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Executive Summary 
 

Gas-solid risers are extensively used in many industrial processes for gas-solid 

reactions (e.g. coal combustion and gasification) and for solid catalyzed gas phase 

reactions (e.g. fluid catalytic cracking, butane oxidation to maleic anhydride). Ab initio 

prediction of the complex multiphase fluid dynamics in risers is not yet possible, which 

makes reactor modeling difficult. In particular, quantification of solids flow and mixing is 

important. Almost all the experimental techniques used to characterize solids flow lead to 

appreciable errors in measured variables in large scale, high mass flux systems. In 

addition, none of the experimental techniques provide all the relevant data required to 

develop a satisfactory solids flow model. 

In this study, non-invasive Computer Automated Radioactive Particle Tracking 

(CARPT) is employed to visualize and quantify the solids dynamics and mixing in the 

gas-solid riser of a Circulating Fluidized Bed (CFB). A single radioactive tracer particle 

is monitored during its multiple visits to the riser and with an assumption of ergodicity, 

the following flow parameters are estimated: 

a) Overall solids mass flux in the CFB loop. 

b) Solids residence time distribution in the riser and down-comer. 

c) Lagrangian and Eulerian solids velocity fields in a fully-developed section of 

the riser. This includes velocity fluctuations and the diffusivity tensor. 

The existing CARPT technique is extended to large scale systems. A new 

algorithm, based on a cross-correlation search, is developed for position rendition from 

CARPT data. Two dimensional solids holdup profiles are estimated using γ-ray computed 

tomography. The image quality from the tomography data is improved by implementing 

an alternating minimization algorithm. 

This work establishes for the first time a reliable database for local solids dynamic 

quantities such as time-averaged velocities, Reynolds stresses, eddy diffusivities and 

turbulent kinetic energy. In addition, this study also provides global quantities such as 

solids residence time distribution, first passage time distribution, circulation time 

distribution and various mixing parameters in the riser. This work advances the 

understanding of the solids flow pattern and mixing in a well-developed flow region of a 

gas-solid riser, operated at different gas flow rates and solids loading. 
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Chapter 1 
 
 
Introduction 
 
 
 
 
 
 
 
 
 
1.0 Scope 

 
The aim of this work is to provide new and as complete as possible information 

on the flow of solids in Circulating Fluidized Beds (CFB), particularly in the riser section. 

CFB systems, their historical usage, applications and regimes of operation are briefly 

reviewed in Chapter 1. The motivation to investigate the gaps in understanding of the 

solids dynamics in risers is described. The importance of using non-invasive flow 

monitoring techniques such as Computed Automated Radioactive Particle Tracking 

(CARPT) and Computed Tomography (CT) is highlighted. Then, the objectives of the 

work are outlined and discussed. The approach in achieving the objectives by resolving 

the issues in quantifying the solids dynamics is explained. In the last section of the 

chapter, the outline of the report is provided. 



 2

R
is

er

Inlet Fluid

R
et

ur
n 

le
g

Product

Solids

Fluidizing 
gas

Separator

R
is

er

Inlet Fluid

R
et

ur
n 

le
g

Product

Solids

Fluidizing 
gas

Separator

1.1 Circulating Fluidized Bed (CFB) Systems 

 

1.1.1 Basic CFB Systems 

 

Dealing with solid particles is often a necessity in chemical processes, in the 

pharmaceutical and metallurgical industries, in mineral processing, energy related 

processes, and in many other applications. In a number of cases the particles serve as 

catalysts for reacting gases and/or liquids. In other cases, the particles may be chemically 

converted, as in ore processing or coal combustion, or may undergo physical 

transformation, as in drying of particulate solids. Different potential designs are available 

for carrying out such reactions and contacting operations. Available technologies include 

fixed beds or moving beds, where the particles move slowly downward in contact with 

each other, fluidized beds, where the particles are supported by gas or liquid introduced 

through a distributor at the bottom, and dilute phase transport systems, where the 

particles are transported by a fluid (gas or liquid or both) via a duct or a pipe. 

