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Abstract 
 
In this thesis a novel multifunctional reactor concept has been developed for the production 
of ultrapure H2 from light hydrocarbons such as CH4. This concept is named as Membrane-
Assisted Chemical Looping Reforming (MA-CLR) concept and it combines advantages of 
chemical looping and membrane reactors technologies. A high degree of process integration 
and intensification is achieved in this concept by integrating perm-selective Pd based metallic 
membranes for selective H2 extraction (500oC -600 oC) together with a commercial Ni-based 
catalyst that is used as the oxygen carrier in the chemical looping system of the concept. In 
this concept ultrapure hydrogen (H2) can be removed in situ from the reactor and the CO2 
produced is diluted exclusively by condensable steam, thus easily to separate and readily to 
be captured to avoid anthropogenic carbon emissions to the atmosphere. Moreover, 
compared to available commercial process for CO2 sequestration, this helps in the reduction 
of the energy penalty by removing extra separation steps, making it more appealing for 
industrial application. Thermodynamic analysis has confirmed that this novel technology can 
achieve improved reforming efficiencies compared to other systems presented in the 
literature. Furthermore, to approximate the behavior of the novel concept, phenomenological 
model has been developed where a solid phase is continuously circulating within two 
interconnected fluidized beds. This model has been further improved in this work and it helps 
to explain experimental results observed in a lab-scale reactor designed for this process. 
Experimental results have shown that H2 recoveries of 30% can be achieved and that more 
than 90% of methane conversion can be obtained at 600 oC. In this thesis, not only the MA-
CLR concept at lab-scale is proved but also the phenomenological model has been validated 
with experimental results. In conclusion of this thesis, potential of the current reactor concept 
to scale further up is identified and deeper investigation in the same is recommended. 
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Nomenclature  
 

Symbol Definition Unit 
A Area m2 

Ar Archimedes number - 
AR Air Reactor - 
C Concentration mol/m3 
D Diffusion coefficient m2/s 
d Diameter m 
d* Dimensionless particle number - 
DT Reactor Diameter m 
Dm Membrane Diameter m 
휀𝑚𝑓 Porosity at minimum fluidization  

Ea Activation energy J/mol 
f Volume fraction of phase - 
FBR Fluidized bed reactor - 
FBMR Fluidized membrane reactor - 
FR Fuel Reactor - 
g Gravitational constant m/s2 
h Height above distributor plate m 
Hrf Hydrogen recovery factor - 
JH2 Membrane flux mol

m2 ∗ s
 

k Reaction rate constant  
K Equilibrium constant s-1 
M Molar mass g/mol 
Nm Number of membranes  
n Pressure exponent - 
p Partial Pressure of component Pa 
PM Phenomenological Model - 
R Ideal gas constant  

r Reaction rate 
mol

𝑘𝑔𝑐𝑎𝑡 ∗ s
 

Re Reynolds number - 
SF Separation factor - 
Sh Sherwood Number - 
T Temperature K 
u Gas velocity m/s 
X Conversion of component - 
   
   
 
Greek 

  

   
α Wake region  
δ bubble fraction - 
Ɛ Porosity  
δ Membrane thickness m 
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ρ Density kg/m3 
µ Dynamic Viscosity kg m-1 s-1 
Ø Particle Sphericity - 
   

 
 

 
 

 
 

   
Subscripts   

   
0 Superficial  
b Bubble  
bc Bubble-cloud  
be Bubble-emulsion  
ce Cloud-emulsion  
e Emulsion phase  
g Gas  
mf Minimum fluidization  
p Particle  
s 
smr 

Solid phase 
Steam methane reforming 

 

w 
wgs 

Wake 
Water gas shift 
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Chapter 1 
 
Introduction 
 
 
Today, one of the most important problem for humanity is the Global warming which is 
directly related to the high emissions of Greenhouse gases. The increase in greenhouse gas 
emission has brought the general awareness that their reduction is required for a sustainable 
future. There are various gases which have different effects on global warming such as vapor 
H2O, CO2, CH4, or CFC’s. Among them, carbon dioxide has the largest contribution due to its 
persistency in atmosphere and its high concentration[1]. Nowadays, the global atmospheric 
CO2 concentration exceeds 400 ppm, very far from pre-industrial values (280 ppm) and an 
increase to 426-936 ppm is projected for the 21st century depending on different scenarios. 
Emissions scenarios limiting CO2 concentrations to about 450 ppm by 2100 are likely to 
maintain warming below 2 °C. This scenario is characterized by 40 to 70% reduction of 
anthropogenic greenhouse gas emissions by 2050 compared to 2010, and near zero emissions 
by 2100. Any other scenarios will not limit the 2 °C rise in atmosphere temperature. One of 
the proposed strategies to limit CO2 concentration in the atmosphere below 450 ppm by 2100 
is the substitution of fossil fuels to renewable and/or clean fuels. In this respect, H2 represents 
a suitable energy carrier for power generation as it does not produce CO2 in its final use [2][3]. 
However, H2 has to be first produced as it is not available abundantly in the nature. At 
industrial scale 80% of the total H2 produced worldwide still comes from conversion of fossil 
fuels and only in applications that require high purity water electrolysis is the preferred 
process [4]. The benchmark technology for H2 production is the conversion of natural gas in 
fixed bed tubular reformers at high temperature and high pressure, referring the technology 
to as Steam Methane Reforming. An enrichment of the stream obtained in the reformer 
reactor is normally carried out in shift reactors, where syngas coming from the reformer is 
converted into further H2 and CO2, and later separated in Pressure Swing Adsorption unit 
(PSA). 
 
 
Nowadays, different approaches have been studied to decrease or prevent anthropogenic 
carbon dioxide emission. One of the approaches is to replace traditional energy production 
based on fossil fuels by novel renewable carbon-free sources. Another way refers to the 
implementation of Carbon Capture and Storage (CCS) technology on an industrial scale since 
it has the potential to account for 19% of the total reduction in CO2 emission needed for a 
sustainable future. CCS refers to the technology in which a highly-concentrated stream of CO2 
is captured from the emission source and subsequently conditioned for long-term storage. 
Implementing CCS system in benchmark technologies requires costly gas separation units with 
an associated energy costs that will decrease the global efficiency of the process as already 
demonstrated in different works carried out in the literature [5]. For example, in a coal 
gasification process for hydrogen production, the corresponding costs of CO2 transport and 
storage would increase the overall cost by 10-15% [6]. These studies show that 
implementation of CCS at industrial level is also hindered by the reduction in the efficiencies 
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of the processes, which implies that further studies are required in order to improve CO2 
separation steps. IPCC 2005 reviewed a promising technology for oxyfuel CCS i.e. Chemical 
Looping. This technology has been successfully investigated for power generation (Chemical 
Looping Combustion (CLC)) and for fuel gas reforming (Chemical Looping reforming (CLR)). 
 
 

 
Figure 1.1: Schematic representation of Chemical Looping process 

The concept of Chemical Looping is to divide the conversion of a fuel into separated oxidation 

and reduction reactions by means of solids transferring oxygen from one reactor to a second 

reactor. In this technology, separation of oxygen from air is obtained by fixing the oxygen to a 

metal oxide as schematically presented in Figure 1.1. The metal is referred as oxygen carrier 

and represents a more efficient method to separate O2 and N2 than conventional cryogenic air 

separation units. Oxygen carriers provide required amount of oxygen into fuel reactor. This 

highly depends on solid circulation rate between two reactors and it also influences 

temperatures in both reactors. Use of two different units for reaction gives advantage that 

CO2 and N2 are not mixed. This gives high purity of carbon dioxide. The main reactions taking 

place in the process are mentioned below. Generally, SMR is carried out at 800-1000 oC. This 

process is usually catalyzed by Nickel. Both reactions are equilibrium reactions. First equation 

represents the steam methane reforming (R1) which produces syngas. This reaction is 

endothermic and produces high amount of carbon monoxide, which is unwanted side product. 

Therefore, it is important to carry out WGS reaction (R2) to convert carbon monoxide into CO2 

and subsequently, more hydrogen. WGS is exothermic reaction which is favorable at low 

temperatures like at 250-400 oC. 

 
       

        𝐶𝐻4  +  𝐻2𝑂    ↔    𝐶𝑂 +   3𝐻2                                       ∆𝐻298𝐾
0 = 206.2𝑘𝐽/𝑚𝑜𝑙  R1 

 

        𝐶𝑂 +   𝐻2𝑂    ↔    𝐶𝑂2  +  𝐻2                                       ∆𝐻298𝐾
0 = −41.2𝑘𝐽/𝑚𝑜𝑙             R2 

 
Novel concept of two interconnected reactors was originally introduced by Richter and Konche 
1983 and later it was renamed as chemical looping by Ishida et.al [7]. Advances in this concept 
are shortly described below. Recently, different technologies have been proposed in the 
literature in order to increase the efficiency of H2 production processes while accomplishing 
CO2 capture. A summary of these technologies is presented as follows:  
 
 
 
 

Air

N2

Fuel

CLC: CO2 + H2O

CLR: CO + H2

Me

MeO
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1. Steam methane reforming with Chemical Looping Combustion(SMR-CLC) 

 

Ryden et al.[8] proposed a steam methane reformer reactor is immersed inside the fuel 

reactor of a chemical looping combustion unit. Since SMR is a highly endothermic reaction, 

the heat required is provided by hot oxygen carriers coming from the air reactor. The reformed 

gas is first cooled down and subsequently sent to water gas shift (WGS) reactors to maximize 

the fuel conversion such that H2 is finally recovered in a PSA unit. Full conversion of fuel into 

CO2 is achieved since the off-gas of the PSA unit is fed into the fuel reactor of the CLC system. 

This system has many advantages over the conventional reforming process viz. auto-thermal 

system is achieved, hydrogen is separated at high pressure and CO2 is easily separated from 

the stream by condensing steam. However, this configuration implies some relevant issues, 

such as the possibility of fuel leaks with a corresponding unsafe working conditions. 

 

2. Chemical Looping Reforming(CLR) 

 

In this system, the chemical looping unit (oxygen carrier) substitutes the furnace of the steam 

methane reforming process and CLR has been widely developed for syngas production. This 

system together with WGS reactor and a PSA unit for hydrogen production provides important 

improvements compared with the traditional process. In CLR, the system operates at auto 

thermal conditions, and the CO2 produced in the process can be easily captured.  

 

3. Fluidized bed membrane reactors (FBMR) 

 

In this concept hydrogen is separated through perm-selective membranes integrated in a 

fluidized bed reactor. The selective removal of H2 leads to reduced operating temperatures 

(500-700 oC) because of the displacement of the thermodynamic equilibria and the fact that 

the operating window for both SMR and WGS reactions is enlarged with an overlap.  This 

results in higher methane conversion and hydrogen recoveries at lower temperatures as 

compared with conventional reforming processes. In order to supply the heat demanded by 

the process a special U-shape membrane is immersed in the bed and fed with air. Thus, the 

H2 permeation through this membrane is combusted in-situ and releases the heat for the 

process. Fluidization improves gas–solid mixing avoiding concentration polarization. 

Integrated membranes reduce number of steps involved in post processing of gas and reactor 

volume. 

Moreover, CO2 capture becomes easier compared with solvent-based technologies. CO2 rich 

stream is produced at higher pressure. This concept integrates SMR and WGS with direct 

product separation and auto-thermal operations. However, the cost of overall unit considering 

membrane surface area for pure hydrogen affects implementation. 

 

 

4. Membrane Assisted-Chemical Looping reforming (MA-CLR) 

 

The MA-CLR combines the advantages of membrane reactors and chemical looping in single 

unit. In fuel reactor methane and steam is converted into syngas and reacts with the oxygen 

carrier coming from the air reactor. This oxygen carrier has a double function. First, it supplies 

the heat for the process and second, it acts as a catalyst for both WGS and SMR. Oxygen carrier 

is then transferred to air reactor where it oxidizes with air via an exothermic reaction. 
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Produced hydrogen is recovered from the fuel reactor via hydrogen selective membranes 

immersed in fluidized bed. Use of membranes allows continuous removal of hydrogen which 

shift equilibrium in forward direction resulting in lower temperature requirements in fuel 

reactor. 

However, continuous removal of hydrogen shifts both equilibriums simultaneously. 

Membrane reactor thus allows complete conversion of methane and CO. Thus remaining 

stream contains only CO2 and H2O, which makes it easy for separation of CO2. A detailed 

representation of reactor concept is given in figure 1.2[9] 

 
Figure 1.2Schematic representation of the MA-CLR concept for pure H2 production via Pd selective membranes and CO2 

sequestration by using Chemical Looping technology [9] 

 
 
At this stage, the combined use of fossil fuels and the necessity of high-purity H2 production 
drives the current research towards an increase in the efficiency of the Steam Methane 
Reforming process (SMR) with CO2 capture. A novel technology in the framework of process 
intensification is the use of membrane reactors. In a membrane reactor, chemical reaction and 
product separation occur in the same unit, thus achieving an important process integration 
which accomplishes a reduction in the required number of process units even when aiming for 
CO2 capture. In equilibrium limited reaction systems, such as in hydrocarbon 
dehydrogenations or fuel reforming, the selective separation of a product of the reaction (i.e. 
H2), implies the displacement of the thermodynamic equilibria towards products following Le 
Chatelier’s principle. This accomplishes an enhancement in the fuel conversion while 
separation of pure product from the membrane is occurring at the same time. In H2 production 
processes, Pd-based membranes show the best compromise between permeations through 
the membrane, stability , and costs among other options making it the preferred material 
compared to other noble metals [10]. 
 
