
usually more than the double that of the FR one. The new pressure values can be noticed in
Figure 4.7 and are clearly shown in Figure 4.10 a) and b), where the pressures in correspondence
of the loop-seals bottom sections (P28 and P30 for air and fuel reactor respectively, Figure 3.2)
are plotted together with the pressures measured in correspondence of the return points. Those
are, for this operational conditions: P15, faced by the return leg in use of the AR loop-seal and by
the return leg not in use for the FR loop-seal, and (P1+P2)/2, faced by the return leg in use of the
FR loop-seal and by the return leg not in use of the AR loop-seal.
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Figure 4.10: Continuous pressure measurements of the air reactor (AR), a), and fuel reactor (FR), b), loop-
seals bottom pressures. Those are compared with the pressure measurements in correspondence of the points

of the reactor bodies where the return legs merge: (P1+P2)/2 and P15 (Figure 3.2).

The presented case study cannot be directly compared with the results of the previous test
campaign, because two crucial components have been modified and the PSD have been changed.
In addition the protruding cooling panels have been inserted and several inputs have been

changed like the TSI increase and superficial gas velocity reduction. Ideally would have been
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interesting to implement the design modifications separately to better isolate their influence on
the whole system performance. The great impact of the PSD reduction is evident because of the
large increase of reactors solids entrainment, which has also the consequence of reducing the
pressure at the reactors bottom section. At the same time the higher loop-seals recycle chambers
overflow heights gave more stability to the system. This determined the achievement of much
higher pressures in the bottom section of the loop-seals, up to above 200mbar. It made the
circulation of higher amounts of solids smoother and reduced the back-flow risk, both reducing
the pressure fluctuations in correspondence of the bottom section of the loop-seals, Py (Figure
4.3), and increasing the pressure unbalance that can be achieved safely between the two loop-seal
return legs, |Pa-P¢| (Figure 4.3). According to those preliminary tests the pressure fluctuations
went to about + 10+15mbar to £5mbar (Figure 4.10) and the |Ps-P¢| value can be estimated to be
at least about 70+80 mbar, from the previous 30. Those facts also indirectly helped to increase
the solids circulation. In addition, such high pressure (Pp, Figure 4.3) makes easier to
pneumatically control the re-circulation of entrained particles, because it is easier to win the
resistance of the return point pressure were the return leg in use is merging (Pa, Figure 4.3),
gaining in flexibility. The increased height of the return leg is an important improvement, but its
contribution was in essence not utilized because of such high loop-seals bottom pressure and
because of the reduction of the pressure at the lower section of the reactors. The increase in solids
entrainment and the improvement of solids distribution control is fundamental to be capable to
run the reactor system with a high variety of oxygen carriers and off-design according to the
methodology presented in Section 3.7. In addition this will help the fulfillment of higher oxygen

requirements, thus solids circulation e.g. partly addressing the pressurized conditions challenges.

72



5. Conclusions & future work

5.1. Conclusions

The design for a 150kWy, chemical looping combustion reactor system has been proposed
and its hydrodynamics validated by means of a full scale, non-reactive, cold flow model
(CFM). It consists of a double loop circulating fluidized bed (DLCFB), meant to address
several issues which are still open with respect to the technology state-of-the-art. Both the air
and fuel reactor are capable to operate in fast fluidization regime increasing the gas solids
contact, especially to improve the reactions taking place in the fuel reactor, thus fuel
conversion. Industrial solutions are used e.g. heavy loaded cyclones, bubble cap nozzles, two
levels of secondary air injection and protruding cooling panels. Operation flexibility is aimed
in order to have accurate control of the solids exchanged between the reactors and to better
control the reactor performance according to the specific application requirements in terms of
reactors fluidization regimes, solids exchange and gas streams flow and temperature.
Compactness has also been a priority both for design up-scaling and future upgrading to
pressurized conditions; this way it can be easily inserted into a pressurized vessel.

The key features of the actual design can in general be utilized for fluidized bed processes
based on two reactions taking place simultaneously in two different reactors which
continuously exchange the bed material, thus reactants and heat, being interconnected. These
have been validated from hydrodynamic point of view: an understanding of their performance
as well as the best way to operate the reactor system has been reached.

One is the pneumatically controlled divided loop-seal, which allows re-circulating
back to the reactor of origin part of the entrained solids, uncoupling the solids exchange from
the solids entrainment. This represents a solids exchange control parameter in addition to the
“conventional” ones: superficial gas velocity, primary/secondary air injection shares and
solids inventory. It increases the freedom to operate the reactors just focusing on the
fluidization regime, which is ideal for the reactions and/or for the downstream needs in terms
of heat load. From a fluidization engineering point of view the loop-seal design presents
several unique features. Each of its two return legs is connected to a different reactor, one to
the air reactor and the other to the fuel reactor. This means that each of the two return legs

faces a different pressure in correspondence of the points where it merges with the reactors.
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The conventional pneumatically controlled loop-seals have just one return leg or two
merging at the same height of the same reactor, thus facing the same pressure. The control
over the solids split and over the above-mentioned pressure unbalance, due to the different
pressures experienced by the two return legs, is not exerted using mechanical valves, but
utilizing gas injections in a number of points.

The other key feature is the usage of the bottom extraction/lift, which has a great
potential in such kind of two-reactor configuration. It allows controlling the inventory
distribution among the reactors, shifting mass from one to the other. This is a quick and
effective way to control the reactors bottom pressures, which is the place where the above-
mentioned loop-seals return legs merge. For this reason, it means pneumatic control over the
pressure unbalance which the divided loop-seals are exposed to. This also exerts an extra
control over the reactors fluidization regimes and solids entrainment.

Finally, it is necessary to fulfil the mass balance especially if one reactor has
smaller cross-section and/or have less fluidizing gas availability, than the other. The method
to better combine the above-mentioned two design features has been found and the reactor
system has shown to be flexible and stable. They have to be operated in a way that the
pressure unbalance across the loop-seals does not go above the maximum value allowed by
its design: by the loop-seal recycle chamber overflow height. This task becomes more
challenging when the return legs are facing higher pressures both because of reactors
operation and design constraints. Reactor operation means that the aimed reactors
fluidization regimes imply high pressure or means a high total solids inventory. Design
constraints are related to a too high cyclone pressure drop for certain superficial gas
velocities and/or a too low height of the point where the return legs merge into the reactor
bodies.

An overview of the two most common cold flow modelling scaling strategies is provided: the
small scale models resembling the hot rig hydrodynamics and the full-scale models, keeping
the same surface to volume ratios. The first being common in academia and the second in the
industry. The innovative idea was to combine those two into a triangular correlation. The full-
scale cold flow model is used to debug the 150kWy, hot rig design as the industry does, but at

the same time the particle size distribution and superficial gas velocity are selected in a way
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that the cold flow model represents the small scale hydrodynamic model of an industrial
application.

e The usage of such fine particle size distribution of a so high density material represents a
solution which is not easy to find in published fluidization literature, in particular for
circulating fluidized beds. In the present work a high density Geldart group A powder with a
dso of about 34 pm and density of 7000 kg'm™ was used. The handling of such fine particles
is complex both for health, safety and environment point of view and also from a process
point of view. The latter is an issue when it comes to the cyclone performance. The highly
load cyclones showed a good performance, managing to have an efficiency of above 99.9%,
even for the smaller particle size distribution tested of about 25 pm. The usage of such finer
dsp of 25 pm compare to the first one of 34 um, allowed to reach the same solids entrainment
with smaller superficial gas velocity. The evaluation of its impact on such complex reactor
system showed how the usage of different particle size distributions can be used as effective
control factor for the overall system performance and equilibrium.

e Promising correlations linking the solids entrainment to the cyclone pressure drop and inlet
gas velocity have been found. Those can be utilized as a starting point to develop a way to
estimate on-line the solids entrainment. An indirect estimation, without the need for direct
measurements, has fundamental importance in the overall system control, especially to

control the off-design operation and the transients.