 

 

 

 

 

 

 

 

 

 

Figure 1-1: Schematic diagram of a typical Circulating Fluidized Bed (CFB) setup 

 
A reactor system which is intermediate between low velocity bubbling fluidized 

beds and high velocity dilute phase systems is the Circulating Fluidized Bed (CFB). A 

schematic of a typical CFB is shown in Figure 1-1. The CFB has significant industrial 

applications because of its efficiency, operational flexibility, and overall profitability 
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(Berruti et al., 1995). A CFB system consists of a riser, separator, down-comer and feed 

systems for solids and for the fluid. The riser is a tall column in which solid particles are 

conveyed upward (with possible backmixing) by the fluid (gas or liquid). Phase 

separation is accomplished at the top, often via cyclones. The particles and some fluid 

then flow through a holding tank and are returned via a dense flow down-comer to the 

bottom of the riser. Fresh fluid is usually introduced at the bottom of the riser, and some 

may be added to the down-comer. Provisions are made to feed fresh solid particles when 

needed, often at the bottom of the riser.  

 

1.1.2 CFB Applications in Various Technologies 

 

Fluid bed processing apparently was practiced as early as 1566 as a means for 

purifying ores (Elmas, 1973). However, fluidization, as it is known today, was introduced 

commercially in 1937 and was born from the pioneering work of the Standard Oil 

Development Company (now Exxon-Mobil), which focused on finding a catalytic 

cracking technology superior to the fixed bed process (Avidan, 1980). In recent years, 

CFB systems have found a niche in processes where a blend of their features, such as 

good mixing, good gas-solid contacting at short residence times, excellent heat and mass 

transfer, and high throughput per unit cross sectional area made their application 

economically desirable. Operational flexibility is often cited as a benefit over 

conventional technology. Fluid catalytic cracking (FCC) and circulating fluidized bed 

combustion (CFBC) are by far the major technologies in terms of through-put of material 

that utilize CFBs. Other applications have been investigated, and some have been 

developed commercially or are under development. Table 1-1 lists a few of the 

applications with key references. Further details regarding the use of CFB technology can 

be found in Berruti et al. (1995) and Grace and Bi (1997). 

Based on a qualitative description of the operating regimes for fluidized systems 

(Kunii and Levenspiel, 1991; Berruti et al., 1995), a CFB is usually operated in turbulent 

fluidization, fast fluidization, or pneumatic transport regimes. The operating variables 

typically varied in a CFB are the gas superficial velocity (Ug
riser) and the overall solids 

mass flux (Gs). Generally, risers are operated at gas velocities exceeding 2 m·s-1 and 
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solids mass fluxes greater than 10 kg·m-2·s-1. In combustion, and other non-catalytic gas-

solid reactions, the solids mass fluxes are generally less than 100 kg·m-2·s-1, and particles 

belonging to Group B of Geldart’s classification (Geldart, 1986) are used. In contrast, 

conditions for applications in solid catalyzed reactions are significantly different: solids 

mass fluxes are often over 250 kg·m-2·s-1, and Geldart’s Group A particles are used. In the 

work reported here, the available experimental set-up in our laboratory (CREL) restricts 

the operating conditions to a range similar to that of combustion systems. However, 

additional data have been acquired at Sandia National Laboratory (SNL) to broaden the 

range of our investigation. 

 

Table 1-1: Key applications of CFB technology with key references 
 

I. Solid–Catalysed Gas Phase Reactions 
Fluid catalytic cracking (FCC)  Squires, 1986; Avidan et al., 

1990; King, 1992 
Fischer-Tropsch synthesis  Dry, 1982; Shingles and 

McDonald, 1988 
Partial oxidation of n-butane to maleic anhydride  Contractor, 1988 
Oxidation of o-xylene/naphthalene to phthalic 
anhydride 

 Wainwright and Hoffman, 
1974 

Ethylene epoxidation  Park and Gau, 1986 
Anaerobic oxidative dehydrogenation of butane to 
butadiene 

 Tmenov et al., 1980 

Ammoxidation of acrylonitrile from propylene  Beuther et al., 1978 
Methanol to olefins  Schoenfelder et al., 1994 
Simultaneous NOx and SO2 removal from off-
gases 

 Reh, 1995 

   
II. Gas-Solid Reactions 

Combustion of coal, wood and shale  Reh, 1986; Yerushalmi, 1986 
Incineration of solid waste  Chang et al., 1987; Hallstrom 

and Rarlsson, 1991 
Gasification of coal, biomass, etc.  Hirsch et al., 1986; Suzuki et 

al., 1990 
Calcination of alumina, phosphate rock, clay, etc.  Reh, 1971, 1995 
Roasting of sulphidic ores (ZnS, Cu2S, gold ores)  Reh, 1995 
Desulphurization of flue gas  Graf, 1986 
Reduction of iron ore, nickel ore, etc.  Hirsch et al., 1986; Suzuki et 

al., 1990 
Cement production  Deng, 1993 
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1.2 Motivation 