A new method described above have shown high degree of process intensification with 
Membrane-Assisted chemical looping reforming which combines the principles of the CLR with 
FMBR. Hydrogen selective membranes selectively removes pure hydrogen. Using this 
particular configuration, many of the traditional steam reforming problems are solved. A pure 
hydrogen stream is obtained from the membrane without any additional separation. The same 
applies to carbon dioxide that is leaving the fuel reactor and is mixed with only water and thus 
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easily separated via condensation. In fact nitrogen is not entering the fuel reactor but is only 
present in the air that is oxidizing metal oxide in the air reactor. Moreover, chemical looping 
permits to achieve auto thermal operations without the need of extra membrane area. The 
oxygen carries is often Ni and it shows high reactivity together with high catalytic activity for 
the equilibrium reaction. 
 
The optimal temperature in the fuel reactor for membrane assisted chemical looping 
application is around 600 oC [11] with a steam to carbon ratio (S/C) of 2. In this concept, the 
behavior of the solid becomes critical for a good performance in the fuel reactor. This is mainly 
related to the fact that in this reactor gas–solid reactions and catalytic reactions take place at 
the same time. When the solid behaves as an oxygen carrier (gas–solid reaction), the small 
amount of oxygen which is transferred from the air reactor, is used for partial oxidation of 
methane in order to sustain the temperature needed in the reactor. Furthermore, when the 
solid is fully reduced it behaves as a catalyst for the SMR process (catalytic reaction). Thus, it 
is important to find a solid that can combine both properties, making it suitable for the 
concept. Therefore, a good activity of the oxygen carrier for reduction and reforming at low 
temperatures are needed or desired. Ni, Cu, Fe and Mn based metal oxides are the most 
studied oxygen carriers in Chemical Looping systems, where more than 700 oxygen carriers 
have already been developed and tested [12]. At low temperatures, Ni-based materials show 
high oxygen carrier conversions and high selectivities to the desired products. For Cu-based 
oxygen carriers the product selectivity is also very high. The advantage of nickel for the MA-
CLR concept is that it is also a well-known catalyst for the steam methane reforming [13]. Both 
metals have high oxygen capacity and the total amount of active content needed is not higher-
based oxygen carriers show low selectivities in case of high degrees of reduction and also poor 
CH4 conversions. Mn-based oxygen carriers have also low oxygen contents and are therefore 
not considered interesting for low temperature applications. Concluding, when comparing the 
different oxygen carriers for low temperature chemical looping applications, Ni-based oxygen 
carriers might be the most interesting and therefore this material has been selected in this 
work. For the selection of the support, it is important to consider different characteristics that 
might influence its performance, in particular agglomeration and interactions between the 
active metal and the support [14].  From various supports widely used for Ni-based oxygen 
carriers, Al2O3 was selected as support. However, the formation of nickel aluminates has been 
mentioned in the literature as one of the main problems. When NiAl2O4 is formed, the 
reactivity is strongly reduced compared to free NiO. Consequently, the use of aluminates as 
support has been proposed as a suitable solution for the prevention of the formation of nickel 
aluminates during the oxidation step. In this study, CaAl2O4 has been selected as support, 
which has only been used for high temperature Chemical Looping applications, where a very 
high reactivity, good regenerative properties and a high selectivity for methane combustion 
to CO2 and H2O were achieved.[15] The combination of Ni supported on CaAl2O4 is a well know 
catalyst for steam reforming processes and it is commercially available. Due to this reason, in 
this work a commercial catalyst has been used instead of a newly developed oxygen carrier, 
thus gaining a rapid availability of the solid when needed and more homogeneous properties. 
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1.1 Objective of the thesis: 
 
The objective of the current thesis is to validate the MA-CLR concept at lab scale. This includes 
the production of pure H2 from Pd-based perm-selective membranes immersed in the fuel 
reactor of a chemical looping system, and the investigation of different operating conditions. 
 
To achieve the key objective, various sub- investigations are formed as follows. First, debug 
the complete setup by investigating different configurations until the best working conditions 
are found. Second, improve the phenomenological model developed for the MA-CLR concept, 
so that a better understanding of the behavior of the novel reactor concept can be obtained. 
Third, as Solid circulation rates (SCR) play a very important role in operation of this concept, 
calculate and compare SCR based on pressure drop method with other methods presented in 
the literature. Finally, improve phenomenological model to compare the results obtained in 
the reactor concept. 
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Chapter 2 
 
Theoretical Overview 
 
2.1 Introduction 
In fuidized beds, particles are supported on a porous plate know as distributor. Fluid is passed 
through the distributor into the solid material. At lower fluid velocities solids do not move and 
fluid passes through the voids. This configuration is called packed bed or fixed bed reactor. As 
fluid velocity is gradually increased a point is reached where all particles are just suspended 
by upward flowing gas or liquid. At this point, force on the particles is enough to balance 
weight of the particles. This bed is considered to be just fluidized or bed at minimum 
fluidization. When the fluid velocity is increased, it passes from minimum fluidization to 
various different patterns that are highly depedent on fluid velocity, fluid type, and solid 
characterization as depicted in Figure 2.1. 

 
Figure 2.1 1 Different Fluidization Regimes [16] 

 

When fluid velocity is greater than minimum fluidization velocity, solids start moving because 
of bubbles of gas start growing. This regime is called bubbling fluidization. Sometimes, with 
small diameter beds, increasing fluid velocity results in the formation of larger bubbles, which 
eventually grow until they become equal to bed diameter. This regime is called slugging and it 
is shown in figure 2.1(e)-(f). At increased gas flowrates, chaotic patterns are observed. This 
region is known as turbulent region and it is shown in figure 2.1-(g). At higher gas velocities, 
gas starts to entrain significant number of solids with itself, which gives lean-phase fluidized 
bed, shown in figure 2.1-(h). Each of these fluidization regimes have different solid and gas 
patterns[16]. 
Solid movement is also as important as fluid behavior. Solid properties are very important to 
study the behavior of a gas-solid fluidized bed. Solid particles can be divided into different 
groups depending on properties, well known as Geldart classification [17], which considers 
properties like particle density, size and fluid density (Figure 2.2). 
 
Each of Geldart groups has different properties and shows different fluidization regimes [17]: 
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 Group A (Aeratable): Particles with small size or low density. This kind of beds can 

expand considerably before bubbling fluidization starts occurring. Solid circulation patterns 

are strong, even with few bubbles. 

 

 
Figure 2.2: Geldart Classification of particles[17] 

  

 Group B (Bubbling): Particles with medium size and density. Geldart B particles start 

bubbling as soon as the fluid velocity exceeds the minimum fluidization velocity. There is no 

solid circulation without bubbles. 

 Group C (Cohesive): This group includes fine particles that are highly cohesive and 

difficult to fluidize. This fluid forms small diameter channels and lifts up showing plug flow 

behavior because the inter particle forces are greater than the fluid induced ones. To obtain 

fluidized bed, mechanical agitation or other techniques are needed to break inter particle 

forces. 

 Group D (Spoutable): The last group considers coarse particles or higher density solids. 

To fluidize these particles a high fluid velocity is needed, although poor solid mixing is 

obtained. This group of particles can form spoutable beds. 

 
Grace [18] developed a general flow regime map to calculate bed behavior depending on fluid 
velocities and solid properties as shown in figure 2.3 
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Figure 2.3: General flow regime map by grace[18] 

 
In general, fluidized beds are of special interest when a high degree of gas to solid contact 
coupled with a larger throughput of gas at fairly low pressure drop is needed. Comparing the 
fluidized bed and conventional fixed bed reactor in terms of investment costs, physical 
characterization and operation performance, the important advantages and disadvantages 
can be summarized as follows[19]. 
Advantages of fluidized bed: 

 Ability to withdraw and reintroduce solids continuously. 

 Low impact of internal and external diffusion phenomenon because of the small 

particle size. 

 Efficient gas solid contacting. Heat and mass transfer rates between gas and particles 

are high when compared with fixed bed reactors. 

 Possibility of continuous regeneration of catalyst particles. This is particularly 

important when catalyst is deactivated rapidly. 

 The convective heat transfer coefficient at the surface immersed in the bed is high. 

This property indicated that internal heat exchangers require relatively small surface areas. 

Disadvantages of fluidized beds: 

 The random movement of particles causing back-mixing result in an overall reactor 

behavior that is closer to a CSTR than a plug flow reactor. In many chemical processes, this 

leads to an increase in the reaction volume and loss of selectivity. 

 Friable solids which are pulverized and entrained by the gas must be replaced. 

 For same weight of catalyst, expansion of the bed requires an increase in reactor 

volume. 

 The entrainment of solid particles necessitates the installation of devices like cyclone 

or filter for separating and recycling fines. 
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 Erosion of internals, pipes and vessels from abrasion by particles can be serious. 

 Broad residence time distributions of the gas due to dispersion and gas bypass in the 

form of bubbles, especially when operated in the bubbling bed regime. 

 Reactor hydrodynamics and modelling are complex. Scale up and design thus presents 

serious challenges which limits the use of these reactors to applications that can justify the 

significant research and development efforts involved. 

 Broad residence time distributions of solids due to intense mixing, erosion of the bed 

internals, and attrition of the catalyst particles.  

 

2.2 Kunii-Levenspiel Model Description 
  
Earlier studies concluded that the fluidized bed has to be treated as two phase system: 
emulsion phase and bubble phase (mostly know as dense and lean phase). The bubble contains 
very small amount of solids. The solid particles are not perfectly spherical, rather they have an 
approximately hemispherical top and pushed in bottom. Each bubble carries a wake which 
contains significant number of solids. These characteristics are shown in figure 2.4, 
 

 
Figure 2.4: X-ray photograph of a bubble 

As bubble rises, it pulls up the wake with its solids behind it. However, the net flow of solids in 
emulsion is still downwards. Gas inside a bubble remains mainly within bubble. Very small 
amount of gas penetrates the emulsion phase and that region is called as cloud. Three phase 
approach suggested by Kunii and Levenspiel is show in figure 2.5. The parameter δ is the 
fractions of the total bed occupied by the part of the bubble that does not include the wake 
and α is the volume of the wake per volume of bubble. The bed fraction in the wakes is 
therefore αδ. The bed fraction in the emulsion phase is (1-δ-αδ). 
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Figure 2.5: K-L bubbling bed model 

K-L[16] developed the model with the follow assumptions: 

- The bubbles are all of one size at each axial position 

- Solids in the emulsion phase flow smoothly downward, essentially in plug flow 

- The emulsion phase exists at minimum fluidizing conditions 

- The void fraction in the wake is equal to the void fraction of the emulsion phase, and 
the average gas and solid velocity in the wake is assumed to be the same and equal to 
the upward velocity of the bubbles. 

 Validity of many assumptions is questionable. However, some of them are still used in the 
description of the detailed modelling of hydrodynamics in fluidized bed reactors without any 
impact on the results. Nevertheless, for alternative cases, these assumptions would have a 
significant impact. Therefore, Mustafa Taşdemir[20] developed a correlation to predict solids 
movement inside fluidized beds as function of bubble properties using novel optical PIV/DIA 
techniques. 

2.3 Overview Wake Parameter  
 
The wake phase is the responsible of the upward movement of the solids and it helps to 
describe solid circulation inside fluidized bed. In phenomenological models, always following 
assumptions are made: i) the wake has exactly the same velocity as the bubbles’; ii) the wake 
fraction is related to the bubble fraction in the bed and commonly assumed a constant value. 
The second assumption becomes relevant when giving a closer look into the description of 
wake properties in mass transfer limited reactive system. In these cases a modification in the 
internal solid circulation could have a significant impact on the chemical conversion. In just 
about all phenomenological models, the wake parameter is assumed constant. Some recent 
models such as the work of Iliuta et al. and Gascon et al.[21][22] use values for the wake 
parameter of 0.15 based on the argument that a sensitivity analyses on the wake parameter 
hardly affect the results of their model. However, this only implies that their fluidized bed was 
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modelled at conditions in which the solid fluxes are not of interest. Mustafa et.al [20] showed 
that constant value of wake parameter i.e. 0.15 does not fit well with experimental results. 
Thus, new correlation was developed for wake parameter and has the advantage that it is 
based on real dynamics of the fluidized bed. The new correlation is also able to solve internal 
mass balance in fluidized beds and gives proper description of solid flows. Following equation 
is implemented in model to have improved chemical conversion,   
  
                                                                       𝛼 = 1 − exp (−4.92 ∙ 𝑑𝑏)     2.1 

 

 
Figure 2.6 Wake parameter as function of bubble diameter 

2.4 Overview of solids inside bubble  
 
Based on postulate of the Davidson and Harrison[23] model and the K-L model[16] a gas 
bubble is devoid of solids. The existence of particles dispersed in rising bubbles has been 
ignored in just about all kinetic models. Even though their volume fractions is small, they could 
enormously influence particle operations in which rapid kinetic operations occur. For example, 
mass transfer limited systems, highly exothermic catalytic reactions where catalytic particles 
may ignite in bubbles of fresh reactant. This may result in changed selectivity or a slow 
progressive deterioration of the catalyst, particle by particle. Dispersed particles inside bubble 
imply that in chemical system, besides the reaction taking place in the emulsion phase, 
reaction will also take place in bubble phase. In a system where the mass transfer of the 
reactant species to the emulsion phase is slow, reaction inside bubble can significantly alter 
the chemical conversion over the reactor length. In this work 2.5% of solids per volume was 
evaluated by means of phenomenological model. Therefore, mole fraction of all components 
is plotted against length of the reactor. In the figure 2.7 effect of solids inside bubble is 
depicted. It can be seen that the mole fractions are fairly similar throughout most of the 
reactor length. In the initial part of the reactor mole fraction fairly similar while towards the 
middle and end part there is increase in H2 mole fraction. It is expected as in this case there is 
reaction taking place inside the bubble phase increasing the total H2 fraction. 