5.2. Future work

As discussed in Section 5.1, an innovative design for chemical looping processes has been
presented in the Ph.D. thesis; afterwards it has been validated by means of cold flow modelling
and improved after an analysis of its key components performance. Those issues which deserve a
further investigation are:

e The improved design has shown promising preliminary results; though a more
comprehensive test campaign is needed. The superficial gas velocities of air and fuel
reactor and bottom extraction need to be varied as well as the loop-seals fluidization.
This has to be done for several total solids inventories. In this way it will be possible to

find the reactor system best operational conditions and more accurately the operational

75



window, understanding its flexibility margins with main focus on the circulation
capability and pressure unbalance the loop-seal can withstand.

The design improvements should be investigated one by one. Their separate
implementation will provide important information to understand to which extent they
affect the overall system performance. Further variations of those design details can be
tested increasing more the return leg height and the loop-seal recycle chamber overflow
height. At the same time new design changes can be implemented like other internals
insertions to study different cooling configurations or devices (e.g. bayonet) as well as
cyclones design modifications impact or secondary cyclones insertion downstream and
their impact on the overall pressure drop.

Promising dependencies of reactors solids entrainment with input and measured
parameters have been found. The most promising is the dependency of the cyclone
pressure drop both on the solids entrainment and on the cyclone inlet gas velocity.
Dedicated tests should be done, with the improved design following a test matrix to
define according to the acquired understanding. The objective should be to map those
dependencies accurately and derive empirical mathematical correlations. This will allow
on-line indirect quantification of the solids entrainment, fundamental for the reactor
system control.

A more accurate analysis of the hydrodynamic phenomena will be of utmost importance.
As an example, local measurements of the particles concentration by means of non-
isokinetic suction probes can be cited. Those will help to verify the assumptions done to
derive the solids concentration profiles from the pressure measurements and will also
help to evaluate the local impact of internals and primary/secondary air injection shares
on the particles concentration. The understanding of the fluidization regime inside the
divided loop-seals is another open question. The unknown downcomer gas velocity and
direction has big impact on its behaviour, so that gas tracer tests for different operational
conditions will help to address it. More in general also gas tracer experiments will be
fundamental to understand if there are gas leakages from one reactor to the exhausts of
the other one. This is a kind of test that should be performed for each of the reactor

system case studies.
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A control strategy needs to be further developed, with main focus on operational
transients. First the off-design cases as well as other kind of chemical looping
applications, need to be simulated by means of process design software. In this way it
will be possible to have an accurate evaluation of the cycle requirements to fulfil in terms
of mass and heat flows, both between the reactor system and the overall process up and
down-stream requirements and between the air and fuel reactor to optimize the reactions.
Second step consists of verifying if the design can fulfil those requirements from
hydrodynamic point of view. This can be done starting from the hydrodynamic lessons
learnt and presented in this work. Among those identified as key control parameters there
are: the pressure differences between the loop-seals bottom sections and the points where
their return legs merge in the reactors, including the pressure fluctuations, the two
reactors and lift pressure drops, thus inventories and the solids entrainment to monitor the
exchanged mass. This kind of job has been done qualitatively in the thesis because it was
in parallel with the ongoing design development. Now that the design has been finalized
and is more robust hydrodynamically those studies need to be done also quantitatively:
first at steady state and afterwards in transient conditions. The latter will help the
understanding the details of how the reactor system reacts to operational changes until
new equilibrium conditions achievement.

All these points represent a further evaluation of the performance of the cold flow model

improved design, continuing with the work done in the Ph.D. thesis. The reactor system design
has already proved to be robust, but those tests will provide a deeper knowledge especially with
respect to the reactor system operation optimization and physics understanding. This will help to
face unexpected situations in hot operation and eventually to further improve the design
especially for operational sets located on the border of the operational window. Once these points
will be addressed the hot 150kWy, design will be ready to be built.

In addition to the above-mentioned further cold flow model testing, the future work to do

in a longer term period, once also the hot 150kWy, reactor system will be built, commissioned

and evaluated is:

The possibility of pressurizing the chemical looping reactor is of utmost importance both

for natural gas combustion and reforming. The actual work tried to figure out some of the

77



challenges and address them: the possibility to increase the excess air ratio up to gas
turbine cycles requirements, the compactness to enclose the reactor system into a
pressurized vessel and the high flexibility and stability in operation, especially for high
solids circulation. The next step should be to reengineer the actual design to tackle the
pressurization open questions. One is the accurate pressure control at reactors gas stream
exit; a pressure unbalance there will strongly affect the divided loop-seals operation. The
pressurized conditions may easily generate a pressure unbalance which cannot be tackled
simply by increasing the overflow height of the loop-seals recycle chambers. Another
open issue is consequence of the fact that under pressurized conditions the gas density
increases linearly with the pressure while the solids density and performance of the
oxygen carrier are about the same. The reactor system design has to be modified in the
direction of higher solids circulation to provide the required oxygen with the same
fluidizing gas availability. The fuel reactor design can be modified to be capable to still
have a circulating fluidized bed regime with less fluidizing gas availability e.g. cross-
section reduction. The oxygen requirements of the fuel reactor can be reduced utilizing
CO, re-circulation instead of part of the fuel to keep the same fluidization regime. All
those ideas may be necessary at the same time, being careful to the way they affect the
heat balance.

Simulation work can be done especially regarding computational fluid dynamics (CFD)
utilizing the measured results to validate the developed models.

The cold flow model results and the hot 150kWy, results can be utilized to design and
build an industrial application based on the presented double loop circulating fluidized
bed. In addition once all three the set-ups, cold, 150kWy, and industrial, will be built and
working the proposed triangular scaling strategy should be evaluated.

The actual double loop circulating fluidized bed design can be adapted to the chemical
looping combustion of liquid and solid fuels as well as to other chemical looping
processes which require two interconnected fluidized beds. This will need to re-think
some of the DLCFB components in order to fulfil the requirements of the different

processes.
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applicable at industrial scale. A design for a 150 kWy, chemical looping combustion reactor system is
proposed. In the base case it is supposed to work with gaseous fuels and inexpensive oxygen carriers
derived from industrial by-products or natural minerals. More specifically the fuel will be methane and
a manganese ore will be the basis for the oxygen carrier. It is a double loop circulating fluidized bed
where both the air reactor and the fuel reactor are capable to work in the fast fluidization regime in
order to increase the gas solids contact along the reactor body. High operational flexibility is aimed, in
this way it will be possible to run with different fuels and oxygen carriers as well as different operating
conditions such as variation in air excess. Compactness is a major goal in order to reduce the required solid
material and possibly to enclose the reactor body into a pressurized vessel to investigate the chemical
looping combustion under pressurized conditions. The mass and heat balance are described, as well as
the hydrodynamic investigations performed. Most design solutions presented are taken from industrial

standards as one main objective is to meet commercial requirements.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction
1.1. Chemical looping combustion

Chemical looping combustion (CLC) is one of the most promis-
ing CO, capture technologies when it comes to capture costs and
net power generation efficiencies (ENCAP, 2009). The idea standing
behind CLC was first introduced by Lewis and Gilliland (1946) in a
patent to produce a gas mixture of hydrogen and carbon monoxide.
Later Richter and Knoche (1983) and Ishida et al. (1987) proposed
the CLC principle to reduce the exergy loss of a conventional com-
bustion process. CLC has since then revealed to be interesting also
when it comes to CO, capture. In fact it is an unmixed combus-
tion process intrinsically capable of separating the CO, from the
exhaust. Nowadays the most effective way to realize the CLC is
done in two separate steps that take place in two distinct flu-
idized beds reactors interconnected by means of a metallic powder
acting as oxygen carrier (OC). The principle that describes the afore-

* Corresponding author. Tel.: +47 73550449; fax: +47 73593580.
E-mail address: aldo.bischi@ntnu.no (A. Bischi).

1750-5836/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijggc.2010.09.005

mentioned system is shown in Fig. 1. In the air reactor (AR) the
oxygen of the air is strongly exothermically reacting with the OC
(from MeO,_; to MeOy). The air heated up and depleted of the
oxygen can be utilized either to produce steam or to expand in a
turbine if the above mentioned reaction takes place in a pressurized
environment. The metal oxide generated is then transported into
the fuel reactor (FR). Here it reacts with the fuel being reduced from
MeO, to MeO,,_1 in an endothermic or slightly exothermic reaction
depending on the type of fuel and the type of OC material (Adanez,
2010). The reaction between fuel and oxygen produces an exhaust
stream consisting principally of only CO, and water vapour. The
water vapour can be removed by condensation leaving the CO,
available for storage. The overall reaction obtained summing the
oxidation and reduction of the OC is equivalent to the conven-
tional combustion of the fuel and releases exactly the same amount
of energy. The CLC acts as an oxy-combustion capture technique
without the need for the expensive cryogenic air separation unit.