 

“Technology Vision 2020: The Chemical Industry” identifies gas-solid and gas-

solid-liquid flows as critical in developing advanced chemical reactors and separators 

(MFDRC website - http://www.mfdrc.org). Also, statistics show that the production of 

domestic chemicals which rely on particle technology is valued at $60 billion/year. One 

percentage point improvement in the efficiency of these operations may achieve savings 

of $1 billion/year. However, design, scale-up, and performance predictions for a 

multiphase flow reactor, such as the gas-solid CFB, are still challenging tasks due to the 

enormous complexity of the interacting phenomena. Reactor scale description of phase 

distribution, phase recirculation, backmixing, and hydrodynamic and transport 

parameters are critical in sizing the CFB reactor for achieving optimal performance. They 

are currently based on empiricism. 

Generally, to maximize profitability, gas and solids residence times are chosen to 

achieve the highest product yield per unit volume. In fluid catalytic cracking (FCC) units, 

a shorter and a more uniform catalyst residence time in the riser reactor, with reduced 

backmixing, potentially leads to better reactor performance (larger amounts of desired 

products and/or a higher conversion) by reducing the inventory of the deactivated catalyst 

in the riser (Squires, 1986). In other words, a uniform radial profile of solids velocity and 

little backmixing in the riser are preferred, leading to shorter and more uniform solids 

residence times. This is the reason for the recent interest in solids “downers” i.e. reactors 

with downward flow of solids and gas. Solids Residence Time Distribution (RTD) in the 

riser is also important in non-catalytic gas-solid reactions, as in a combustor, since solids 

RTD characterizes the degree of solids mixing and can provide information about the 

physical properties of the solid particles in the riser. In a CFB combustor, lateral mixing 

and internal recirculation of solids is necessary to maintain uniform temperatures over the 

entire riser. Hence, lateral and longitudinal mixing is advantageous in a CFB combustor, 

while in an FCC unit is disadvantageous. The following question arises: 

• How do the operating conditions affect the solids axial and radial hold-up 

distribution, mass flux profiles, and the solids residence time distribution?  
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In addition, high gas velocities and low solids hold-up are preferred in some applications 

to minimize compressor costs. However, for many solids catalyzed reactions, lower gas 

velocities may be preferred because they yield higher solids hold-up, thus maximizing the 

specific catalyst activity per unit reactor volume (Berruti et al., 1995). This raises another 

question: 

• How does one achieve the flow structure required for a specific application by 

varying the operating conditions, reactor design, or particle characteristics?  

 

To answer such questions, it is necessary to have a fundamental understanding of 

the particle flow mechanism in risers. Modeling CFBs to produce ab initio predictions of 

their complex fluid and particle dynamics and chemical behavior is not yet possible and 

such modeling requires experimental validation. Existing models describing this complex 

flow often lack relevant experimental data needed for model validation and refinement 

(Berruti et al., 1995). Moreover, many of the phenomenological and computational fluid 

dynamic (CFD) models require empirical inputs, and their quality depends on the 

availability and accuracy of the measurement techniques and data used to obtain model 

parameters. Hence, to answer the above questions and to thoroughly understand the solids 

flow inside the risers, it is first necessary to map the solids flow field inside a pilot scale 

riser at operating conditions relevant to industry. This should provide then the needed 

database for the CFD modelers. 

The first challenge in this approach is identifying suitable and accurate 

measurement methods. Almost all the experimental techniques used to characterize CFB 

systems are intrusive (probe techniques), with measured variables having appreciable 

errors in large scale, and in high mass flux systems (Louge, 1997; Berruti et al., 1995). In 

addition, none of the experimental techniques provide all the relevant data required to 

develop a satisfactory solids flow model (Sinclair, 2000). Moreover, CFB systems are 

opaque owing to high solids mass fluxes and high solids holdup, and hence, one cannot 

“see” into the risers. Therefore, commonly used sophisticated non-intrusive optical 

techniques such as Laser-Doppler Velocimetry (LDV) and Particle Image Velocimetry 

(PIV) cannot be used for investigation of solids flow and mixing in such opaque systems. 
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Also, these techniques provide only Eulerian measurements, where every local region is 

characterized independently. A description of solids flow in the whole system is preferred. 