 2.Theoretical Overview 
  

 

13 
Experimental Demonstration and Model Validation of MACLR 

 
Figure 2.7: Mole fraction variation with bubble porosity 0 %( line) vs bubble porosity (2.5%) 

 

2.5 Overview of improved mass transfer coefficient correlation 
 
The theoretical approach for the bubble-to-emulsion phase mass exchange in bubbling gas-
solid fluidized beds, developed by Davidson and Harrison [23] in the early 60’s, is still widely 
applied in phenomenological models mainly because of lack of more detailed experimental 
data to improve the description. In the study done by Jose et.al [24], a novel infrared 
transmission technique that allows the direct and non-invasive measurement of gas 
concentration inside bubbles with a high temporal resolution has been used for the validation 
of the theoretical description for the gas exchange. An empirical correlation (with deviations 
within only 20%) for the volumetric bubble-to-emulsion phase mass transfer coefficient has 
been developed based on the bubble size and superficial gas velocity, where the convective 
contribution in the mass exchange is dominant. Equation (2.2) is used in this 
phenomenological model to compare the mass transfer effects with Davidson-Harrison 
correlation, 
 

                                     𝐾𝑏𝑒 =
4

𝑑𝑏
(

2.6 𝑢0

𝜋
)                                                                                    2.2 

 
Where, 𝑑𝑏 = 𝑏𝑢𝑏𝑏𝑙𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟  and  𝑢0 = 𝑠𝑢𝑝𝑒𝑟𝑓𝑖𝑐𝑖𝑎𝑙 𝑔𝑎𝑠 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 
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Chapter 3 
 

 

Model Description 
 

3.1 Description of the phenomenological model developed for this 

reactor  
 
The model is based on the approach presented by Iliuta et al. [22], who adopted the 1D continuum 
model describing the three phase system of the bubbling bed model from Kunii and Levenspiel into a 
chemical looping system. In this model both the gas and the solids phases are described. The gas phase 
is fed into the reactors at a superficial gas velocity (u0) above the minimum fluidization velocity (umf) 
and forms a bubble phase with fraction fb with a characteristic bubble diameter (db) at any axial 
position. The remaining gas moves upwards in the emulsion phase with the emulsion velocity (ue) and 
the gas is exchanged with the gas in the bubble phase (Kbe). The original model assumes bubbles devoid 
of particles and that solids move upwards in the wake phase. In this model, the solids hold-up inside 
bubbles is assumed to be constant at a value of 0.025 as measured experimentally by Jose et.al. The 
model assumes that wake is responsible for the movement of the solids. The wake moves upwards at 
the bubble velocity (ub) and has the porosity of the emulsion phase, which is assumed at minimum 
fluidization conditions (ɛmf). On the other hand, the solid is moving downwards in the emulsion phase 
at a velocity ue,s and is exchanged with the solids in the emulsion phase (Kwe,s). A summary of the 
hydrodynamics and mass transfer correlations used in this work is reported in Table 3.1.  

   
Table 3.1: Hydrodynamic and mass transfer correlations in phenomenological model 

Hydrodynamics  

Minimum fluidization velocity  
 

𝐴𝑟

𝑅𝑒𝑚𝑓

= 150
1 − 휀𝑚𝑓

∅2휀𝑚𝑓
3 + 1.75

𝑅𝑒𝑚𝑓

∅휀𝑚𝑓
3  

𝐴𝑟 =
𝑑𝑝

3𝜌𝑔(𝜌𝑝 − 𝜌𝑔)𝑔

𝜇𝑔
2

 

𝑅𝑒𝑚𝑓 =
𝜌𝑔𝑢𝑚𝑓𝑑𝑝

𝜇𝑔

 

 

3.1 

Minimum fluidization voidage  
 

휀𝑚𝑓 = 0.586𝐴𝑟−0.029(
𝜌𝑔

𝜌𝑝

)0.021 

 

3.2 

Bubble diameter  
 

𝑑𝑏 = 𝑑𝑏,𝑚𝑎𝑥 − (𝑑𝑏,𝑚𝑎𝑥 − 𝑑𝑏,0)𝑒
−0.3ℎ

𝐷𝑇  

𝑑𝑏,𝑚𝑎𝑥 = 0.65[
𝜋

4𝐷𝑇
2(𝑢0 − 𝑢𝑚𝑓)

]0.4 

𝑑𝑏,0 = 2.78/𝑔(𝑢0 − 𝑢𝑚𝑓)2 
 
 

3.3 

Bubble velocity  
 

𝑢𝑏 = 𝑢0 − 𝑢𝑚𝑓 + 0.711(𝑔𝑑𝑏)1/2 
 
 

3.4 
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Emulsion velocity  
 

𝑢𝑔,𝑒 =
𝑢0 − (𝛿 + 𝑓𝑤휀𝑚𝑓)𝑢𝑏

𝑓𝑐𝑒휀𝑚𝑓

 

 
 
 

3.5 

Bubble fraction  
𝛿 =

𝑢0 − 𝑢𝑚𝑓

𝑢𝑏

 

 
 

3.6 

Wake fraction 𝑓𝑤 = 𝛼𝛿   with 𝛼 = 0.15 
𝛼 = 1 − exp (−4.92 ∙ 𝑑𝑏)                Jose et.al[20]                             

3.7 

 
Emulsion fraction  𝑓𝑐𝑒 = 1 − (𝛿 + 𝑓𝑤) 

3.8 

  
 
 

Mass transfer  

Binary gas diffusion coefficients 
 

𝐷𝐴𝐵 =
10−3𝑇1.75(

1
𝑀𝐴

+
1

𝑀𝐵
)0.5

𝑃[(∑ 𝑉𝐴)
1
3 + (∑ 𝑉𝐴𝐵)

1
3]2

 

 

3.9 

Mass transfer coefficients gas phase  

𝐾𝑖,𝑏𝑐 = 4.5 (
𝑢𝑚𝑓

𝑑𝑏

) + 5.85 (
𝐷𝑗

0.5𝑔0.25

𝑑𝑏
1.25 ) 

𝐾𝑖,𝑐𝑒 = (
휀𝑚𝑓𝐷𝑗𝑢𝑏

𝑑𝑏
3 )0.5 

𝑤𝑖𝑡ℎ 
1

𝐾𝑖,𝑏𝑒

≈
1

𝐾𝑖,𝑏𝑐

+
1

𝐾𝑖,𝑐𝑒

 

3.10 

     𝐾𝑏𝑒 =
4

𝑑𝑏
(

2.6 𝑢0

𝜋
)   Jose et.al[20] 

      
The model is simplified to steady state conditions and a general mass balance can be written for the 
gas phase for the bubble and emulsion phases as stated in equations 3.11 and 3.12 respectively.  
Bubble phase 
𝜕

𝜕𝑧
[𝑢𝑏(𝑓𝑏 + 𝑓𝑤휀𝑚𝑓)𝐶𝑖,𝑏𝑤] = 𝐾𝑖,𝑏𝑒(𝑓𝑏 + 𝑓𝑤휀𝑚𝑓)(𝐶𝑖,𝑐𝑒 − 𝐶𝑖,𝑏𝑤) ± 𝑅𝑖,𝑏𝑤𝑓𝑏𝑤(1 − 휀𝑚𝑓)  

           3.11 
 
Emulsion phase 
𝜕

𝜕𝑧
[𝑢𝑔,𝑒(𝑓𝑐𝑒휀𝑚𝑓)𝐶𝑖,𝑐𝑒] = −𝐾𝑖,𝑏𝑒(𝑓𝑏 + 𝑓𝑤휀𝑚𝑓)(𝐶𝑖,𝑐𝑒 − 𝐶𝑖,𝑏𝑤) ± 𝑅𝑖,𝑐𝑒𝑓𝑐𝑒(1 − 휀𝑚𝑓)   

           3.12 
 
Molar expansion of the reforming reaction is accounted in the model by solving the total mass balance 
in each position of the continuum model. This is done by adjusting the emulsion gas velocity as 
presented in equation in Table 3.1.  
Similarly, as the gas phase, the solid phase is solved at each position in the bed and a total mass balance 
can be written for the wake phase moving upwards and the emulsion phase moving downwards 
(equations 3.13 and 3.14). In this case, the emulsion velocity moves downwards with a velocity equal 
to the corresponding mass balance (equation 3.15) as shown below. mixing between the solids in the 
wake and in the emulsion phases is calculated from the correlation suggested by Gascon et al [21]as 
presented in equation 3.16.  
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Figure 3.1Schematic representation of the phenomenological model developed in this work to investigate the behavior of the MA-CLR 

concept 
 
 
 
Bubble phase 

   3.13 
 
Emulsion phase 

  3.14 
 
Solid emulsion velocity  

     3.15 

Mass transfer coefficients solid phase 
    

                         3.16 

 

 
The gas phase represents an initial boundary problem where the input should be specified. On the 
other hand, the solids phase represents a boundary value problem. It refers to the solids circulation 
rates from a reactor to the other one and vice versa. It is assumed that oxidized oxygen carrier moving 
upwards in the wake phase on the top of the air reactor is split into two different streams. One is 
entering on top of the fuel reactor in the emulsion phase, while the other part is incorporated into the 
emulsion phase in the air reactor. Similarly, solids at the bottom of the fuel reactor are split into solids 
entering into the wake phase of the bubbles in the fuel reactor and solids circulated to the bottom of 
the air reactor in the wake phase. Therefore, to accurately solve the global mass balance, gas and solid 
hydrodynamics should be solved at once to satisfy the boundary conditions.  
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The solid phase consists of a Ni based catalyst with high oxygen capacity, thus appropriate also for 
chemical looping applications. Catalytic kinetic expressions are obtained from Numaguchi and Kikuchi 
[19], whereas the gas-solid reactions are derived in Medrano et al. [25] following a shrinking core 
model adopted from the work of Dueso et al. [26].  
 
The placement of membranes inside the fuel reactor is also simulated imposing condition that the 
maximum bubble diameter along the reactor is equal to the minimum distance between two 
membranes. This is proposed as it has been observed in the literature that immersed elements in 
fluidized beds lead to bubble breakage, thus controlling the bubble growth[27][28]. Gas permeation 
through the membranes follows a Fick’s law expression (equations 3.17 and 3.18) and the main 
parameters have been taken from Fernandez at al. [25] and are depicted in Table 3.2. For this 
membrane, it is assumed that ideally only H2 can permeate through the membrane. As it is difficult to 
predict from which phase gas permeates, it is assumed that the total amount of H2 permeated comes 
from both emulsion and bubble phases proportional to their fractions in the bed.  
 