1.2. CLC reactor systems

Looking at the development of the CLC technology from its early
beginning until now it is possible to notice how the design of the
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Nomenclature

AR air reactor
CFB circulating fluidized bed
CFM cold flow model

CLC chemical looping combustion

CLG chemical looping gasification

CLR chemical looping reforming

CP cooling panels

DLCFB  double loop circulating fluidized bed

FR fuel reactor

GT gas turbine

HSE health, safety and environment

LHV lower heating value

LS loop-seal

ocC oxygen carrier

TGA thermo gravimetric analysis

TSI total solids inventory

Ar Archimedes number [—]

dso mass median particle diameter [pm]

Gs solids flux [kgm—2s~!]

AH enthalpy change of a chemical reaction [k] mol~1]
MeO, oxidized metal oxide

MeO,_; reduced metal oxide

Moc molar mass of the oxygen carrier [gmol~!]
Ro oxygen ratio [—]

Re Reynolds number [] pg-Up-dso-pt !

Uy superficial gas velocity [ms™!]

X degree of oxidation [—]

AX conversion difference or exploitation of the maxi-

mum oxygen capacity [—]

Bottom

actual  actual value

in entering the reactor
out exiting the reactor
ox oxidized

red reduced

D particle

g gas

Greek letters

A excess air ratio [—]
P density [kgm™3]

" dynamic viscosity [Pas]

reactors has changed. The main objective of the first CLC reactors,
such as the 10 kWy, ones developed at Chalmers University of Tech-
nology (Lyngfelt et al., 2005) and at the Instituto de Carboquimica
(CSIC) (Adanez et al., 2006; de Diego et al., 2007) was to demon-
strate the feasibility of this technology. On the other side the design
of the most recent CLC reactor, the 120 kWy, of Vienna University of
Technology (Kolbitsch et al., 2009), faced many scale-up issues like
the requirement of a cooling system for the AR and the difficulty in
using a bubbling bed as FR because of dimensional constraints.
Following this path SINTEF Energy Research and the Norwegian
University of Science and Technology (NTNU) have worked on the
design of a new 150 kWy, CLC reactor. It has among its main goals
the use of industrial solutions making easier the step from lab-scale
to industrial prototype and commercialization. In this respect fuel
conversion efficiency is important and needs to be high (Lyngfelt,
2010). Thus the design choices are based on the possibility to have a
homogeneous OC concentration throughout the reactor volume as
well as a high OC circulation rate with the option of internal recircu-

Oxygen depleted air CO, +H,0

£
AW 4

MeO__,

Air Fuel

Fig. 1. The principle of chemical looping combustion. The oxygen -carrier
MeO,/MeO,_1 is oxidized exothermically in the air reactor (AR) and reduced
endothermically or slightly exothermically in the fuel reactor (FR).

lation within each reactor. The arrangement should be as compact
as possible to export the system into an industrial context. High
compactness results in less “parasitic” OC in the connecting ducts
i.e. material not actively participating in the reactions. It means a
reduction in the OC costs, both the amount of material required
and its handling. Furthermore it is easier to place the arrangement
into a vessel for pressurized operation to integrate the CLC reactor
into a gas turbine (GT) power cycle, a process expected to reach the
highest efficiencies (Naqvi and Bolland, 2007).

Auto-thermal reforming can be realized by means of a chemi-
cal looping process reducing the amount of oxygen, thus excess air
ratio (A), to a value smaller than stoichiometric. Such a chemical
looping reforming (CLR) system will have its higher efficiency val-
ues in a pressurized process (Rydén and Lyngfelt, 2005) and the
same is expected for the chemical looping gasification (CLG) as
mentioned by Xiao et al. (2010). For these reasons much stress is
posed on the compactness, even if the CLC reactor system design
proposed in this paper is atmospheric. Overview figures of excess
air and pressure for different applications of CLC/CLR/CLG processes
are depicted in Fig. 2.

2. Mass and heat balance

One of the main challenges of the CLC technology is the
development of the oxygen carriers (OC). In fact it must provide
appropriate oxygen transport and reaction kinetics on which the

reactor design is based. The ideal OC will depend on the type of

Pressure [atm]

CLR/CLG
1530
CLC
cLe Combined Cycle
Steam Cycle
~1F
1 1 1
1 2 3

Excess air ratio, A [-]

Fig. 2. Overview of operational pressure and excess air (1) for some possible chem-
ical looping applications: chemical looping combustion, reforming and gasification
(CLC/CLR/CLG).
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fuel used. Moreover the material must show good performance for
a high number of reduction/oxidation cycles without substantial
mechanical or chemical degradation in order to avoid fragmenta-
tion, agglomeration and loss of reactivity. In order for CLC to reach
an industrial scale the OC needs to be inexpensive, available in
large quantities and to meet stringent health, safety and environ-
ment (HSE) standards (Johansson et al., 2008). For these reasons
Fossdal et al. (2011) at SINTEF Materials and Chemistry have
performed a survey on industrial tailings and by-products as basis
for producing a suitable reference OC for the CLC reactor system
object of this study. From an initial screening of oxygen capacity
and oxidation/reduction kinetics by means of thermo gravimetric
analysis (TGA) a specific manganese ore was selected as the most
promising material. The reduction and oxidation reactions for
manganese oxide at the design temperature of 1000°C will be
between MnO and Mn304, while for lower temperature they will
be between MnO and Mn,03. Using methane as the reference fuel
for the MnO/Mn304 equilibrium, the oxidation reaction within the
AR and the reduction reaction in the FR are, respectively,

03 + 6MnO = 2Mn304 (AH = —452.3k] per mol O,) (1)

and

%CH4 +2Mn304 = H,0 + %COz + 6MnO

(AH =51.2Kk] per mol 0,) (2)

where AH is the enthalpy change of the reaction calculated using
the chemical thermodynamic software FactSage (Bale et al., 2009).
The overall reaction, as in a conventional combustion, is equal to:

0, + %cm —H,0+ %coz (AH = —401.1kJ per mol 0,)  (3)

According to Lyngfelt et al. (2001) the OC can be characterized
by means of two properties; firstly the oxygen ratio, Ry, defined as
the ratio of the mass of oxygen in the fully oxidized carrier to its
total mass:

Ro = Moc,x;:;l — Moc red )
0C,0x

Mocox and Mocreq are respectively the molar mass of the fully
oxidized and fully reduced OC. This parameter quantifies the max-
imum amount of oxygen that the OC theoretically can take up from
the air. For the pure MnO/Mn304 reaction Ry has a value of 0.07
[—]. From mechanical strength considerations the manganese oxide
will be mixed with an inert support material such as alumina Al,0s.
The amount of active manganese oxide is considered to be about
40-45% on a weight basis, thus reducing the oxygen ratio to about
0.03 [-].

The second parameter characterizing the OC is the degree of oxi-
dation, or conversion X, of the OC. This is defined as the actual mass
of oxygen in the OC divided by the maximum amount of oxygen in
the fully oxidized state:

X = MOC,actual - MOC,red (5)
Moc,ox — Moc red

The degree of oxidation can be used to describe the difference
between the conversion at the entrance of one reactor and at its
exit, AX, which becomes a measure of the exploitation of the max-
imum oxygen capacity. From TGA cycling tests by Fossdal et al.
(2011) the OC reduction process in the FR is shown to be the lim-
iting step, being slower than the OC oxidation reaction in the AR.
The exploitation of the oxygen capacity in the FR can be written as:

AXpr = Xinfr — Xout,FR (6)

In this case AX is estimated to be about 0.2 [—], based on the mea-
sured reversible oxygen capacity of the manganese ore (without

Table 1

Main design parameters of the CLC reactor system.
Design parameters Value Unit
Fuel thermal input 150 [kWn]
Excess air ratio (1) 1.2 [-]
Fuel LHV (methane) 50.01 [MJkg—']
Reactors design temperature 1000 [°C]
Oxygen carrier oxygen ratio Ry 0.03 [-1]
Oxygen carrier conversion AXp 0.2 [-]
Oxygen carrier circulation rate 2 [kgs™']
Heat release AR (Eq. (1)) 169 kw
Heat release FR (Eq. (2)) -19 kw

any inert support) and on the residence time of the OC particles in
the FR. The last one is conservatively assessed to be about 8 s which
has been confirmed by cold flow model (CFM) results (see Section
3.4).