To compare the results of various researchers, accurate measurements of gas 

superficial velocity and solids mass flux are critical in experimental investigations of the 

riser flow structure. However, quantifying the solids mass flux in CFBs with complete 

solids recirculation is problematic and has led to different experimental findings under 

the same operating conditions (Berruti et al., 1995). Based on the use of a single particle 

radioactive tracer, Roy et al. (2001) demonstrated an in-situ calibration method in a 

liquid–solid riser, which is sensitive, reliable and, amenable to any equipment scale.  

As mentioned earlier, solids RTD is essential for the design of CFB reactors 

where solids conversion proceeds with time. However, all of the methods described in the 

literature for measuring solids RTDs have severe limitations and are unable to determine 

the true RTD of solids (Harris et al., 2002). Measurement of the concentration-time 

response to an impulse injection of tracer, even at two elevations in systems like CFBs 

cannot determine the RTD uniquely (Shinnar et al., 1972; Naumann and Buffham, 

1983). Here we show that CARPT can provide the solids RTDs with no ambiguity. 

 

1.2.1 Approach 

 

The non-invasive Computer Automated Radioactive Particle Tracking (CARPT) 

technique provides complete Lagrangian solids flow field and yields as a bonus the solids 

residence time distribution (RTD) and eddy diffusivities. With the help of ergodic 

hypothesis the Eulerian flow field is generated including time average velocity map and 

various turbulence parameters such as the Reynolds stresses and turbulent kinetic energy. 

Another radiation based technique, Computed Tomography (CT) yields detailed time 

averaged local solids holdup profiles in various planes. Together, these two techniques 

can provide the needed local solids dynamics information for the same setup under 

identical operating conditions, and the data obtained can be used as a benchmark for 

development, validation, and refinement of the appropriate riser models. For the above 
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reasons these two techniques were implemented in this study on a fully developed 

section of the riser. 

To derive the global mixing information in the riser, accurate solids RTD is 

needed and was obtained by monitoring the times of entry and of exit of a single 

radioactive tracer. Other global parameters such as Cycle Time Distribution (CTD), 

overall solids holdup in the riser, and solids recycle percentage at the bottom section of 

the riser are evaluated from different solids travel time distributions. Besides, to measure 

accurately the overall solids mass flux, the method of Roy et al. (2001) was improved 

and applied to the down-comer. 

 

1.3 Objectives 

 

The overall objective of this work is to advance the understanding of the solids 

flow pattern and mixing in a well-developed flow region of a gas-solid riser, operated at 

different gas flow rates and solids loading. This requires collecting reliable data on solids 

trajectories, velocities – averaged and instantaneous, solids holdup distribution and solids 

fluxes in the riser as a function of the operating conditions. Such data is not currently 

available from one set of operating conditions. This work initiates the creation of a 

reliable database for solids dynamics in a pilot plant scale CFB, which can then be used 

to validate/develop phenomenological models for the riser. This study also attempts to 

provide benchmark data for validation of CFD codes and their current closures. In 

accomplishing the above objective the following tasks are performed: 

• Modification of the pilot scale CFB loop at Chemical Reaction Engineering 

Laboratory (CREL) is implemented to overcome the technical and operational 

problems that cause unstable flow. 

• Reliable measurements of solids flux at different gas velocities and solids loading 

were performed. For this purpose, the method of Roy et al. (2001) for in-situ 

calibration of the overall solids mass flux variation with the superficial gas 

velocity is implemented. 
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• The effect of operating conditions on the solids velocity field, solids circulation 

patterns and solids mixing in risers is investigated by varying superficial gas 

velocity and solids loading. In order to achieve this task, CARPT experiments are 

designed for obtaining particle trajectories in the fully-developed flow section of 

the riser. This effort includes development of CARPT hardware and software, and 

a suitable calibration procedure. It also includes implementation and optimization 

of the CARPT technique for large-scale risers and validation of the CARPT 

technique. 

• The effects of superficial gas velocity and solids loading on the solids holdup 

distribution are examined. This requires development of a CT scan measurement 

for determination of radial solids holdup profiles and with improved accuracy in 

the wall region. This enhancement in the accuracy is achieved by implementing 

an improved image reconstruction algorithm.  