Table 3.2: Mass balance equations for the solids phase and equations used for the calculation of solids velocities 

Fick’s law expression 𝐽𝐻2 =  
𝑃𝑚,𝑃𝑑

𝑡𝑚,𝑃𝑑
(𝑃𝐻2,𝑟𝑒𝑡

𝑛 − 𝑃𝐻2,𝑝𝑒𝑟
𝑛 ) 3.17 

Permeability 𝑃𝑚,𝑃𝑑 = 𝑃𝑚,𝑃𝑑0exp (−
𝐸𝑎𝑐𝑡,𝑃𝑑

𝑅𝑇
) 3.18 

With the following parameters 

 𝑡𝑚,𝑃𝑑  =  5 𝑥 10−6 [𝑚] 

 𝑃𝑚,𝑃𝑑0  =  4.24 𝑥 10−10 [𝑚𝑜𝑙/𝑠/𝑚/𝑃𝑎0.74] 

 𝐸𝐴 = 5.81 [𝑘𝐽/𝑚𝑜𝑙] 

 𝑛 =   0.74 [−] 

 
As part of the gas phase is removed from the bed, the general mass balance is adjusted and the new 
set of equations for the gas phase leads to equations as follows: 
𝜕

𝜕𝑧
[𝑢𝑏(𝑓𝑏 + 𝑓𝑤휀𝑚𝑓)𝐶𝑖,𝑏𝑤]

= 𝐾𝑖,𝑏𝑒(𝑓𝑏 + 𝑓𝑤휀𝑚𝑓)(𝐶𝑖,𝑐𝑒 − 𝐶𝑖,𝑏𝑤) − (𝑓𝑏 + 𝑓𝑤휀𝑚𝑓)
𝑃𝑚,𝑃𝑑

𝑡𝑚,𝑃𝑑
(𝑃𝐻2,𝑟𝑒𝑡

𝑛 − 𝑃𝐻2,𝑝𝑒𝑟
𝑛 )

± 𝑅𝑖,𝑏𝑤𝑓𝑏𝑤(1 − 휀𝑚𝑓) 

           3.19 
𝜕

𝜕𝑧
[𝑢𝑔,𝑒(𝑓𝑐𝑒휀𝑚𝑓)𝐶𝑖,𝑐𝑒] = −𝐾𝑖,𝑏𝑒(𝑓𝑏 + 𝑓𝑤휀𝑚𝑓)(𝐶𝑖,𝑐𝑒 − 𝐶𝑖,𝑏𝑤) − (𝑓𝑏 + 𝑓𝑤휀𝑚𝑓)

𝑃𝑚,𝑃𝑑

𝑡𝑚,𝑃𝑑
(𝑃𝐻2,𝑟𝑒𝑡

𝑛 −

𝑃𝐻2,𝑝𝑒𝑟
𝑛 ) ± 𝑅𝑖,𝑐𝑒𝑓𝑐𝑒(1 − 휀𝑚𝑓)        3.20 

 
The resulting system of equations has been solved using a semi-implicit first order upwind scheme and 
Newton-Raphson’s method. The different experimental conditions used in the model are those similar 
to the conditions that are tested in the experimental facility constructed for this process and described 
in the next chapter, viz. temperature of the two reactors, superficial gas flow rates and inlet gas 
composition.  
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3.2 Kinetic Model 
 
Nickel-based catalysts are used in this work for the MA-CLR demonstration. As reported in the 
literature, they show high activity and are particularly suitable for steam reforming reactions [12]. In 
these catalysts, the support itself could have an important influence on the performance of a process 
as de Diego et al. [29] studied with Ni based catalysts on α-Al2O3, γ-Al2O3 and θ-Al2O3supports. Often, 
when using Ni as an oxygen carrier, the oxidation reaction involves the formation of aluminates of the 
support, which has negative effects on the reactivity. Therefore, the catalyst chosen for this project is 
Nickel with a support of calcium aluminate. The system of reactions can be divided into two types: 
catalytic and solid-gas reactions. The first set considers steam methane reforming, water gas shift and 
other possible additional reactions catalyzed by Ni. In this thesis, kinetics of reactions used is 
developed by Numaguchi and Kikuchi since the solid material used in this work is very similar to the 
one used for the derivation of the catalytic kinetics. 
 

                                           𝐶𝐻4  +   𝐻2𝑂   ⇌    𝐶𝑂 + 3𝐻2                                       R1 
 

                                           𝐶𝑂   +    𝐻2𝑂      ⇌   𝐶𝑂2  + 𝐻2                                    R2 

 

The second set represents the gas-solid reactions. These are the reactions where the oxygen carrier is 
reduced in the fuel reactor and is oxidized in the air reactor. Different schemes are present in literature 
and the one widely known is used in this thesis as follows: 
 
                                                           𝐶𝐻4  + 4𝑁𝑖𝑂  →   𝐶𝑂2  +  2𝐻2𝑂 + 4𝑁𝑖                           R3 

𝐻2 + 𝑁𝑖𝑂 →  𝐻2𝑂 + 𝑁𝑖 

𝐶𝑂 + 𝑁𝑖𝑂 →  𝐶𝑂2 + 𝑁𝑖 

2𝑁𝑖 +  𝑂2  → 2𝑁𝑖𝑂 

 

 

 

 

R4 

 R5 

R6 
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Chapter 4  
 
Experimental Methods  
 

4.1 Description of Experimental setup 
 
An experimental setup has been designed and constructed in SPI group to demonstrate the concept 
of Chemical Looping at atmospheric pressure conditions. Different configurations are tried and tested 
to find out most suitable and best performing configuration. A scheme of the initial configuration is 
presented in figure 4.1. The fuel reactor (1) and air reactor (3) are bubbling fluidized bed of 0.065 m 
and 0.05 m i.d. and a bed height of 0.20 m and 0.15 m respectively. Both reactors have an empty space 
of 0.10 m below the porous distributor to preheat the inlet gases. From the freeboard of the bubbling 
bed of fuel reactor, the reduced oxygen carrier particles are transported towards the loop seal. A loop 
seal (2) is placed in between the two reactors to avoid any kind of gas bypass. Gas is fed through water 
into the loop seal to avoid any kind of static formation on the walls. Reduced oxygen carriers again fall 
through the bubbling loop seal into the air reactor. These particles get oxidized in air reactor and pass 
through riser reactor (10) of 0.015 m i.d. and 2 m height where the oxidized carrier particles are 
accelerated to a cyclone (4). These particles are separated in cyclone and sent to the fuel reactor by 
using manual gate (9) valve to control the amount of solid circulation rates. These particles fall into the 
fuel reactor and partially reduced by unconverted species like CO, CH4, and H2 leaving the fuel reactor 
in freeboard. This helps by providing reduced nickel to start the catalytic reaction. The particle size of 
the catalyst ranges from 150 to 250 µm and its minimum fluidization velocity has been calculated at 
different temperatures with the standard pressure drop method. Three metallic supported Pd-based 
membranes have been immersed in the fuel reactor and are connected to a vacuum pump (8) to 
provide the driving force for gas separation. These membranes are 0.13 m in length and 0.095 m in 
diameter. The permeate flowrate is measured with a mass flow meter connected behind the vacuum 
pump. 
Automated system is used to control gas flows and to measure temperature and pressure conditions. 
Controlled evaporator mixer is used for steam generation which is supplied by Bronkhorst. N2 is fed in 
the loop seal to move the solids from the fuel to the air reactor and avoid the mixing of the methane 
fed in the fuel reactor with the air introduced through the air reactor. Air (pure or diluted) is fed in the 
air reactor. The outlet composition of the gases is analyzed in an in-line IR analyzer (model Sick 
GMS800). To prevent the damage of the analyzer, fine particles are removed using solid filters (7) of 
40 μm mesh size and the steam is condensed in coolers (15). Safety valves which open automatically 
when pressure in the system builds up to avoid any kind of damage to the setup. Also gas sensors have 
also been installed to detect possible gas leaks.  
The original configuration was designed in order to measure the solid circulation rates. SCR was 
measured by automatic solids valves installed at the solids outlet of the cyclone. These results can be 
compared with SCR measured by pressure drop method using various pressure sensors placed in the 
riser. 
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Figure 4.1 Detailed scheme of the original setup designed in the group 

 
This setup failed to work on different levels. Following reasons might explain cause.  
Advantage of this configuration is that it allows to physically measure solid circulation rate by means 
of automated solid valves. Periodic removal of samples can be measured to know the amount of solids 
collected per unit time. Also this sample can be tested in TGA facility to know the actual composition 
of Ni/NiO falling down from the cyclone. This helps to understand the effect of using diluted oxygen in 
air reactor. But the main concept of this setup is not to pollute product stream with unwanted gases 
like nitrogen coming from air reactor. That is why it is important to have perfect seal at two places viz. 
loop seal (2) and down comer (9) that is region where solid valves are placed. Major disadvantage of 
this system is that it fails to provide safe and perfect loop seal at the down comer position. This 
becomes unsafe situation as unreacted methane can escape through this and can react with oxygen 
coming from the air reactor and this reaction is highly exothermic and this compromises safety of the 
configuration.  Therefore, this configuration failed in the sense that good sealing between the two 
reactors and continuous solids circulations could not be achieved 
Considering all these reasons it was very crucial for this setup to perform a detailed debugging at first, 
which is explained in the next section. Different configurations were tried and tested in the facility to 
arrive at the best working conditions that are safe. 

44.2 Debugging of the Setup  
 
4.2.1 Leakage testing 

Leak-free setup is important because it prevents material loss that interferes with system 
operations, it prevents fire, explosion and environmental contamination and reliability of the 
working conditions. 
The first leakage test was made with carbon dioxide as fluidization gas in the fuel reactor, air 
in the air reactor and nitrogen in the loop seal. The volume percentage of carbon dioxide and 
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oxygen was measured in both outgoing gas streams. It was made sure that no carbon dioxide 
was detected in air reactor system and no oxygen was detected after fuel reactor.  
Under normal operating conditions the gas leakage between the fuel and air reactor must be 
avoided. The pressure balance for the system is important for the gas leakage. The pressure 
difference between the fuel reactor and the rest of the system should be as small as possible. 
If the fuel reactor pressure deviated much from the rest of the system large leakages occurred. 
Gas leakage is reduced as the net solids flux is increased. At high net solids flux as the particles 
in the down comer will not be fluidized but instead the particles will entrain gas from the 
cyclone down into the fuel reactor. 
 

4.2.2 Solid Circulations in Chemical Looping system  
 

The rate of circulation of solid material from the air to the fuel reactor, i.e. the net solids flux, 

Gs, is dependent on both the fluidization velocity and the total mass of bed material in the 

system. In this system, the fuel reactor and the loop-seal will first be filled to their overflows, 

the rest of the particles will be in the air reactor and circulation system. 

Solid circulation across two fluidized bed is tested at different temperatures. umf of particles is 
calculated in umf setup at different temperatures. In order to understand solid circulation both 
reactors are heated up to 500oC and N2 is passed at umf. Thermocouples are placed at various 
places to measure temperature increase as solids move in the loop. Trends shown in figure 4.2 
are good indication of solid circulation in the setup. As solids move from loop seal (T221) to air 
reactor (T203) there is significant decrease in temperature as new cold particles enter the 
reactor. These particles then move in to riser (T216) and fall down in fuel reactor through 
cyclone placed on top. After that solid move towards loop seal completing the loop.

 
Figure 4.2 Temperature variation which depicts solid circulation across setup 
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4.2.3 Reactor System 
 
Important criteria for the Chemical looping system are: 
i) The rate of circulation of oxygen-carrier between the reactors needs to be sufficient to transport the 
amount of oxygen needed for the combustion of the fuel. For the case of endothermic reaction in the 
fuel reactor the circulation also needs to be sufficient for maintaining an adequate temperature in the 
fuel reactor. 
ii) The amount of bed material in both of the reactors has to be adequate for sufficient conversion of 
gas. 
iii) The gas leakage between the two reactors must be avoided. 
iv) Pressure balance in the reactor system is very important to ensure movement of solids. In original 
configuration it was observed that cooler after the fuel reactor gives high pressure drop. Because there 
was sudden change in diameter of line coming in from fuel reactor which was 12 mm to 6 mm line 
inside cooler. It played major role in the movement of solids as pressure resistance was much higher 
in fuel reactor line compared to air reactor line. Therefore, all the gas from fuel reactor and loop seal 
prefer to go through the down comer and causing blockage in cyclone, affecting the solid circulation. 
In order to maintain smooth movement of solid it is important to have equal pressure in both lines. 
This can be achieved by using pressure regulator. Although, in this work needle valve/ball valve was 
used to compensate for the pressure regulation. Also design of cooler was changed so that gives less 
pressure drop.    
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4.2.4 Reactor Configurations 
 
CASE I: Gate valve with loop seal in down comer: 
In this configuration, we introduced a loop seal at the top of the fuel reactor. Purpose was to have a 
perfect seal and it should work similar to the loop seal at the bottom. Nitrogen is used to fluidize this 
seal. Velocity of the gas was kept at minimum fluidization. Gate valve is used to make sure that gas 
coming from fuel reactor does not push the particles back. Setup is depicted in figure 4.3 
Advantages:   
i) Perfect seal is achieved. 
ii) Enough volume for particles to form packed bed. 
iii) Solid circulation rate can be controlled with both gas velocity in loop seal and gate valve   
Disadvantage: 

i) Gas fed in the loop seal prevents solids to fall down and defeats the purpose of cyclone. 

This configuration can be used if enough height between cyclone and loop seal is 

maintained. 

ii) Solid movement is not effortless because of attrition and statics. 

 
Figure 4.3 Case I reactor configuration with loop seal in down comer 

 
 
  



 4.Experimental Methods 
  

 

24 
Experimental Demonstration and Model Validation of MACLR 

CASE II: Curved Riser with solid vessel and gate valve 
This configuration was used keeping in mind ease of solid movement and achieving perfect seal. In 
previous configurations rise had stagnant region where solids accumulated hindering the movement 
solids. Also there was not enough space to accumulate solids to make packed bed. Gate valve is simply 
used to start up the process. Main change in this setup made is pipe going inside the fuel reactor is 
made of 8 mm instead of 12 mm creating the restriction to the flow of solids which intern controls the 
solid movement. Setup is depicted in figure 4.4 
Advantages: 

i) Curved riser avoids dead zone and makes solid movement easy. 

ii) Solids fall down vertically instead of at an angle. 

iii) Solid vessel makes enough space to have a packed bed. 

Disadvantages: 
i) 8 mm line used makes it difficult to increase solid circulation rate beyond certain limit. 

ii) Attrition and statics cause problems in solid circulation. 