The Ry and the AX fix the needed OC mass flow between the
reactors at a given fuel input. At 150 kW, (3 gs~! methane, based
on LHV), 12gs~! of oxygen are needed to fully oxidize the fuel.
Exploiting 20% of the maximum oxygen ratio R, of 3%, the OC mass
flow needed is 2kgs~1.

A heat balance was performed to be able to dimension the heat
exchangers needed to control the process. At a reactors tempera-
ture of 1000 °C and with the enthalpy changes of the oxidation and
reduction reactions (Egs. (1) and (2)), the heat release is 169.1 kW
in the AR and —19.1 kW in the FR as the reduction reaction (Eq. (2))
is slightly endothermic. However, the cooling effect of the colder
inlet gases compared to the reactor temperature will reduce these
values of about 28 kW and 13 kW for the AR and FR, respectively.
The main design parameters related to the mass and energy balance
are summarized in Table 1.

It should be noted that the phase transition between
MnO/Mn304 will cause a discrete density change of 14.9% that may
cause stress and a brittle material. Addition of calcium in order to
obtain perovskite phases will improve mechanical stability. Such
calcium manganite materials were prepared and tested by Fossdal
etal.(2011). Even though the theoretical oxygen ratio Ry is reduced
to 0.056 the reversible cyclic capacity and the kinetics as obtained
by TGA are still almost equal to the pure manganese ore. The AR
oxidation at 1000 °C will be somewhat less exothermic than the ref-
erence in Eq. (1) (AH=—-330k]mol~! 0,) and the FR will be slightly
exothermic (AH=—71kJmol~! O, with methane as fuel).

To gain a better understanding of the OC candidates behaviour
it is important to test them, in addition to the TGA analysis, with
multi cycles in batch fluidized bed reactors as well as with a contin-
uous CLC unit (Abad et al., 2006; Gayan et al., 2010). On the other
hand Vienna University of Technology (Kolbitsch, 2009) tested the
performance of the OCs in the 120 kWy, CLC unit, finding higher
reaction rates than that ones predicted from the batch tests. It
means that the oxygen capacity exploitation, assumed relying on
the TGA analysis can be considered conservative, thus the 2kgs~!
of mass exchange between reactors. Such a mass flow will also pro-
vide the required heat at the reduction reaction, if endothermic as
in the MnO/Mn304 case, and ensure a temperature in the FR with
almost the same value of the AR one.

3. Results and discussions
3.1. Reactor concept

The concept for the CLC reactor system developed by SINTEF
Energy Research/NTNU in Trondheim is schematically represented
in Fig. 3. Both the AR and FR are circulating fluidized beds (CFB)
and the system is therefore called a double loop circulating flu-
idized bed reactor system (DLCFB). It is adopting a configuration
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Fig. 3. Process diagram of the double loop circulating fluidized bed reactor system
concept. The fluid streams for both the air reactor (AR) and fuel reactor (FR) are
represented as well as the pressurized vessel, the cooling panels (CP) and divided
loop-seals (LS).

with two loops architecture realized with divided loop-seals (LS)
and with the FR meant to operate in fast fluidization regime. The
fast fluidization regime in the FR has the objective of raising the fuel
conversion with a better utilization of the upper part of the reactor
increasing the gas-solids contact, despite the reduction of particle
and gas residence time due to the increase of superficial gas veloc-
ity and particles entrainment. In the fast fluidization regime there
is a higher particle concentration in the upper part of the reactor
and a smaller bottom zone compared to a turbulent bed, indicating
a more homogeneous particle distribution (Kunii and Levenspiel,
1997). The goal is to maximize the fuel conversion and the solids
concentration at the reactor exit as well as to reduce the particles
concentration in the bottom zone having a steep, but not a vertical
concentration profile (which becomes pneumatic conveying) along
the FR. This objective can be reached utilizing a fast reactor for both
the FR and AR playing with the mass inventory, the secondary air
injections and the loop-seals. In this way it will be possible to tune
the solids concentration versus reactor height toward the desired
one. Grace (1990) proved that this factor affects pretty much the
conversion for fast reactions. Proll et al. (2009a) came to the very
same conclusions with their CLC set-up: they increased the conver-
sion of methane increasing the FR fuel load. This way they increased
the fluidizing velocity of the turbulent CFB towards fast fluidiza-
tion regime. Anyhow these results were reached with Ni-based OC
which has high reactivity; while they experienced better conver-
sion at lower loads utilizing natural ilmenite (low reactivity OC),
concluding that the optimal FR fluidization regime depends on the
OC reactivity.

The two LSs in Fig. 3 will have the conventional tasks of closing
the pressure loop and avoiding gas mixing between the reactors. In
addition, their divided configuration will allow recirculating part
of the entrained particles into the reactor of origin enabling control
of the mass exchange and the particle residence time (two loops
architecture). There is also a bottom extraction/lift in the FR to bring
part of the solids flow to the AR through this connection. This is
required to achieve the full design circulation rate and give higher
degree of operational flexibility, e.g. it will allow operating the rig
with the FR in turbulent regime. In the FR a minimum amount of
steam will be introduced in the bottom to guarantee fluidization in
case of emergency, during shut down and to tune the fluidization
regime.

Table 2

Main particle and reactor dimensions.
Design parameters Value Unit
Particle diameter, dso 70 [pm]
Particle density 2000 [kgm~—3]
Particle sphericity ~1 [-]
AR diameter 0.25 [m]
FR diameter 0.15 [m]
Reactor height 5 [m]

The value of A at design conditions is between 1.1 and 1.2 as
for industrial CFB boilers. On the other hand, the reactor system is
intended to have the needed flexibility to operate at reduced excess
air (reforming conditions), as well as higher excess air with A up to
3 and above as this would be necessary for GT applications (Fig. 2).
This will give as a consequence a higher solids entrainment which is
planned to be compensated by means of the internal recirculation
in the AR through the divided loop-seal.

3.2. Hydrodynamics

The main reactor dimensions must fit the requirements given
by the chosen fluidization regime discussed in Section 3.1 and
the mass and heat balances from Section 2. Particles size, density
and sphericity are fundamental parameters with respect to flu-
idization regime. The particles selected for the reference case are
approximately spherical with a dsg equal to 70 wm and a density of
2000 kg m—3. A powder with such characteristics is in the group A
of the Geldart (1973) classification, i.e. a typical catalyst standard,
it will eventually ease the OC production.

The AR must reach a fast CFB regime entraining the required
amount of 2kgs~! of OC by means of the gas flow of air. The main
calculated figures for the AR are given in Table 2. They lead to
the aimed CFB flow regime according to the dimensionless Grace
diagram as qualitatively shown in Fig. 4 (Lim et al., 1995). The solids
flux, Gs, to reach at the AR exit is equal to almost 40kgm—2s~!
and the particle concentration that will allow such high particles
entrainment is at least around 12 kgm~3. A similar approach was
followed for the design of the FR; once the amount of fluidizing gas
available from the 150 kW, of thermal load was calculated, the
dimensions were set to have fast CFB regime in design conditions.

10
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Fig. 4. Qualitative representation of the fluidization regimes of the air reactor (AR)
and fuel reactor (FR) according to the classification of Grace (Lim et al., 1995).
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As can be seen from Fig. 4 also the so dimensioned FRis in the aimed
regime. It should give a solids flux of almost 45kgm=2s-! and a
concentration of at least 13 kg m~3 in the upper part of the reactor.
In this way about half of the 2 kg s~ solids flow is exchanged while
the rest will be handled by means of the bottom extraction/lift.
These are values calculated considering the presence of the cooling
panels (CP) and without taking in account the particles backflow. In
the literature it is proven that such exit particles flux values can be
easily reached, in fact flux values even higher than 175kgm=2s-!
were reached in the work performed by Nicolai (1995). The same
can be stated for the particles suspension in the upper part of
the reactor: according to Basu (2005) concentration values up to
100 kg m~3 can be reached.