• True solids RTDs in the riser are obtained for the first time by monitoring the 

times of entry and of exit of a single radioactive tracer. The difficulties associated 

with estimation of mixing parameters from a conventional tracer impulse 

injection-detection method are illustrated as well as the magnitude of the 

differences in estimated parameters that may arise. This task includes the 

comparison of the data with the literature findings and appropriate model 

predictions. 

• Solids dynamics and solids holdup distribution obtained via CARPT and CT are 

illustrated. The new experimental database at high and low solids fluxes is used to 

study the particle transport mechanism in the riser and understand the mixing 

mechanisms in different flow regimes. 

 

1.4 Report Organization 

 

Chapter 2 provides a literature survey on solids flow structure in the riser and 

discusses briefly the findings of previous researchers. Chapter 3 describes the 

improvements in the algorithms for CARPT and CT accomplished in this work. Chapter 
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4 provides an outline of the CFB experimental setup and describes the overall solids 

mass flux measurements. Chapter 5 discusses the solids residence time measurements in 

“open” systems, such as risers, using single radioactive particle tracking. Chapter 6 

provides the details of CARPT and CT experiments in gas-solid risers and describes the 

time-averaged holdup and velocity fields. In Chapter 7 the effect of operating conditions 

on the solids velocity field, solids circulation patterns and backmixing is discussed. 

Chapter 8 summarizes the research findings along with recommendations for future work. 
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Chapter 2 
 
 
Background 
 
 
 
2.0 Scope 
 

In this chapter, the literature on solids flow and solids residence time 

measurements in gas-solid risers, pertinent to this study, is briefly reviewed. Studies 

addressing the phenomenological modeling of the solids flow structure and mixing in 

risers are also covered. 

High solids concentrations, and the size and nature of industrial or pilot scale 

plants, restricted the range of instrumentation for procuring precise experimental data on 

solids flow from risers used in CFB systems. However, recent advances in measurement 

devices, in fast data acquisition boards, in signal processing hardware and software, and 

in computing machinery have enabled the development of sophisticated experimental 

methods for probing multiphase reactor systems, often non-invasively, so as not to 

disturb the flow in any way. For gas-solid flows, most of the experimental techniques 

reported in the literature deal with probing laboratory scale systems. Cheremisinoff 

(1986) provided exhaustive descriptions of state-of-the-art instrumentation for gas-solid 

suspensions and discussed the design, limitations, and advantages of each technique in 

detail. A similar review by Yates and Simons (1994) is also available. Louge (1997) 

described the principal devices and experimental techniques used in CFBs, with emphasis 

on the challenges involved in their implementation and data interpretation. Chaouki et al. 

(1997) focused on non-invasive techniques (especially radioactive) for multiphase flows. 

Berruti et al. (1995) presented various experimental methods and the key findings 

regarding the parameters that affect the CFB solids flow dynamics. 



 12
2.1 Review of Solids Flow Measurements in CFBs 

 

Regarding solids dynamics in CFBs, the work of Yerushalmi et al. (1976) is often 

regarded as the pioneering academic study of the axial flow structure in CFB risers. They 

discussed the densification at the riser base and elucidated several advantages of 

operating in the fast fluidization (FF) regime. The decades following this work witnessed 

hundreds of papers in the open literature, in addition to seven international conferences 

on CFB technology. The majority of the studies focused on axial and radial solids holdup 

distribution and flow structure in CFB risers. These studies generated an extensive pool 

of experimental data covering a wide range of operating conditions and riser dimensions, 

for both Group A and B powders. The measured variables, the key findings, the 

employed experimental technique, and the range of used operating parameters are 

summarized in Tables 2-2, 2-3, 2-4 and 2-5. This review covers exclusively the 

experimental studies performed on gas-solids flows in three dimensional riser columns. 

There are numerous other studies on gas-solid fluidized beds, spouted beds, 2D columns, 

three phase systems, reacting systems, etc. which are not considered in this review. The 

reviewed studies address the solids dynamics and in particular: a) the solids velocity 

field, b) the solids concentration distribution, c) the solids mass flux, and d) the solids 

residence time distribution (RTD). 