 
Figure 4.4 Case II: Curved riser with solid vessel and gate valve 

 

Pictures of the experimental facility and detailed configuration are provided in figure 4.5 and 4.6 
respectively. 
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Figure 4.5Pictures of the installation used in this work. Bottom left: air reactor inside the electrical oven and loop seal. Left: riser with 

pressure sensors; top: cyclone; right: vessel and gate valve; bottom right: fuel reactor inside the oven and loop seal 
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Figure 4.6 Detailed scheme of the setup designed in this thesis. 1-fuel reactor; 2-loop seal; 3-air reactor; 4-riser; 5-cyclone; 6-vessel; 7-

gate valve; 8-discharge tube; 9-membranes; 10-vacuum pump; 11-mass flow meter; 12-C.E.M.; 13-analyzer; 14-filter 
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4.3 Experimental Procedure 
 
In this section experimental procedure and its pre-requisites are described in brief. Detailed 
experimental procedure and safety measurements are mentioned in Manual for MA-CLR which is 
included in Appendix. Initially, pressure in the reactor system is checked and made sure that all valves 
are in their default position. It is important to make sure that there is enough Demi water in the tank. 
Control software is checked for errors and alarm warnings. Heating procedure is started to heat 
reactors to desired temperatures along with tracings. In total 2.5 kg of the oxygen carrier material have 
been introduced in setup. For the experiments the hand valve is first closed to create a long enough 
fixed bed in the vessel to seal completely the two reactors. Afterward, the valve is slightly open and 
the systems adjusts itself without any gas bypass. This fact has been confirmed by feeding CO2 traces 
in one of the reactors and analyzing the outlet composition in the other reactor. Then small amount of 
gas is passed through both reactors and loop seal. Metal-Metal oxide mixture then is heated from 
ambient temperature to 500-600 oC at heating rate of 2 oC/min.  As desired temperature is achieved 
in reactors, nitrogen is fed at Umf to start circulating solids. Thermocouples placed in various locations 
in setup give indication of solid circulation in setup. Once the temperature in the system is stabilized 
(generally after 1 hr. of operation), gas composition is switched from pure nitrogen to desired ratio of 
H2O/CH4 in fuel reactor. Similarly, nitrogen is replaced with air in air reactor. Gas in fuel reactor is sent 
to Sick Analyzer to measure gas composition. Short algorithm to start an experiment is mentioned in 
figure 4.7 
The performance of the membranes has been checked in a daily basis by measuring the ideal perm-
selectivity always at the same temperature (480 °C). Reactors were maintained at high temperatures 
throughout the process in order to avoid periodic cooling and heating of membranes. This in turn can 
damage membranes. In total, the setup has been operated for more than 100 hours of discontinuous 
operation (including inert gas tests by feeding only N2 in the two reactors). Different experimental 
conditions have been selected in order to demonstrate that pure H2 can be produced in the MA-CLR 
concept. In particular, experiments have been done first with a CLR configuration, thus without 
membranes. But membranes act as internal helping in mixing of solids. Subsequently, the immersed 
membranes in the fuel reactor are opened and the vacuum pump is connected to extract H2 selectively, 
thus operating the reactor as the Membrane-Assisted Chemical Looping Reforming configuration. For 
all the cases a methane concentration of 20 % (vol.) is selected, while the steam to carbon (S/C) ratio 
and the amount of oxygen fed inside the air reactor have been varied. N2 is used as standard gas for 
the quantification of the results, and the split fraction of the N2 in the loop seal (N2 going towards fuel 
and air reactors) is quantified by solving the carbon balance. Carbon deposition (if any) is also 
quantified by measuring the CO2 concentration in the air reactor flue gas line. A list of experiments 
carried out in this thesis is presented in Table 4.3. 

Table 4.3 Experimental conditions investigated in order to demonstrate the MA-CLR concept 

Configuration TFR (°C) TAR (°C) u0/umf,FR u0/umf,AR O2,AR (%vol.) 
S/C 

ratio 

CLR 450-600 500-650 3 3-5 0-5-21 2-3 

MA-CLR 450-600 500-650 3 3-5 0-5-21 2-3 
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Figure 4.7 Description of Experimental setup 

  
 



 5. Results and Discussion 
  

 

29 
Experimental Demonstration and Model Validation of MACLR 

Chapter 5  
 

Results and Discussion 
  
5.1 Experimental demonstration 

 
Results presented in this section include experiments that have been carried out with the permeate 
side closed. Steady state is reached immediately and continuous operation is kept for, at least, 20 min, 
hence performing CLR. After this period the membranes are opened and the vacuum pump is 
connected. This can be seen in the figure 5.1 where shaded region expresses CLR configuration and 
other shows MACLR. Clear change in gas composition is observed as soon as vacuum pump was 
switched on. This is because of the shift in equilibrium. Simultaneously, the amount of H2 permeating 
through the membranes is measured to quantify the hydrogen recovery factor (HRF) and separation 
factor (SF). Typical outlet gas composition and temperature variation in the CLR and the MA-CLR 
configurations is presented in figure5.1,  

 
Figure 5.1 .Gas concentration profiles at the outlet of the fuel reactor and temperature distribution throughout the lab-scale reactor at 

the following conditions: Temperature fuel reactor = 550 °C; Temperature air reactor = 600 °C; Pure air fed in the air reactor; S/C ratio = 2   

 

5.1.1 Discussion 

Following the same procedure as described before and with trends similar as presented in 5.1, the 
experiments presented in table 4.3 have been carried out. Similarly, the results have been compared 
with thermodynamic analysis done in Aspen Plus. In this case, since oxygen is part of the process and 
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it enters in the fuel reactor from its freeboard, the thermodynamic calculations are carried out as two 
consecutive isothermal Gibbs reactors. In the first Gibbs reactor, the reforming equilibrium of the feed 
gas composition in the fuel reactor is calculated. Subsequently, the products of this reactor are mixed 
in a second Gibbs reactor (at the same temperature as the previous reactor) with the calculated 
amount of oxygen introduced in the fuel reactor based on the oxygen consumption measured in the 
analyzer. In particular, all the oxygen is consumed in all the cases where 5% of oxygen is fed in the air 
reactor since oxygen is not detected in the analyzer. Contrary, when pure air is fed in the air reactor, 
oxygen can be measured from the flue stream of the air reactor and it ranges from 4 to 8 % (vol.) 
depending on the air reactor temperature. Therefore, it is possible to determine the oxygen 
consumption and hence the overall oxygen to carbon (O/C) ratio inside the fuel reactor, which is in  
turn used in the second Gibbs reactor. For all the cases CO2 is not detected (< 0.2 %vol.) from the air 
reactor flue stream, thus carbon deposition can be neglected at steady state conditions. 

The methane conversion, calculated as the ratio of reacted methane and total entering in equation 
5.1, is presented in figure 5.3 (S/C ratio of 3) and 5.4 (S/C ratio of 2) as function of the temperature 
and the amount of oxygen in the air reactor.  

                                                                 𝑋𝐶𝐻4
=

𝐹𝐶𝐻4,𝑟𝑒𝑎𝑐𝑡

𝐹𝐶𝐻4,𝑖𝑛

                                                                          eq. 5.1 

It can be seen from the results that MA-CLR performs better than CLR configuration for all conditions. 
This is a straight forward conclusion as equilibrium is shifted in forwards direction by selective 
separation of hydrogen. Moreover, methane conversion increases as function of temperature since 
reforming reaction is highly endothermic. Also conversion increases depending on the amount of 
oxygen fed into the air reactor. NiO helps in partial oxidation of components in fuel reactor. The 
oxidized particles falling into the fuel reactor are partially reduced in the freeboard with the 
unconverted species (CO, CH4 and H2) leaving the fuel reactor, which leads to two advantages: reduced 
oxygen carrier (Ni) is fed into the fuel reactor to start the catalytic reactions and the flue gas leaving 
the fuel reactor will consists, ideally, of a mixture of CO2 and H2O. However, the fact that partial 
oxidations are occurring inside the fuel reactor also leads to a decrease in the selectivity of the process 
towards H2 production since gas solid reactions between the NiO and H2 and CO are occurring inside 
the bed. Actually, it is confirmed experimentally that in absence of oxygen in the feed of the air reactor, 
all the CH4 converted goes to H2 (and a little amount of unconverted CO). However, for the cases where 
5 and 21 %vol. of oxygen is fed in the air reactor, the selectivity towards hydrogen decreases to a value 
around 80 and 60 % respectively as measured experimentally. This is indicated in the figure 5.2.This 
indicates that part of the H2 produced during reforming is reacting with the oxygen contained in the 
oxygen carrier. It could also be considered the reaction of CH4 with NiO as responsible of the decrease 
in the selectivity towards H2. However, gas-solid reactions between this oxygen carrier and methane 
are hardly occurring and they can be neglected compared to gas-solid reactions with H2 and CO. Solid 
shapes indicate CLR configuration while empty shapes indicate MA-CLR configuration. 
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Figure 5.2 Hydrogen Selectivity as function of temperature 

 

 

Figure 5.3. Methane conversion as a function of temperature and oxygen in the air reactor for the CLR and MA-CLR configurations and a 
steam to carbon ratio of 3. The dotted lines represent the equilibrium for 0, 5 and 21% O2 in the air reactor based on the oxygen to carbon 
ratio in the fuel reactor. 
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Figure 5.4. Methane conversion as a function of temperature and oxygen in the air reactor for the CLR and MA-CLR configurations and a 

steam to carbon ratio of 2. The dotted lines represent the equilibrium for 0, 5 and 21% O2 in the air reactor based on the calculated oxygen 

to carbon ratio in the fuel reactor. 

 
Decreasing steam to carbon ratio slightly lower conversions are obtained. Similar trends are obtained 
concerning temperature and oxygen purity in air reactor. At low temperatures it is observed that the 
calculated equilibrium using Aspen Plus is not achieved in the CLR configuration and it becomes closer 
at slightly higher temperatures (around 550 °C). Only at temperatures around 600 °C in the fuel reactor 
the thermodynamic equilibrium is achieved in the CLR configuration, and clearly overcome in the MA-
CLR configuration. Kinetics of gas solid reactions are controlled by temperature. So, at lower 
temperatures lower amount of free Ni particles are available in fuel reactor which in turn decreases 
catalytic conversion. Furthermore, calculated equilibrium is achieved as temperature in the fuel 
reactor is increased. At higher temperatures extent of gas-solid reactions is higher making availability 
of Ni for reforming reaction. 
Since H2 permeation is monitored during the experiments, the hydrogen recovery factor (HRF) and 
separation factor (SF) can be calculated for all the experiments carried out under the MA-CLR 
configuration. These two parameters are calculated according to equations 5.2 and 5.3 and the results 
are presented in Figure 5.5. 

                                                               𝐻𝑅𝐹 =  
𝐹𝐻2,𝑝𝑒𝑟𝑚

4𝐹𝐶𝐻4,𝑖𝑛
+4𝐹𝐻2,𝑖𝑛

+4𝐹𝐶𝑂,𝑖𝑛
                                                     eq. 5.2 

In this equation the term 𝐹𝐻2,𝑝𝑒𝑟𝑚
 represents the amount of hydrogen that permeates through 

membrane. 
Separation factor can be defined as follows, 

                                                                𝑆𝐹 =
𝐹𝐻2,𝑝𝑒𝑟𝑚

𝐹𝐻2,𝑝𝑒𝑟𝑚+𝐹𝐻2,𝑜𝑢𝑡

                                                                      eq.5.3 
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Figure 5.5.Hydrogen recovery factor (HRF) and separation factor (SF) measured experimentally in the MA-CLR configuration for different 

operating conditions. Black markers represent experiments with a steam to carbon ration of 3, while gray markers indicate the experiments 

carried out with a steam to carbon ratio of 2 

It is observed that hydrogen recovery factor increases with temperature and steam to carbon ratio. 
This can be explained by the fact that at higher temperature and steam to carbon ratio higher amount 
of hydrogen is produced. This increases partial pressure of hydrogen in system, increasing driving force 
for the selective separation of hydrogen through Pd membranes. With pure air in air reactor higher 
amount of NiO carried to the fuel reactor. In the freeboard region retentate side hydrogen reacts with 
NiO reducing partial pressure of hydrogen in the system and indirectly reducing the driving force for 
the separation of hydrogen. Therefore, at 21% O2 content HRF is lower compared to other cases In 
general a maximum HRF of 30% is achieved and it could be increased by operating the reactor at higher 
pressures. 
On the other hand, the separation factor follows a slightly decreased trend as function of temperature 
and it seems to be independent of steam to carbon ratio and amount of oxygen in the air reactor. The 
fact that all the values are rather similar can be associated to the minimum driving force that allows 
hydrogen separation through the membranes, which is in this case very relevant since the setup is 
operated at atmospheric conditions. In general, the higher the temperature the higher the amount of 
H2 permeating through the membrane as can be concluded from the HRF plot. However, when H2 is 
separated through the membranes, its partial pressure decreases inside the bed to values where the 
driving force is minimum and almost no more hydrogen can be extracted, being a common factor for 
all the cases as concluded from the SF plot. The placement of more membranes inside the fuel reactor 
would lead to a slight increase in both factors, although the condition that can bring a higher impact 
on both factors would be the increase in the pressure on the reactors. It is also important to keep 
absolute vacuum conditions on the permeate side to extract maximum amount of hydrogen. It was 
observed that vacuum pump used couldn’t give constant vacuum conditions. During the whole set of 
experiments the ideal perm-selectivity of the membranes has been measured at a fixed temperature 
of 480 °C. At the beginning of the whole set of experiments it was slightly higher than 5000, thus 
indicating high purities in the permeate side. This value was rather constant and after the whole set of 
experiments the measured ideal perm-selectivity was slightly lower than 5000. Therefore, good 
stability has been confirmed. 
 