The reactors hydrodynamics were investigated more thor-
oughly by means of simulations in order to verify the feasibility
of the required values of entrained OC and reactors exit con-
centrations. It was also possible to carry out evaluation of the
pressure/particles concentration behaviour along the reactors bod-
ies as well as of the total particle mass in the AR and FR. The
simulations were performed with the commercial software Ergun
(2009) utilizing both the Berruti’s flow pattern model (Pugsley and
Berruti, 1996) and the Horio one (Lei and Horio, 1998). Such kinds of
models are characterized by an empirical nature. This fact in addi-
tion to the complexity and peculiarity of the reactor system made
the authors opt for the CFM testing described in Section 3.4 further
below.

3.3. System design

The goals of the present CLC reactor system have already been
explained, as well as the concept developed for their achievement.
Some of the design requirements and solutions adopted for their
fulfilment are described here more thoroughly.

The gas feed system controls the fluidization and hydrodynamic
behaviour once the OC particles and reactor dimensions have been
chosen. The main intention is the achievement of a CFB mode hav-
ing as much control as possible on the behaviour of the particles
along the reactor body as described in Section 3.1. It is done by
a balanced use of the primary bottom injection plus two levels of
secondary ones along the bottom part of the reactor. The volume
flow of fluidizing gas injected in the FR (CH4) will triple inside the
reactor body because of the reaction described in Eq. (2). A tapered
section will smooth the associated velocity increase and reduce the
friction losses. It will increase the gas velocity in the bottom of the
reactors, both AR and FR, helping to prevent the agglomeration of
particles (Grace, 1990; Legros et al., 1991). It will also give a uni-
form superficial gas velocity (Up) profile across the secondary air
injections (Basu, 2005) allowing a more even acceleration of the
solids up to the conditions of fully developed flow. The bottom gas
injection of the AR and FR is done by means of bubble cap nozzles
designed according to VGB PowerTech (1994). The nozzle shape, the
distance towards the reactor walls and suitable velocities of the air
jets were chosen relying also on the good performance shown by
the solutions experimented in the company Rheinbraun (Lambertz
etal,, 1993).

The reactor cooling is an important issue, especially for reactors
being as compact as possible. The adopted solution is industrial
with cooling panels (CP) as shown in Fig. 3. For a proper fluidization
they should not be allocated too low in the reactor height to achieve
a full development of the solid flux. At the same time they should
not be located too close to the reactor exit disturbing the particles
entrainment. Furthermore their presence will reduce the section
available for the gas flow, thus increasing the gas velocity. The cal-
culated number of panels is based on the necessary cooling duty and
a heat transfer coefficient estimated to 120W m~2K~!. Among the
values presented by Basu (2005) this is considered realistic on the

conservative side in order to match the solids suspension densities
expected in the design case.

The performance of the loop-seals will be crucial for the over-
all system behaviour as mentioned in Section 3.1. In the present
reactor design it is intended to control the OC flux, with possibil-
ity of internal recycle, without the use of mechanical valves such
as a cone valve. The industrial solution according to an Ahlstrom
patent (Kostamo and Puhakka, 1988) meets this requirement. Even
though a mechanical valve is not a part of the proposed design it
is planned for possible installation in case the external and inter-
nal circulation is not easily controlled without. The fluidization of
the loop-seal is executed by means of nozzles in principle equal
to the primary nozzles of the AR and FR. This solution reduces the
complexity by standardizing the nozzles. To help the fluidization
lateral air injections are placed in the bottom part of the down-
comers, just above the loop-seals. It has proved to be effective as a
means to enhance loop-seal solid circulation rate (Kim et al., 2001).

The last reactor component that deserves special care in the
design phase is the heavy load cyclone. Its performance has funda-
mental importance to avoid particle losses. High cyclone efficiency
is necessary to help satisfy particle emissions requirements and
to reduce the OC refilling and the related costs. Furthermore it is
essential for GT applications in which the GT working fluid must
fulfil strict requirements with respect to particle concentration
and particle size (Lippert and Newby, 1995; Loud and Slaterpryce,
1991). In addition the cyclones required in this case have to handle
efficiently a high flux of particles in a very compact configuration.
It is proven that the heavy loaded cyclones reach the best effi-
ciency by means of a downward inclined inlet duct that intensifies
the cluster formation (Hugi and Reh, 1998, 2000) and a converg-
ing section that increases the inlet gas velocity (Muschelknautz
and Muschelknautz, 1996). A sharp cross section reduction may
improve the performance as shown in results from the boiler of the
coal power station of Goldenberg (Krohmer et al., 2006). Accord-
ing to Muschelknautz and Muschelknautz (1996) the gas exit tube
should be placed eccentric in the cyclone in order to raise the sep-
aration efficiency. This solution was also proven in large scale, as
well as the downward declination of the inlet duct, in the boiler in
Zeran, Poland (Lalak et al., 2003). The vortex finder may be arranged
with an increase of its cross section in the direction of the gas flow
exiting the cyclone. Such a diverging vortex finder is an industrial
solution used by the Electricité de France (EdF) coal power plant in
Gardanne (France) (Frydrychwski-Horvatin and Vostan, 1997).

Based on the above considerations, a detailed system and com-
ponent design has been carried out. In order to have a most realistic
verification of the performance of all these solutions, together with
the reactors hydrodynamics as already mentioned, a full scale CFM
has been built and is in operation as described in the next section.

3.4. Cold flow model verification

Cold flow model (CFM) validation is a common approach for
testing the reactor design before building a hot rig. This kind of val-
idation has been used, e.g. by Chalmers (Kronberger et al., 2005)
and Vienna (Proll et al., 2009b) Universities of Technology operat-
ing CFMs that are smaller down-scaled versions of the intended
hot rig. However, in the present work a full scale (1:1) CFM of
the 150 kWy, rig design has been built as in the industrial practice
in order to reduce wall effects and establish even more realistic
design verification. The CFM is built in transparent polycarbon-
ate material and all component details are equal to the hot rig
design. The values of gas velocity and particles characteristics (dsg
equal to 34 wm and material density equal to 7000 kg m~3) were
selected in order to end up in the same fluidization regime. The
complete CFM results and related mapping of the overall stable
operational window of the reactor system is out of scope of this
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Fig. 5. Solids flow (flux) achieved in the cold flow model of the air reactor (AR) as
a function of the fluidizing air flow for two different total solids inventory (TSI) and
different air staging between primary, secondary 1 and secondary 2.

paper and still under investigation. Here some key results will be
shown, related to the performance of the AR and FR operated sep-
arately. Fig. 5 shows how the solids flow experienced in the AR
loop increases with the air flow and the total solids inventory (TSI)
up to the achievement of almost 2 kg s~! entrainment. At the same
time it is possible also to tune the entrained flux with the air stag-
ing: increasing the secondary air share will reduce it. The same
behaviour is shown by the FR in Fig. 6 up to a flow of 1.1kgs~!. The
results obtained with the lower FR inventory of 35kg are shown
for sake of completeness, but these tests were performed before
gaining full control on the inventory in the reactor system which
then was not always the same. In addition the pressure behaviour
along the AR body corresponding to the 2 kg s~! flow exchange, for
a TSI of 45 kg and superficial gas velocity Uy of 1.9 m s~ is shown by
the continuous line in Fig. 7. The AR pressure profile confirms the
fast CFB behaviour and it was used to derive the amount of mass
present in the reactor, neglecting friction and acceleration forces
as done by Issangya et al. (1999) and Proll et al. (2009a). The cal-
culated active mass in the AR was almost 28 kg which divided by
the flux of 2 kgs~! gives a conservative estimation of the OC resi-
dence time in the AR equal to 14s. In addition it is also shown, in
the same figure, the sensitivity of the pressure to the TSI and air
staging keeping constant the superficial gas velocity. A reduction
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Fig. 6. Solids flow (flux) achieved in the cold flow model of the fuel reactor (FR) as
a function of the fluidizing air flow for two different total solids inventory (TSI) and
different air staging between primary and secondary.
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Fig. 7. Pressure profiles along the air reactor (AR) for a fixed amount of fluidizing
air giving 1.9ms~! of superficial gas velocity. Three different cases are analyzed:
a total solids inventory (TSI) of 45 kg and all the fluidization air introduced at the
primary level, the same TSI introducing just 40% of the air at the primary level and
an inventory of 35 kg with all the air at primary level.

of the primary air down to 40% keeping the TSI constant (dotted
line with triangles) shifts the pressure curve down to lower values
and decreases the entrained flow (Fig. 5). The dotted line with cir-
cles shows how the pressure profile is affected by a reduction of the
TSI: the bottom pressure/inventory is reduced and the overall curve
is shifted towards smaller values. In a similar manner Fig. 8 shows
with the continuous line the pressure along the FR body for a veloc-
ity of 2.2ms~! and an inventory of 50kg. It leads to 1.1kgs™! of
solids entrainment and a calculated 16 kg inventory of active mass
inside the FR. It means a particles residence time of about 8s tak-
ing into account also the mass that should be transported through
the bottom extraction/lift to achieve, at steady state, a total solids
exchange of 2 kg s~!. The experimental results confirm that the flu-
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Fig. 8. Pressure profiles along the fuel reactor (FR) for a fixed amount of fluidizing
air giving 2.2ms~! of superficial gas velocity. Three different cases are analyzed:
a total solids inventory (TSI) of 50kg and all the fluidization air introduced at the
primary level, the same TSI introducing just 25% of the air at the primary level and
an inventory of 35 kg with all the air at primary level.
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Fig. 9. Flow-sheet of the design methodology used/developed to achieve the actual
design of the double loop circulating fluidized bed (DLCFB) chemical looping com-
bustion atmospheric pilot rig of SINTEF Energy Research/NTNU in Trondheim.

idization regime, the solids entrainment and the pressure/particles
concentration behaviour are affected, and thus can be regulated,
by the pre-set particles inventory and by the fluidizing gas staging
as well as by other factors, e.g. the fluidization of the loop-seals
and the reactors backpressure. Further extensive CFM studies need
to be done in order to find the best way to couple the reactors
together and operate according to the different operational modes,
and to generate results in order to derive correlations that can be
used to fit the semi-empirical mathematical models to the actual
set-up.

4. Conclusions

The design of a chemical looping combustion reactor system
of 150kWy, fuel input is presented. It consists of two intercon-
nected circulating fluidized bed operating in fast fluidization mode,
in design case, and interconnected by means of a “two loops archi-
tecture” (DLCFB). Together with the multiple injections fluidization
system it will increase the operational flexibility. In this way the
reactor system is expected to be operated in the way that will
bring higher fuel conversion efficiency according to the selected
fuel and oxides. The overall system is compact in order to reduce
the amount of solid material and to have the possibility to be intro-
duced into a pressurized vessel. In addition the design is making use
of many industrial solutions which will lead the chemical looping
technologies further towards possible commercialization.

Among the achievements of this paper there is also the devel-
opment of a design methodology which is shown in Fig. 9. It starts
establishing some parameters according to the project require-
ments and resources available. Mass and heat balances, design
and hydrodynamic calculations are performed. The hydrodynam-
ics together with the proposed design solutions are currently being
tested in a cold flow model mirroring the actual reactor system. In
this way it will be possible to tackle eventual shortcomings and
find the best operational window. All the missing parameters are

assessed iteratively in order to achieve a reactor with the above-
mentioned characteristics. Concluding, this design methodology
summarizes all the main actions and decisions undertaken along
the design path and presents them in a modular way.
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Abstract

A 150kWy, second generation chemical looping combustion reactor system has been designed. It is a double loop circulating
fluidized bed meant to achieve high solids circulation and be flexible in operation. Attention was also focused on the usage of
industrial solutions and compactness, to go towards commercialization and pressurization as a further step. Both its
hydrodynamic behaviour and design solutions were investigated by means of a full scale cold flow model. First the design of the
nozzles and the share of kinetic losses were verified, together with the solids flow/flux measurements reliability. The air reactor
and fuel reactor were then tested separately monitoring their entrainment capabilities and pressure/particles distribution, with
main focus on finding the best way of operating the loop-seals and cooling panel configuration. The overall reactor system
(combining air and fuel reactor) was tested achieving results close to the design values. Finally, some solutions to further
improve its performance are proposed.

(© 2011 Published by Elsevier Ltd.
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1. Introduction

Within the CO, capture technologies the Chemical Looping Combustion (CLC) is one of the most promising both
for costs and net efficiencies [1]. It is an unmixed combustion process with inherent CO, separation, commonly
realized by means of two interconnected fluidized bed reactors. It takes place in two steps where a metal powder,
working as a solid Oxygen Carrier (OC), gets cyclically oxidized and reduced carrying the oxygen from one reactor
to the other. First the OC has a strong exothermic reaction with the oxygen of the fluidizing air in the Air Reactor
(AR). Afterwards the oxidized OC is sent into the Fuel Reactor (FR) and its oxygen reacts with the fuel,
endothermically or slightly exothermically, depending on the OC material and fuel used, generating an almost pure
stream of CO, and steam.

SINTEF Energy Research and the Norwegian University of Science and Technology (NTNU) have designed a
150k Wy, atmospheric CLC reactor system. The chosen design solutions are aiming at high operational flexibility and
fuel conversion as well as compactness for the prospective of pressurizing the reactor as a further step. It consists of
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two Circulating Fluidized Beds (CFB) interconnected by means of a bottom extraction/lift and divided Loop-Seals
(LS) in a two loops architecture: Double Loop CFB (DLCFB) shown in Figure 1. The AR is meant to operate in fast
fluidization regime while the FR both in turbulent and fast
CO» and Steam  fluidization. The abovementioned loop-seals are designed as
Depleted double loop-seals. The purpose is both to avoid the gas
Air mixing between the two reactors and to lead the flow of
solids entrained by one reactor into the other one or re-
circulate it back to the reactor of origin. They are fluidized
by means of three bubble cap nozzles: one below the
downcomer (central), one just below the internal return leg
(to lead the mass back to the reactor of origin) and one
below the external return leg (to lead the entrained mass to
the other reactor). In addition there will be lateral steam
injections in the downcomers, just above the loop-seals
(Figure 1). Because of the smaller amount of fluidizing gas
available in the FR, compared to the AR, the bottom
extraction will compensate the fact that the FR is not
capable to entrain the same amount of solids as the AR. The
system is cooled by means of lateral protruding Cooling
Panels (CP) inserted into the AR body. The DLCFB design
and the way it faces industrial and scale up issues, as the
latest (second) generation of CLC reactors does, has already
Air Steam been described in a detailed way by Bischi et al. [2]. In
order to achieve the aforementioned objectives, the
Figure 1. Process diagram of the Double Loop hydrodynamics as well as many of the design solutions of
Circulating ~ Fluidized Bed (DLCFB) such CLC reactor system, need to be qualitatively tested in

reactor system concept [2]. a Cold Flow Model (CFM) without chemical reactions [3].
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flow

QON—"cO0OO" T

Air

-0 00 o<

2. Experimental set up and procedure

A polycarbonate CFM has been built and commissioned. It is a full scale (1:1) exact copy of the 150kWy, hot rig
design. In this way it was possible to reduce the wall effects to get more reliable design verification [4]. The two
reactors are 5 meters high; the AR has a diameter of 0.23 m while the FR 0.144 m. In addition the powder
characteristics as well as the operating conditions were chosen in order to end up in the same fluidization regime as
the hot rig, i.e. fast CFB regime according to the empirical classification of Grace [5]. The selected material
representing the oxygen carrier is a Ferro-Silicon alloy with a density of almost 7000 kg m™ and a ds, of 34
micrometers and rounded irregular shape. These particles end up in the group A of the Geldart diagram and because
of their high density are very close to the boundary with the group B [6]. An important share (above 20%) of the
particle size distribution used in the tests has a diameter smaller than the foreseen critical one where the Van der
Waals cohesion forces start to play a decisive role into fluidization properties [7, 8]. Anyhow, as long as the main
interest for such fine particles is in the catalyst applications (thus lighter) it is quite rare to find information about
high density Geldart A particles in open literature. The fluidizing gas is air and the nominal flows are selected to
give a velocity of 2.2 m s in the reactor bodies. Details of the scaling strategy can be found in Bischi et al. [9].