5.2 Model Validation 
 
Model developed in the SPI group for CLR configuration is being validated with experiments 
performed. Two different models being validated referred as old and new which have different set of 
correlations and assumptions used. New model incorporates solid hold-up inside bubble phase which 
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affects the methane conversion is more of realistic assumption and is proved by Jose et.al in SPI group. 
Overall mass transfer coefficient correlation which was developed in group has been implemented and 
found to give better understanding of results. Previous model considers wake fraction to constant but 
new model includes wake fraction as function of bubble diameter. This correlation was developed by 
Jose et.al and validated in the group. These in-house correlations seem to improve performance of 
model developed. This shows that model developed is promising and can be used for further 
investigation of results. 

5.2.1 Base Case Chemical Looping Reforming Configuration 
 
Base case is formulated to test the performance of model. Since CLR experiments are performed with 
membranes inside the bed, but membranes are not in operation, CLR model considers membranes as 
internals. 

Table 5.1 Reactor parameters 

Reactor Properties  

Pressure (bar) 1,25 

Temperature(oC) 600 

Reactor Length(m) 0,2 

Reactor Diameter(m) 0,065 

 
Temperature is influencing parameter in the system because overall system is favorable at high 
temperature but use of membranes limits maximum temperature to 600 oC. As mentioned before 
steam to carbon ratio of 2-3 is varied and it is sufficient to avoid carbon deposition in the system. In 
addition to that feeding is not exactly pure since the line used for methane is same as hydrogen. In 
order to get sense of realistic conditions small amount of other gases is also included in feed 
composition. Feed composition is given in table 5.2 will be one used in simulation. 

Table 5.2Feeding composition to the fuel reactor 

Feed Properties 

Gas Flowrate(mol/s) 0,00336 

Methane Molar fraction 0,2 

Water molar fraction 0,6 

hydrogen molar fraction 0,003 

CO molar fraction 0,003 

CO2 molar fraction 0,003 

Ni/NiO flow rate(mol/s) 0,0001 

S/C ratio 3 

 
With given amount of solids fed to the fuel reactor oxygen ratio is calculated by following equation is 
adjusted from 0.25 to 0.75 depending on the air purity in air reactor. It is important to know that this 
is unknown value before starting a simulation, because NiO content in fuel reactor feed is dependent 
on the air reactor which are simulated simultaneously.  

𝑜𝑥𝑦𝑔𝑒𝑛 𝑟𝑎𝑡𝑖𝑜 =  
𝐹𝑁𝑖𝑂

4𝐹𝐶𝐻4 + 𝐹𝐻2 + 𝐹𝐶𝑂
 

The air reactor is modeled in the same way, with feeding of air. List of parameters used in air reactor 
are given in table 5.3. 
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Table 5.3 Feed composition to the air reactor 

Feed Properties 

Gas flow rate(mol/s) 0,00327 

oxygen molar fraction 0,05 

Nitrogen molar fraction 0,95 

Ni+NiO flow rate 0,0001 

 

5.2.2 Base Case Membrane Assisted Chemical Looping Reforming 
 
As explained before, CLR can be improved coupling it with membranes. Base case for MA-CLR is 
explained here. The base case of MA-CLR follows same hydrodynamics as that of CLR. 

 
Figure 5.6 Schematic representation of permselective membranes 

 
Membrane consists of metal layer that allows selected components to flow on the other side. Stream 
that is extracted through membranes is called permeate while remaining stream is called retenate. A 
schematic representation is given in figure 5.6. Membranes used has high selectivity, sufficient 
mechanical and chemical stability. Highest activity is obtained by Pd-Ag to decrease metal poisoning 
with CO. Membranes modelled ends before reactor length to maintain the final part to burn remaining 
fuel. Membrane properties are mentioned in table 5.4 

Table 5.4 Membrane Properties 

Membrane Properties 

t(m) 5×10-6 

P(mol/s/m/Pa0,74) 5,1×10-10 

Ea(kJ/mol) 5,81 

n 0,74 

Nm 3 

Dm(m) 0,01 

Lm(m) 0,13 

 
Membranes are inserted in the reactor starting from the bottom to the maximum length of Lm which 
is lower than reactor length allowing combustion of CO, H2. This is particularly needed to avoid any 
final product leaving in flue gas to easily condense steam. 

5.2.3 Discussion 
 
Model and experimental results are presented and compared in this section. Parameters compared 
are methane conversion, hydrogen recovery factor and separation factor. Comparison is presented in 
Table 5.5 for different steam to carbon ratios, temperatures and amount of oxygen in the air reactor. 
Except few deviations model with new correlations predicts results better than with old correlations 
and results fairly match with experimental results. The old model has been used with assumptions that 



 5. Results and Discussion 
  

 

36 
Experimental Demonstration and Model Validation of MACLR 

bubbles are free of solids, wake parameter is constant and mass transfer correlations follow as 
described by Kunii and Levenspiel model. The correlations developed by Jose et.al are used in this 
thesis for solid fraction inside bubble, wake parameter and overall bubble to emulsion mass transfer 
coefficient. The comparison of the two sets of correlations and assumptions, and the validation of the 
model with the experimental data are given in table 5.5 in terms of methane conversion, hydrogen 
recovery factor and separation factor for steam to carbon ratio of 2-3, temperature ranging from 490-
600 oC and amount of oxygen in air reactor varying from 0-5-21 %. General observation confirms that 
model predicts well the experimental results for all conditions. But there are some deviations 
observed. In particular, deviations below ±10% are represented with black font. The deviations 
between ±10-20% are given in red font, and deviations above ±20% are presented with red bold font. 
Furthermore, also the average deviation between the model and experiments is presented for the CLR 
and MA-CLR configurations using the two sets of correlations. It is observed that new correlations 
predict higher methane conversion, HRF and SF compared to correlations used from literature. This 
can be explained by the fact that new correlations assume that there is solid hold-up inside bubble. 
Therefore enhancing bubble-emulsion mass transfer. This can be seen in figure 5.8 

 
Figure 5.7Mole fraction variation with bubble porosity 0 % (line) vs bubble porosity (2.5%) 

Moreover, old correlation assumes that wake parameter to be 0.15. But new correlations includes 
wake parameter as function of bubble diameter and since the bubble diameter grows in the bed solid 
carrying capacity of bubble increases, increasing the methane conversion. Since the experiments are 
carried out in a lab-scale reactor, the maximum bubble growth is limited and thus the calculated wake 
parameter is lower than the common value of 0.15, which in turn implies that the emulsion phase is 
enlarged. Comparing three improvements in the model, one which gives highest influence is the wake 
parameter. For instance, for a reaction carried out with a steam to carbon ratio of 3 and 5% O2 in the 
air reactor, the model with correlations from literature determines a methane conversion of 40.9% in 
the CLR configuration. If only the presence of particles inside bubbles is accounted in the model, the 
methane conversion would increase up to 41.7% for this case. Similarly, if only the mass transfer term 
is implemented in the model, the conversion will increase to a conversion of 41.4%, and if only the 
wake parameter is included, the conversion would be 59.7%. Only when combining the three different 
parameters in the model, the calculated methane conversion is 60.3%. This trend is similar for all the 
conditions tested in both CLR and MA-CLR configurations when using the derived correlation from this 
work or the correlations from literature. 
It is observed from the results presented in table 5.5 average deviation in methane conversion is much 
lower for the set of measurements using correlations developed in SPI group. (8.7% vs. 24% in the CLR 
configuration and 12.5 vs. 18.8 for the MA-CLR configuration). The deviations between the modeling 
and experimental results for both CLR and MA-CLR configurations with the improved model (PM1) can 
be explained by different reasons. The experiments at low temperatures and in absence of oxygen in 
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the air reactor have been carried out after some other tests feeding oxygen in the air reactor. For rest 
of the configurations good agreement is observed between modelling and experimental results. On 
the other hand original model (PM2) there is a large deviation and the methane conversion is always 
under-predicted compared to experimental values. 
In the MA-CLR configuration, the model always over predicts the experimental results. The reason for 
over predication of results can be explained by two reasons. Firstly, at low temperatures not all oxygen 
carrier is reduced, similar to the CLR configuration. Secondly, mass transfer limitations occur from bed 
to the membrane viz. concentration polarization. This fact can be confirmed with results obtained in 
model with both old and new correlations. These models over predict HRF and SF for all cases 
compared to the experimental results. This effect is associated to the extent of H2 permeated through 
the membranes. The deviation in HRF and SF is rather large with the improved model (67% and 29% 
respectively). On the contrary, old model shows lower deviation in HRF and SF as compared to the 
experimental data but these factors are still over predicted. As mentioned before, mass transfer 
resistance has dominant effect on hydrogen permeation. This resistance is not accounted for in the 
model since low driving force present in the bed. In order to validate experimental and modelling 
results model is adjusted according to the concentration polarization effects.  Since there has been 
practically limited amount of work done in this area, no correlations are available to describe this 
effect. Therefore, in this work this effect has been included by limiting hydrogen permeation by factor 
of 0.6. This variation has been tested with various cases and results are presented in table 5.6 
In Table 5.6, the effect of concentration polarization has been evaluated for several conditions tested 
experimentally, and the results have been compared in terms of methane conversion, HRF and SF for 
both, the improved and the original model. Similarly as in table 5.5, deviations below 10% are 
presented using black font, deviations between 10-20% in red font, and deviations above 20% in bold 
red font. New model including mass transfer limitation (PM1+) gives lower methane conversions 
compared to improved model without mass transfer limitation (PM1).  This gives lesser average 
deviation over the measured values as model was over predicting the methane conversion, HRF, SF. In 
fact average deviation with concentration polarization is 6.7% which indicates that good agreement is 
achieved. But down side of this implementation is that old model (PM2) deviates from the 
experimental values and shows more average deviation than without concentration polarization. With 
the improved model corrected with mass transfer limitations, the HRF’s and SF’s calculated are now in 
a good agreement with experimental data and the average deviation has been reduced from 61.0% to 
10.8% for the HRF and from 32.7% to 4.21% for the SF. This fact is related to the lower methane 
conversions calculated in the original model with mass transfer limitations (PM2+), which reduces the 
partial pressure of H2 in the fuel reactor. 
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Table 5.5 Comparison between experimental data and modeling results in terms of methane conversion, hydrogen recovery factor (HRF) and separation factor (SF) for the two different sets of correlations and 

assumptions used in the model. Black font values in the model represent deviations below 10%, red font values represent deviations within 10-20% and red bold values indicate deviations above 20%  

 
Chemical Looping Reforming 

(CLR) 
Membrane-Assisted Chemical Looping Reforming (MA-CLR) 

Conditions Methane conversion Methane conversion  H2 Recovery Factor Separation Factor 

S/C 

ratio 

O2 AR 

[%] 

TFR 

[°C] 

Exp. 

[%] 

PM11 

[%] 

PM22 

[%] 

TFR 

[°C] 

Exp. 

[%] 

PM1 

[%] 

PM2 

[%] 

Exp. 

[%] 

PM1 

[%] 

PM2 

[%] 

Exp. 

[%] 

PM1 

[%] 

PM2 

[%] 

3 0 
528 44.9 55.1 39.9 533 55.9 71.7 53.9 23.4 36.9 21.9 41.4 53.7 45.2 

594 73.6 77.9 69.9 582 80.3 88.3 77.5 31.2 43.4 35.5 39.6 52.9 50.3 

3 5 

496 34.1 42.2 20.1 493 43.2 57.6 24.1 14.8 29.6 6.88 41.7 54.1 42.8 

536 55.1 60.3 40.9 543 66.3 76.6 56.2 27.0 37.9 20.6 46.4 54.2 46.6 

594 79.1 79.7 75.0 588 87.0 91.4 80.4 31.6 43.0 36.7 41.5 55.7 51.7 

3 21 

497 40.5 43.2 18.1 504 50.9 61.3 30.1 17.0 30.7 8.96 43.7 54.0 44.2 

538 69.1 62.6 42.2 537 78.7 75.6 52.0 22.8 37.4 18.3 43.8 54.5 46.4 

598 89.6 82.2 72.9 594 95.0 93.4 82.7 25.3 43.1 38.1 41.9 53.4 52.6 

2 5 

498 38.8 38.2 24.9 499 47.6 54.2 33.3 16.0 27.8 10.9 40.7 54.7 44.2 

551 53.2 57.9 49.9 550 67.1 72.8 63.7 19.9 36.1 26.3 38.7 55.7 50.4 

593 72.9 73.1 67.0 601 83.6 89.8 84.7 27.0 43.0 39.5 40.8 57.0 56.6 

2 21 

494 34.5 37.4 22.8 494 44.1 52.8 29.8 14.5 27.0 9.19 44.4 54.8 44.1 

546 67.8 57.4 47.8 540 74.7 70.1 58.6 20.1 34.7 22.9 43.4 55.4 34.7 

591 84.1 85.0 66.18 594 92.4 93.6 82.9 23.4 41.9 37.7 40.2 56.9 55.9 

Average deviation [%] 8.73 24.0   12.5 18.8  67.2 32.4  30.7 16.7 

 
             1 Phenomenological model using the correlations and assumptions derived in this thesis 

2 Phenomenological model using the correlations from the literature  
 
 
-deviations between 10-20% are presented in red font 
-deviations above 20% are presented in bold red font 
-deviations below 10% are presented using black font 
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Table 5.6 Comparison between experimental data and modeling results for the MA-CLR in terms of methane conversion, hydrogen recovery factor (HRF) and separation factor (SF). Two different sets of 

correlations and assumptions are considered in the analysis, and in both with and without mass transfer resistances through the membranes. Black font values in the model represent deviations below 10%, red font 

values represent deviations within 10-20% and red bold values indicate deviations above 20% 

 
 

                

1Phenomenological model using the correlations and assumptions derived in this thesis 
2 Phenomenological model using the correlations and assumptions derived in this thesis and updated with mass transfer limitations for H2 
permeation 
3 Phenomenological model using the correlations from the literature 
4 Phenomenological model using the correlations from the literature and updated with mass transfer limitations for H2 permeation 

 

 Membrane-Assisted Chemical Looping Reforming (MA-CLR) 

Conditions Methane conversion H2 Recovery Factor Separation Factor 

S/C 

rati

o 

O2 AR 

[%] 

TFR 

[°C] 

Exp. 

[%] 

PM11 

[%] 

PM1+
2 

[%] 

PM23 

[%] 

PM2+
4 

[%] 

Exp. 

[%] 

PM1 

[%] 

PM1+ 

[%] 

PM2 

[%] 

PM2

+ 

[%] 

Exp. 

[%] 

PM1 

[%] 

PM1+ 

[%] 

PM2 

[%] 

PM2+ 

[%] 

3 0 
533 55.9 71.7 65.8 53.9 51.6 23.4 36.9 24.0 21.9 15.3 41.4 53.7 39.9 45.2 34.0 

582 80.3 88.3 82.9 77.5 74.3 31.2 43.4 28.9 35.5 24.5 39.6 52.9 40.0 50.3 38.0 

3 5 493 43.2 57.6 52.2 24.1 23.3 14.8 29.6 19.3 6.88 5.11 41.7 54.1 40.2 42.8 32.2 

  543 66.3 76.6 71.1 56.2 54.9 27.0 37.9 24.8 20.6 14.6 46.4 54.2 40.2 46.6 35.0 

  588 87.0 91.4 86.0 80.4 77.9 31.6 43.0 29.3 36.7 23.8 41.5 55.7 40.6 51.7 38.9 

2 5 499 47.6 54.2 48.3 33.3 32.6 16.0 27.8 17.9 10.9 7.86 40.7 54.7 40.9 44.2 33.2 

  550 67.1 72.8 66.2 63.7 60.3 19.9 36.1 23.2 26.3 18.0 38.7 55.7 41.4 50.4 38.2 

  601 83.6 89.8 83.1 84.7 80.6 27.0 43.0 27.5 39.5 26.7 40.8 57.0 41.8 56.6 42.8 

Average deviation [%] 15.2 6.70 13.8 16.8  61.0 10.8 28.0 31.7  32.7 4.21 17.7 12.5 
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5.2.4 Numerical Diffusion 
It is important issue of the first order upwind differencing scheme is numerical diffusion. A 
straightforward way to test if the problem is affected by this false diffusion is to increase the number 
of grid cells until the solution does not change anymore. Numerical diffusion highly dependent on the 
discretization chosen, more refined grid less numerical diffusion occurs. Base case of simulation has 
200 cells which are clearly not sufficient. So the grid cells are increased till stable solution is obtained.  
Figure 5.5 shows that there is virtually no change between two simulations. Very small deviation occur 
in the fast equilibrium part, due the stiffness of the system that could require there an adaptive mesh 
method. Deviation is clear when comparison is done with only 50 points. First indication is that 
solution won’t converge and difference is trends is observed. 

 
Figure 5.8: Fuel Reactor Gas profile in the bubble with 50 grid cells on the left and with 500 on the right 

 
In principle, if the solution has virtually no deviation, thus no numerical diffusion, when problem is 
enough non-stiff. But with 50 nodes there is slight hitches where with 500 nodes profiles are much 
smoother. This is because the source term is higher than the quantity that the grid size is able to model 
properly. In conclusion it can be said that 500 grid points were enough for most of the cases to avoid 
numerical diffusion. 
 

5.2.5 Solid Circulation rates by pressure drop method 
 
Average pressure drop is calculated in this work with help of pressure transducers installed at various 
locations in the riser. Total pressure drop from bottom to the top of the reactor is used to calculate 
solid circulation rate using the following approach. 
Pressure transducers method allows to estimate solid circulation rate as a function of the local solid 
hold up. Location of pressure transducers is very important to get good approximation. This can be 
seen in the figure 4.1 which describes the setup. Solid circulation rates from the particle velocity and 
solid holdup according to equation 5.4 is 
                                                             𝑆𝐶𝑅 =  𝑢𝑝 ∗ 휀𝑠 ∗ 𝐴𝑐 ∗ 𝜌𝑠              Eq 5.4 

Where 𝑢𝑝 is particle velocity, 𝜌𝑠 is particle density, 휀𝑠 is solid hold up, 𝐴𝑐 is the section of the riser. 

Particle velocity and solid hold up is calculated based on Richardson-Zaki model and using Bernoulli 
equation. 

                                                        𝑢𝑝 =
𝑢𝑔

(1−𝜀𝑠)
− 𝑢𝑡 ∗ (1 − 휀𝑠)𝑛−1                                                            Eq 5.5   

                              

                                                
𝑝2−𝑝1

𝜌𝑅
− 𝑔. (ℎ2 − ℎ1) = 4𝐹.

𝐿

𝐷
.

1

2
. (𝑢𝑔 + 𝑢𝑝)2                                           Eq 5.6                                                                         

(𝑝2 − 𝑝1) is the total pressure drop across riser and 𝜌𝑅 is riser density which is calculated as 
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𝜌𝑅 = 𝜌𝑠휀𝑠 + 𝜌𝑔휀𝑔 

Since the particles are non-spherical, terminal velocity can be calculated as indicated by Haider and 
Levenspiel. 

                                                                        𝑑𝑝
∗ = 𝑑𝑝(

𝜌𝑔(𝜌𝑠−𝜌𝑔)𝑔

𝜇2 )1/2                                                      Eq 5.7   

 

                                                                 𝑢𝑡
∗ = [

18

(𝑑𝑝
∗ )

2 +
2.335−1.744∅

(𝑑𝑝
∗ )

0.5 ]−1                                                         Eq 5.8   

 

                                                                    𝑢𝑡 = 𝑢𝑡
∗[

𝜌𝑔
2

𝜇(𝜌𝑠−𝜌𝑔)𝑔
]−1/3                                                                Eq 5.9 

 
A typical profile of pressure drop over the riser is depicted in figure for particle size of 150-250 µm. 
highest pressure drop gives lowest solid circulation rate as more densified region at bottom and much 
lower solid hold-up at the top. It has already been shown by Jose et.al that pressure drop method is 
good to estimate solid circulation for non-spherical particles. Also the system is inexpensive and low 
maintenance is required. Above mentioned method is used to calculate SCR which varied from 5.7 g/s 
to 10g/s for set of experiments performed. SCR varied depending on superficial gas velocity in air 
reactor and temperature in the system. Pressure variation in the riser is shown in figure 5.9 as solid 
hold up varies. 
 

 
Figure 5.9 Pressure variation 
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Chapter 6 
 

Conclusions 
6.1 Experimental Conclusion 
 
The experimental results obtained in this work have demonstrated the Membrane-assisted chemical 
loop reforming concept at different steam to carbon ratios, operating temperature, and oxygen 
content in air reactor. Also various configurations were tested to get best working configuration. 
Configuration with curved arc, solid vessel, and gate valve is found most appropriate for the MA-CLR. 
Moreover, it is observed that maximum conversion was achieved at temperature of 600 oC with steam 
to carbon ratio 3, 5% oxygen content in air reactor, and methane composition of 20%. When 
membrane-assisted configuration was selected compared to CLR configuration, under similar 
conditions, clear shift in the thermodynamic equilibrium was observed and methane conversion was 
beyond this thermodynamic restriction. In absence of oxygen, auto thermal conditions were not 
observed, therefore it is not advised to work at oxygen free conditions. Vice versa, at 21% oxygen 
conditions, more amount of NiO is carried to the fuel reactor, causing unreacted methane, hydrogen 
and carbon monoxide to convert into steam and CO2. As discussed in the previous section, this has 
merits and demerits of its own. Solid samples should be tested in TGA facility to better understand 
the role of oxygen carrier in fuel reactor. 
The objective of this study, which was to demonstrate the reactor concept at lab scale, is achieved 
successfully, although the experimental setup constructed for this purpose could be further improved 
in order to gain more insight on the process at industrial scale. While doing so, it is important to ensure 
three things namely, solid circulation rate, complete leak free system and pressure balance in the 
system. 

6.2 Model Conclusions  
 
Together with the experimental demonstration, a phenomenological model has been developed and 
validated. Different correlations and assumptions have been implemented and the results generated 
in the model can describe the behavior of the reactor better compared with the model using common 
correlations in the literature.  
A good agreement is observed between experimental results, simulated results and correlations 
developed within the SPI group. The wake parameter correlation developed in the group shows 
maximum effect compared to solid hold-up inside bubble and bubble-emulsion mass transfer 
coefficient. It is also important to note that the model is very sensitive towards numerical diffusion, 
thus care has to be taken to find a compromise between computational time vs stability of solution. 
During simulations with membrane assisted configuration, it was observed that the model is over 
predicting results for methane conversion, HRF and SF under some conditions. This is due to the fact 
that mass transfer resistance was observed in the experimental process under those conditions which 
is yet not included in the model. After inclusion relative error between experimental results and new 
model decreased from 15.2% to 6.7 % for methane conversion, 61% to 10.8% for HRF and 32.7% to 
4.21% for SF. 
Henceforth, this model can be used for predicting the behavior of the MA-CLR at different operating 
conditions and scales, which in turn can help in the designing of upcoming experimental versions of 
this reactor concept.
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Chapter 7 
 

Recommendations 
7.1 Model Improvement 

7.1.1 Concentration polarization (CP) 
From the results, it can be observed that there is prominent effect of CP on hydrogen recovery factor 
and separation factor. However, the extent of concentration polarization in fluidized bed reactors is 
not studied in detail. The concentration profiles were simplified to a mass transfer boundary layer of, 
typically, 1 cm according to the experiments and model developed by Helmi et.al. In his study, he 
showed that concentration polarization can reduce hydrogen flux by a factor of 3 even at low H2 
concentrations in the feed, which confirms that CP can also significantly affect the performance of 
fluidized bed membrane reactors. Therefore, the model developed by Helmi et al, could be 
implemented in the current phenomenological model. This can be written as follows. 
H2 flux towards membranes can be written as: 

𝑁𝐻2 =
𝐽𝐻2

1 − 𝑋𝐻2
=

𝐷𝐶𝑡𝑜𝑡

1 − 𝑋𝐻2

𝑑𝑋𝐻2

𝑑𝑟
 

 
Integrating above equation yields, 

𝑁𝐻2 = 𝑘𝑑𝐶𝑡𝑜𝑡 ln(
1 − 𝑋𝐻2,𝑚

1 − 𝑋𝐻2,𝑏𝑢𝑙𝑘
) 

 
With mass transfer coefficient from the bulk to the membrane wall defined as  
 

𝑘𝑑 =
𝐷

𝛿
 

Which can be determined from a Sherwood correlation: 

𝑆ℎ =
𝑘𝑑𝑑𝐻

𝐷
 

In literature, no Sherwood correlation was found that can describe the mass transfer from bulk of 
fluidized bed to an immersed wall. Moreover, also no generally applicable correlation for the radial 
dispersion in fluidized bed is available.  
 

7.1.2 Implementing Transient term and Energy balance 
The current model is 1-D steady state model and it requires an initial guess values for every run to 
converge the solution. Making drastic changes in parameters result in divergence of solution. Thus, 
parameters have to be changed gradually. This process is very time consuming. Implementing transient 
term can make model more stable, but time required will be higher. Moreover, implementing energy 
balance will predict temperature profiles inside reactor which is important to control solid circulation 
rate. 

7.2 Setup Improvements 

7.2.1 Measuring solid Circulation Rate 
 
Current setup configuration does not allow to physically measure solids moving in the loop. 
Improvements in the configurations are needed to take out the sample at intermediate steps. 
Following configuration can be one of the depictions of working model. 
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Figure 7.1 Setup Configuration to measure solid circulation rate 

 
This configuration consists of extra opening to collect solids from the packed bed at the top of fuel 
reactor. Automated solid valve needs to be used to make sure that there is no leak in the system. 
Another way to measure solid circulation rate is oxygen elemental balance. Gas composition after Air 
and fuel reactor can be measured to know oxygen composition. 
 
77.2.2 Controlling Solid Circulation Rate 
 
The current configuration has a gate valve to control the solid movement. However, line that goes 
inside the fuel reactor has smaller diameter (8mm) than maximum opening of gate valve (12 mm). 
Therefore, after certain amount 8 mm line controls the SCR. Following are few suggestions to make 
circulation of solids easier. 