The rig is equipped with differential pressure transmitters distributed along the reactor bodies, cyclones and
bottom of the loop-seals. At the reactor exit there is one common filter box with a frequency controlled fan so it is
possible to obtain the desired backpressure, which will be the same for both the AR and the FR unless the valves at
the cyclones exit are used to differentiate them. The filter box is also used to collect the powder losses and in this
way monitor the cyclones efficiency and the inventory in the system. The solids entrainment is measured in two
ways: a visual and an indirect way. The first one is relying on a visual measurement of the mass accumulation in the
downcomer once the loop-seal fluidization is shut down. The indirect measurement is based on a perforated flap
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valve located in the downcomer. This way the gas coming from below fluidizes the amount of powder accumulating
on the flap valve, when closed. If the minimum fluidization condition is reached, the entrained solids flux, thus flow,
can be derived from the gradient of the pressure drop (AP) across the flap valve due to the mass accumulated [10]:
G = d;AP i downcomer (1 )
g 4,

All the pressure measurements used to evaluate the reactors performance are an average value of ten minutes
steady state operation. In addition the pressure in the more sensitive points (e.g. bottom loop-seal) was constantly
monitored and experiments with too high pressure fluctuations (above 40 mbar) were labelled as unstable. The
solids flows/fluxes were measured at least two times and an average value was presented. In case of a standard
deviation of the measurements bigger than the 10% of the average a third measurement was taken.

3. Results and discussion

The CFM was first tested without particles to check the fluidizing nozzles design and the share of kinetic pressure
losses. The pressure losses across the nozzles were measured as a function of the gas flow injected through the
nozzles. In this way it was possible to evaluate if the AP of each nozzle is in the proper range: above 20% [11] of the
respective overall reactor body pressure drop in the operational design point. These values were compared with the
overall reactor AP measured during actual operation, with solids, showing a satisfactory match both for AR and FR.
The recorded pressure values along the empty reactor bodies were small due to the low design velocities (up to 2.4
m ™). The maximum values of pressure difference between the bottom of the reactors and their top was found to be
in the order of magnitude of 1 mbar. This means that the kinetic pressure losses have little influence on the pressure
measured along the reactor bodies during operation. Anyhow it needs to be kept in mind that the lower pressure
transmitter is placed at a height of 14 cm from the reactor bottom; the bottom pressure is expected to be higher.

Another preliminary test campaign was finalized to check the reliability of the indirect solids flow/flux
calculation realized by means of the pressure gradient measurements (Eq.1). The so determined solids flux was
compared with the visual measurements of mass accumulation. It was of great interest for the project, in order to be
capable to make use of this technique also in the 150kWy, hot rig, where it will not be so straightforward to have a
visual measurement. The two measurement techniques matched when an auxiliary air injection below the perforated
flap valve was tuned on purpose in order to achieve minimum fluidization conditions of the accumulated mass of
particles. In addition, the agreement was mainly for the lower part of the solids flux range tested. In fact the
momentum of the free falling solids was proven to affect strongly the fluidization of the accumulated powder in the
downcomer [12]. A wide range of solids fluxes are going to be tested and they can’t be foreseen in detail because of
their dependency on many independent parameters. It means that we can’t know in advance what the exact amount
of auxiliary air will be. From these findings, and supported by literature [13], it was possible to deduct that this
approach is very much depending on the operator ability of reaching the right fluidization conditions above the
perforated flap valve. Thus it can’t be used by itself for the hot rig and another solution applicable to high
temperature conditions needs to be found.

It was noticed that it is difficult to obtain exactly the same solids flow/flux when the same experiments are not
performed continuously; while they are very much consistent when executed continuously without changing settings
and stopping the system. This fact shows that the “roughness” of the experimental technique used to measure the
solids flow can not be the main reason for the variations in the results. The way the solids inventory distributes in
the system in order to achieve steady state conditions do also play a role. A third issue affecting the solid flow is the
Total Solids Inventory (TSI) control. It is closely related to the cyclones efficiency, evaluated to be very high and
often above 99.9%. This is a good performance for such fine powder as can be seen in Fluid Catalytic Cracking
(FCQC) literature which is dealing with this kind of particle size distribution, but much lighter material [14].
Nevertheless it is worth to mention that for example in the case of a solid flow of 1 kg s™ a cyclone efficiency of
“just” 99.9% will mean 3.6 kg of losses in one hour. Such loss of mass will substantially affect the TSI and
consequently the reactor performance. This information is of fundamental importance for the interpretation of the
experimental results. The same set of tests was repeated twice for the AR with a TSI of 65kg and different refilling
time of the lost mass. The results show that the 20 minutes refilling gave in average about 4% higher solids flow
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than the 60 minutes one (for a set of data of 20 points of which 8 are shown in Figure 2). Also, the consistent
behaviour of the larger downcomer height confirms the indication that the solids flow difference is caused by an
actual change in the reactor overall mass and mass distribution.
Next, the AR was run alone re-circulating internally through
27 7200 the divided loop-seal all the entrained solids. It was tested from
= (1) part load, turbulent fluidization regime, up to an air flow
corresponding to the fast CFB design flow regime. The solids
flow/flux and the pressure profile along the reactor body were
50 measured and the cyclone efficiency estimated. The TSI within
the reactor system was varied as well as the combinations of
primary and secondary air. The measured flow of solids was
found to be clearly dependent on the TSI and the air flow,
increasing with them up to 2 kg s™' (flux of 48 kg m? s™). At the
same time also the pressure behaviour showed its dependency
from the TSI and air staging, shifting towards higher values for
higher amount of solids and higher primary air share. In addition
higher values of pressure gradient, thus mass, in the lower part of
the reactor body are recorded, as expected [15], for turbulent
\ regime, while the particle concentration in the upper part of the
reactor increases when increasing the fluidization velocities. The
0 0 same set of experiments was performed for the FR showing the
. © . . same behaviour when it comes to solids entrainment and pressure
Figure 2. Set of tests P?rformed twice Wlfh the behaviour. It was possible to entrain in a stable way a flow of
same conditions, but with 60’ and . S
207 refilling. pa'mcles up to almost half of the AR one, which is in accordance
with the design. In average the bottom pressures of the two
reactors running separately were shown to be on the same order of magnitude, slightly higher for the FR, picking the
right operational conditions. This is an important parameter for the coupled operation control because this is the
pressure where the return legs of the divided loop-seals merge into the reactor bodies. More details about the
performance of the reactors operated separately can be found in Bischi et al. [2 and 9].

The way the loop-seal is operated affects quite a lot the performance of a CFB, and especially the solids
entrainment [16 and 17]. For this reason the effect of the loop-seal fluidization was thoroughly investigated, varying
the amount of fluidizing air injected in the central and internal nozzles for several lateral injections (that ones
located in the downcomer just above the loop-seal). The aim was to understand the best way to operate the loop-seal
for the actual reactor design. It means achieving high solids circulation with a stable fluidization regime in the
downcomer (between minimum fluidization and minimum bubbling). For economical reasons this has to be done
using a small amount of fluidizing gas because it will be steam in the hot rig. Figure 3 shows one detailed test matrix
executed for a constant TSI of 55 kg in the AR operated separately (internal recirculation) and with a fluidizing air
flow of 5000 N1 min™', equivalent to a superficial gas velocity of 2.2 m s, and with an air split of 70% primary air,
15% secondary air 1 and 15% secondary air 2. The AR loop-seal will be the more heavily loaded according to the
design. Each group of four points in the graph corresponds to a different value of the central nozzle fluidization (5 to
120 NI min™") and for each of the groups the four points go from the value of 80 NI min” up to 190 NI min™ of
internal nozzle fluidization. Each different symbol (diamond, circle, and asterisk) refers to a different value of lateral
air injection from 2.5 NI min™ up to 10 NI min". The blue points show (scale on the left) the measured solids
flow/flux, while the red points show the measured height of solids in the downcomer. This is an important parameter
to monitor in order to know how much of the mass is in the loop-seal downcomer rather than in the reactor body. It
is possible to notice that the entrained flow of solids is appreciably increasing with the internal nozzle fluidization
for the lower central fluidizations while above 40 NI min™ of central fluidization it stabilizes loosing its
dependencies on the internal and central nozzles. For central nozzle fluidizations above 40 NI min™ it is not possible
to distinguish clear trends, not even dependency from the lateral air injection amount. The downcomer height is
consistently reduced with the increase of solids flow because, for a fixed TSI and reactor fluidization, a smoother
loop-seal fluidization provides better solids circulation, thus more mass inside the reactor body, thus higher AP
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across the reactor and higher entrainment. On the other hand the higher pressure fluctuations experienced in the
bottom of the loop-seal in correspondence with higher fluidizing air, e.g. central nozzle above 40 NI min™', means
that the reactor is exposed to higher risks of gas leakages and cyclone perturbations. A similar set of experiments
was performed for the AR keeping the same air flows in the reactor and loop-seal, but increasing the TSI up to 65
kg. The increase of mass reduced the dependencies highlighted previously as well as increased the solids flow
together with the amount of mass in the downcomer. The increase of the downcomer solids height is necessary in
order to close the pressure loop; because more mass in the system gives a higher value of pressure in the reactor
bottom exactly where the return leg is merging, thus higher pressure in the loop-seal is required to balance it. The
loop-seal results are not following clear trends as in the cited literature [16 and 17] most likely because both the high
density Geldart A particles and the fluidizing nozzles of the present set-up represent solutions differing from the
majority of the published laboratory loop-seal studies. Therefore modifications of the loop-seal fluidizing system are
under investigation in order to gain better control on the solids circulation, especially to tackle circumstances where
the two solids streams exiting from the loop-seal are facing different pressures, as in the coupled operation.
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Figure 3. Set of experiments finalized to understand the air reactor dependency on the loop-seal operation (internal, central
and lateral air injection) for a total solids inventory of 55 kg and air flow of 5000 NI min’.