01) Aperture valve 

These types of valves are used for solid handling. These valves can be intermediately positioned from 
fully opened to fully closed position by simply rotating the handle through an arc up to 180 degrees. 
As it can be seen from the figure 7.1, it has opening through central part compared to the opening 
from side-ways in typical valves. This makes it easier for solids to not get stuck in the valve and fall 
down easily. These valves are rugged and have long durability. Although, these are currently used at 
maximum temperature of 200-250 oC, this can be improved by changing the material of the diaphragm 
used which can sustain higher temperatures. 
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Figure 7.2Aperture Valve 

 
02) Butterfly valve  

This valve consists of a rotating circular plate or pair of hinged semicircular plates attached to a 
transverse spindle mounted inside a pipe in order to regulate and prevent flow. Operation is similar to 
that of a ball valve, which allows for quick shut off. Butterfly valves are generally favored because they 
are lower in cost to other valve designs as well as being lighter in weight, meaning less support is 
required. The disc is positioned in the center of the pipe; passing through the disc is a rod connected 
to an actuator on the outside of the valve. Rotating the actuator turns the disc either parallel or 
perpendicular to the flow. Unlike a ball valve, the disc is always present within the flow, so 
a pressure drop is always induced in the flow, regardless of valve position. Important parameter is that 
these can be used at higher temperature ranges like 450-500 oC which makes it suitable for application 
in this process. 

 
Figure 7.3 Butterfly valve 

7.3.3 High Pressure Operations  
The next step in this setup would be to work at higher pressure conditions in order to have higher 
hydrogen flux through membranes. This will increase the hydrogen recovery factor and the separation 
efficiency of the system. But there are some major challenges to face. With increasing pressure, the 
gas density will increase, while the solids properties remain unchanged. This means that, for a certain 
gas mass flow rate, either there will be restriction or the superficial gas velocity will decrease with 
increasing pressure, both resulting in lower solids entrainment rates. The main challenges with respect 
to pressurized chemical looping reforming therefore are: 
 • The higher gas-solids reaction intensity.  
• The fluidizing velocities must be kept within reasonable limits. 
 • The increased solids flux.  
• Proper sealing between the reactors by the loop seals.



References 

46 
Experimental Demonstration and Model Validation of MACLR 

Reference 
 
[1] IPCC, Summary for Policymakers. 2014. 
[2] S. Dunn, “Hydrogen futures: Toward a sustainable energy system,” Int. J. Hydrogen Energy, vol. 

27, no. 3, pp. 235–264, 2002. 
[3] W. McDowall and M. Eames, “Forecasts, scenarios, visions, backcasts and roadmaps to the 

hydrogen economy: A review of the hydrogen futures literature,” Energy Policy, vol. 34, no. 11, 
pp. 1236–1250, 2006. 

[4] J. R. Rostrup-Nielsen, “New aspects of syngas production and use,” Catal. Today, vol. 63, no. 2–
4, pp. 159–164, 2000. 

[5] V. Spallina, D. Pandolfo, A. Battistella, M. C. Romano, M. Van Sint Annaland, and F. Gallucci, 
“Techno-economic assessment of membrane assisted fluidized bed reactors for pure H2 
production with CO2 capture,” Energy Convers. Manag., vol. 120, pp. 257–273, 2016. 

[6] M. Ball and M. Wietschel, “The future of hydrogen – opportunities and challenges,” Int. J. 
Hydrogen Energy, vol. 34, no. 2, pp. 615–627, Jan. 2009. 

[7] M. Ishida, D. Zheng, and T. Akehata, “Evaluation of a chemical-looping-combustion power-
generation system by graphic exergy analysis,” Energy, vol. 12, no. 2, pp. 147–154, 1987. 

[8] M. Rydén, A. Lyngfelt, and T. Mattisson, “Synthesis gas generation by chemical-looping 
reforming in a continuously operating laboratory reactor,” Fuel, vol. 85, no. 12–13, pp. 1631–
1641, 2006. 

[9] J. A. Medrano, H. P. Hamers, G. Williams, M. van Sint Annaland, and F. Gallucci, “NiO/CaAl2O4 
as active oxygen carrier for low temperature chemical looping applications,” Appl. Energy, vol. 
158, pp. 86–96, 2015. 

[10] F. Gallucci, E. Fernandez, P. Corengia, and M. van Sint Annaland, “Recent advances on 
membranes and membrane reactors for hydrogen production,” Chem. Eng. Sci., vol. 92, pp. 40–
66, 2013. 

[11] J. A. Medrano, V. Spallina, M. Van Sint Annaland, and F. Gallucci, “Thermodynamic analysis of a 
membrane-assisted chemical looping reforming reactor concept for combined H2 production 
and CO2 capture,” Int. J. Hydrogen Energy, vol. 39, no. 9, pp. 4725–4738, 2014. 

[12] J. Adanez, A. Abad, F. Garcia-Labiano, P. Gayan, and L. F. De Diego, “Progress in chemical-
looping combustion and reforming technologies,” Prog. Energy Combust. Sci., vol. 38, no. 2, pp. 
215–282, 2012. 

[13] S. D. Angeli, G. Monteleone, A. Giaconia, and A. A. Lemonidou, “State-of-the-art catalysts for 
CH4 steam reforming at low temperature,” Int. J. Hydrogen Energy, vol. 39, no. 5, pp. 1979–
1997, 2014. 

[14] P. Gayán, L. F. de Diego, F. García-Labiano, J. Adánez, A. Abad, and C. Dueso, “Effect of support 
on reactivity and selectivity of Ni-based oxygen carriers for chemical-looping combustion,” Fuel, 
vol. 87, no. 12, pp. 2641–2650, 2008. 

[15] P. Gayán, A. Cabello, F. García-Labiano, A. Abad, L. F. de Diego, and J. Adánez, “Performance of 
a low Ni content oxygen carrier for fuel gas combustion in a continuous CLC unit using a 
CaO/Al2O3 system as support,” Int. J. Greenh. Gas Control, vol. 14, pp. 209–219, 2013. 

[16] D. Kunii and O. Levenspiel, Fluidization engineering. Butterworth-Heinemann, 1991. 
[17] D. Geldart, “Types of gas fluidization,” Powder Technol., vol. 7, no. 5, pp. 285–292, May 1973. 
[18] J. R. Grace, “Contacting modes and behaviour classification of gas-solid and other two-phase 

suspensions,” Can. J. Chem. Eng., vol. 64, no. 3, pp. 353–363, Jun. 1986. 
[19] H. A. Jakobsen, Chemical Reactor Modeling, vol. 53, no. 9. Springer Berlin Heidelberg, 2013. 
[20] Mustafa Taşdemir, “Study of Pseudo-2D Fluidized Beds using Optical Techniques : Development 

of Methods for the Analyses of the Bubble Fraction , Bubble Solids Hold-up and the Wake 
Fraction,” Multiph. React. Group,Chemical Eng. Chem. Univ. Technol., 2016. 

[21] J. Gascón, C. Téllez, J. Herguido, H. A. Jakobsen, and M. Menéndez, “Modeling of fluidized bed 



References 

47 
Experimental Demonstration and Model Validation of MACLR 

reactors with two reaction zones,” AIChE J., vol. 52, no. 11, pp. 3911–3923, Nov. 2006. 
[22] I. Iliuta, R. Tahoces, G. S. Patience, S. Rifflart, and F. Luck, “Chemical-looping combustion 

process: Kinetics and mathematical modeling,” AIChE J., p. NA-NA, 2010. 
[23] E. R. Gilliland, “Fluidised particles, J. F. Davidson and D. Harrison, Cambridge University Press, 

New York(1963). 155 pages.$6.50,” AIChE J., vol. 10, no. 5, pp. 783–785, Sep. 1964. 
[24] M. van S. A. J.A. Medrano, F. Gallucci*, F. Boccia, N. Alfano, “Determination of the bubble-to-

emulsion phase mass transfer coefficient in gas-solid fluidized beds using a non-invasive infra-
red technique.” . 

[25] J. A. Medrano, E. Fernandez, J. Melendez, M. Parco, D. A. P. Tanaka, M. Van Sint Annaland, and 
F. Gallucci, “Pd-based metallic supported membranes: High-temperature stability and fluidized 
bed reactor testing,” Int. J. Hydrogen Energy, vol. 41, no. 20, pp. 8706–8718, 2016. 

[26] C. Dueso, M. Ortiz, A. Abad, F. García-Labiano, L. F. de Diego, P. Gayán, and J. Adánez, 
“Reduction and oxidation kinetics of nickel-based oxygen-carriers for chemical-looping 
combustion and chemical-looping reforming,” Chem. Eng. J., vol. 188, pp. 142–154, 2012. 

[27] J. F. de Jong, M. van Sint Annaland, and J. A. M. Kuipers, “Experimental study on the 
hydrodynamic effects of gas permeation through horizontal membrane tubes in fluidized 
beds,” Powder Technol., vol. 241, pp. 74–84, 2013. 

[28] J. A. Medrano, R. J. W. Voncken, I. Roghair, F. Gallucci, and M. van Sint Annaland, “On the effect 
of gas pockets surrounding membranes in fluidized bed membrane reactors: An experimental 
and numerical study,” Chem. Eng. J., vol. 282, pp. 45–57, 2015. 

[29] L. F. de Diego, M. Ortiz, J. Adánez, F. García-Labiano, A. Abad, and P. Gayán, “Synthesis gas 
generation by chemical-looping reforming in a batch fluidized bed reactor using Ni-based 
oxygen carriers,” Chem. Eng. J., vol. 144, no. 2, pp. 289–298, 2008. 

 



Appendix 

48 
Experimental Demonstration and Model Validation of MACLR 

 

Appendix A 
 
Model Equations  
 
Gas bubble and wake  

𝜕

𝜕𝑧
[𝑢𝑏(𝑓𝑏 + 𝑓𝑤휀𝑚𝑓)𝐶𝑖,𝑏𝑤] = 𝐾𝑖,𝑏𝑒(𝑓𝑏 + 𝑓𝑤휀𝑚𝑓)(𝐶𝑖,𝑐𝑒 − 𝐶𝑖,𝑏𝑤) ± 𝑅𝑖,𝑏𝑤𝑓𝑏𝑤(1 − 휀𝑚𝑓) 

Gas emulsion 
𝜕

𝜕𝑧
[𝑢𝑔,𝑒(𝑓𝑐𝑒휀𝑚𝑓)𝐶𝑖,𝑐𝑒] = −𝐾𝑖,𝑏𝑒(𝑓𝑏 + 𝑓𝑤휀𝑚𝑓)(𝐶𝑖,𝑐𝑒 − 𝐶𝑖,𝑏𝑤) ± 𝑅𝑖,𝑐𝑒𝑓𝑐𝑒(1 − 휀𝑚𝑓) 

 
Where,  𝑖 = 𝐶𝐻4, 𝐶𝑂, 𝐶𝑂2, 𝐻2, 𝐻2𝑂 
 
Solid wake 

𝜕

𝜕𝑧
[𝑢𝑏𝑓𝑤(1 − 휀𝑚𝑓)𝐶𝑖,𝑤] = 𝐾𝑖,𝑤𝑒𝑓𝑤(1 − 휀𝑚𝑓)(𝐶𝑖,𝑐𝑒 − 𝐶𝑖,𝑤) ± 𝑅𝑖,𝑤𝑓𝑤(1 − 휀𝑚𝑓) 

Solid cloud and emulsion 
𝜕

𝜕𝑧
[𝑢𝑠,𝑒𝑓𝑐𝑒(1 − 휀𝑚𝑓)𝐶𝑖,𝑐𝑒] = −𝐾𝑖,𝑤𝑒𝑓𝑤(1 − 휀𝑚𝑓)(𝐶𝑖,𝑐𝑒 − 𝐶𝑖,𝑤) ± 𝑅𝑖,𝑐𝑒𝑓𝑐𝑒(1 − 휀𝑚𝑓) 

Where,  𝑖 = 𝑁𝑖, 𝑁𝑖𝑂 
 
Membrane 
 

Fick’s law expression 𝐽𝐻2 =  
𝑃𝑚,𝑃𝑑

𝑡𝑚,𝑃𝑑
(𝑃𝐻2,𝑟𝑒𝑡

𝑛 − 𝑃𝐻2,𝑝𝑒𝑟
𝑛 ) 

Permeability 𝑃𝑚,𝑃𝑑 = 𝑃𝑚,𝑃𝑑0exp (−
𝐸𝑎𝑐𝑡,𝑃𝑑

𝑅𝑇
) 

 
Membrane parameters 

𝑡𝑚,𝑃𝑑  =  5 𝑥 10−6 [𝑚] 

𝑃𝑚,𝑃𝑑0  =  4.24 𝑥 10−10 [𝑚𝑜𝑙/𝑠/𝑚/𝑃𝑎0.74] 

𝐸𝐴 = 5.81 [𝑘𝐽/𝑚𝑜𝑙] 

𝑛 =   0.74 [−] 
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Appendix B 
 
Manual for safe and systematic startup of the setup is created for future use. 
 

Membrane Assisted Chemical Looping 
Reforming Reactor Setup 
 
   
 
 
 
 

MA 0.66 
 
 
 
 



Appendix 

50 
Experimental Demonstration and Model Validation of MACLR 

Appendix C 
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Appendix D 
Comparison of the results obtained experimentally with the results from the model for the CLR and 
MA-CLR configurations at a steam to carbon ratio of 3 and 2. Blue markers (filled and empty) are 
modeling results using the correlations obtained in this thesis. Red markers (filled and empty) are 
modeling results using the correlations and assumptions adopted in literature. 
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