In this experimental campaign also the cooling panels influence on the AR performance was evaluated. Figure 4
shows the results of a test campaign conduced with a TSI of 65 kg, a total air flow going from 4000 to 5000 NI min™'
and constant loop-seal fluidization. Tests were done with no cooling panels, with the lower (bott.), the middle (mid.)
and the upper (up) panel separately and with the lower and middle together. The solids flow/flux was not
significantly affected by panel insertion, location and number. The same applies for the measured average pressure
values in the reactor body, while the pressure oscillations measured in the loop-seal bottom were in general higher
for the two-panel configuration, e.g. above 20 mbar vs. 10 mbar. The test done with 100% of flow in the primary air
(100%-0%-0%) showed a higher solids flow entrainment compared to the use of secondary air for the same amount
of fluidizing air (50%-25%-25%). The use of only primary air was limited to 4000 N1 min™ because further increase
of flow generated pressure pulsations that made the system vibrating too much to operate it safely (test done just in
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the two panels case). It may be related to the inventory which needs to be reduced for such operational mode; further
tests to proof it need to be carried out.

All the abovementioned tests were executed running the AR and FR separately. In this way it was possible to
have an accurate mapping of their operational window and choose the best way to couple them together as a DLCFB
reactor system. A test campaign with the two reactors coupled was performed but the results were not as expected. A
high difference of pressure between the lower sections of the reactors was experienced: the FR bottom pressure
ended up being much higher. It means that each divided loop-seal was exposed to a pressure unbalance having one
return leg facing a pressure much higher than the other one. This fact sums up to the abovementioned loop-seal
solids flux control challenges. The combination of these two circumstances created a disturbance because of gas
flowing through the internal leg of the FR loop-seal, which is not in use during coupled operation with 100% solids
exchange. It also generated a high pressure in the AR loop-seal external return leg, thus a high accumulation of
particles in the AR downcomer capable to push the powder flow from the AR to the FR and very likely causing
unwanted gas leakages from the FR to the AR. In addition it affected the cyclones efficiency causing mass losses
and resulted in a loss of control of the system performance. An attempt to operate the system was done sealing the
internal return legs of the loop-seals, without exposing them to the mentioned pressure unbalance. In this way the
DLCFB reactor system reached automatically a stable configuration, showing good margins of operability.
Afterwards the FR fluidizing system was modified, shifting the secondary air injections to a higher position. In this
way the FR bottom pressure was reduced making the overall system more easily operable and the sealing of the
internal return legs of the loops-seals could be removed. An example of the obtained pressure profiles are shown in
Figure 5 and are between turbulent and fast CFB fluidization regimes. In the test shown in Figure 5 the TSI in the
system was approximately 120kg while the mass inventories in the AR and FR were 19 kg and 15 kg, respectively.
The mass in the reactor bodies was estimated by means of the measured pressure profiles, neglecting frictional and
acceleration losses [18]. A solids flow of 1.65kg s (corresponding to a flux of 40 kg m™s™) was entrained by the
AR with a superficial gas velocity of 2.1 m s while the FR entrained 0.85 kg s™ (corresponding to a flux of 51 kg
m™s™) with a superficial gas velocity of 2.2 m s™'. The remaining 0.8 kg s™ of particles flow necessary to achieve
steady state were sent to the AR by means of the bottom lift/extraction operated with turbulent fluidization at 1 m s
of superficial gas velocity and a solids flux corresponding to 100 kg m?s™. More experiments to partially equilibrate
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the pressures between the lower sections of the reactors are on going. One of them is a reduction of the TSI which
will decrease the pressures in the lower sections of the reactors. Another one is the utilization of the backpressure
valves located at the cyclones exit in order to increase the AR backpressure, thus the pressure at the AR bottom.
This solution will not be so straightforward because of all the interconnections between the AR and FR bodies, thus
the pressure changes in one of them will affect to some extent also the other. Among the possible modifications of
the loop-seals the introduction of a cone valve in each of their internal leg has proven to be an effective solution in
order to face pressure difference between reactors. In fact the operation with a sealing can be considered equivalent
to a cone valve fully closed. On the other hand, operating the DLCFB reactor system in a way which doesn’t rely too
much on active control (e.g. backpressure valves or cone valves) is more in line with the original design basis of the
reactor system. Therefore the height where the loop-seals return legs, both the internal and external, are merging
with the reactors can be lifted to a value where the pressure in the reactor bodies is decreased enough to make the
system more easily operable with a wider stable operational window. This may cause residence time reduction and
increase the risk of leakages of gas carried by the entrained solids from one reactor to the other [19], but will for sure
increase the intrinsic stability of the system.

Conclusions and outlook

The full scale cold flow model of a second generation chemical looping combustion reactor system was
commissioned and its performance with high density Geldart A particles was tested at a wide range of operating
conditions.

The fluidizing system design was verified as well as the fraction of the kinetic losses on the overall reactor
pressure drop. The suitability of an indirect measurement technique of the solids flow/flux entrainment was
evaluated and compared to a more conventional direct one based on visual measurement of mass accumulation. A
simplified error assessment of the direct solids flow/flux measurement was done, and the influence of the total solids
inventory control and distribution on the measured values was highlighted. The cyclone efficiency was also
estimated together with its influence on the abovementioned solids inventory control.

A comprehensive understanding of the stable operational window of the air and fuel reactor systems tested
separately was obtained. The solids flow/flux entrainment and the pressure profiles along the air reactor and the fuel
reactor were analyzed as well as their sensitivity to the parameters: superficial gas velocity, secondary air injection,
solids inventory and loop-seal fluidization. Especially the way the loop-seal affects the reactors performance was
systematically analyzed in order to find the best combination of air flow to the central, internal and lateral air
injections. The loop-seals showed the capability of circulating the required solid flow, even if a clear trend was not
found on how they ideally should be operated in order to attain a sharp and exact control. Therefore the fluidizing
system of the loop-seals needs to be improved.

Furthermore, the overall double loop circulating fluidized bed reactor system performance was verified. A
pressure difference was experienced between the lower sections of the two reactors, thus between the two loop-seals
return legs. This made the operation of the overall system difficult. Better control was obtained sealing the internal
legs of the divided loop-seals, as if a cone valve, 100% closed, was inserted. Finally, by modifying the FR secondary
fluidization positions and changing the fluidizing air distribution it was possible to reduce the pressure unbalance
and establish a stable solids exchange between the reactors. To that respect the system showed to be flexible and
automatically adjusted the amount of solids in the downcomers to fulfil the overall pressure balance requirements.
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