 

2.1.1 Solids Dynamics 

 

The gas and solids flow structure in CFB risers is inherently complex. Risers in 

general exhibit an axial solids holdup distribution, with a certain degree of densification 

at the bottom of the column where the solids are introduced from the down-comer. As 

illustrated in Figure 2-1, the solids holdup decreases with height along the riser as the 

solids are accelerated by the high velocity gas stream (Yerushalmi et al., 1976; Kwauk et 

al., 1986; Bai et al., 1992a). Provided the riser is long enough, fully developed flow 

conditions are reached beyond a certain height, corresponding to a mean cross-sectional 

solids holdup which is approximately invariant with height (Berruti et al., 1995). 

Experimental observations clearly show that the slip velocities in CFB risers, defined as 
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the difference between interstitial gas velocity and particle velocity, exceed the single 

particle terminal velocities by more than two orders of magnitude (Squires, 1986). Berruti 

and Kalogerakis (1989) explained the high slip velocities by assuming that the flow 

domain consists of two characteristic regions as shown in Figure 2-1: a dilute gas-solid 

suspension preferentially traveling upward in the center (core) and a dense phase of 

particle clusters or strands moving downward along the wall (annulus). Some of the early 

studies listed in Tables 2-2 to 2-5 provided an experimental basis for the formulation of 

the core-annulus flow model at different operating conditions (e.g. Bader et al., 1988; 

Rhodes et al., 1988; Bolton and Davidson, 1988; Brereton and Grace, 1993). 

 

Figure 2-1: Schematic diagram showing the different zones along the riser and a typical 

axial voidage profile. 

 

The model for the observed core-annulus solids flow structure in the riser can be 

derived from three different approaches. One relies on gas and solids continuity and the 

resulting radial and axial gas velocity and particle concentration distributions. The other 

rests on the concept of solids turbulent diffusion to the wall, while the third involves 

using energy minimization (Werther and Hirschberg, 1997). The three different 
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approaches are compared in Table 2-1. An anomaly in the above core-annulus model is 

that the diffusion of particles occurs towards the region of high solids concentration 

(annulus). This radial diffusion of particles towards the wall is believed to be due to the 

concentration gradients in the dilute phase, excluding the ‘cluster’ phase near the walls 

(Davidson, 2000). Hence, the phenomenon of clustering is assumed to prevail along with 

the core-annulus flow. Clustering is termed as a tendency of particles to gather due to 

externally-imposed effects, most commonly hydrodynamic such as the non-elastic 

collisions, while ‘agglomeration’ of particles is due to the adherence in groups, 

maintained by direct inter-particle forces such as those arising from van der Waals effects 

or capillary bridges (Horio and Clift, 1992). Thus, the local regions of high particle 

concentration, or strands, which form as a result of hydrodynamic effects during 

fluidization at high velocity are termed as clusters. However, groups of adherent particles 

which form, for example, during lower velocity fluidization of cohesive materials are 

called agglomerates (Horio and Clift, 1992). 

 

Table 2-1: Different modeling approaches to explain the core-annulus flow structure. 
 

 Key Concepts and Parameters 

Required 

Pros Cons Key 

References 

Approach 

1 

Material balance in core and annulus 
zones. Solids transfer flux is 
proportional to concentration in the 
zone. Requires radial gas velocity 
distribution, correlations for solids 
density, velocity in core and/or annulus 
and axial density profile. 

Easy to 
formulate 
and solve. 

Requires 
extensive 
experimental 
data a prori. 
Gross 
assumptions. 
Unreliable for 
scale-up. 

Berruti and 
Kalogerakis, 
1989; 
Rhodes, 
1990; 
Pugsley et 
al., 1995. 

Approach 

2 

Mass balances in core and annulus with 
solids interchange mechanism described 
either by turbulent diffusion or oblique 
particle-particle collisions. Requires 
density & velocity for annulus, 
correlation for axial density, exit factor. 

Can explain 
‘clustering’. 
Most of the 
parameters 
are predicted 

Momentum 
balances are not 
included. Still 
requires 
experimental 
data to fit 
parameters. 

Bolton and 
Davidson, 
1988; Senior 
and Brerton, 
1992. 

Approach 

3 

Two phase momentum balances in core 
and annulus with drag, core-annulus 
solids shear stress, solids-wall shear 
stress. Energy minimization to predict 
parameters. Requires slip velocity with 
drag relation, comprehensive 
formulation for clustering suspension. 

Explains 
that 
existence of 
core-annulus 
leads to 
‘clustering’ 

Reliable slip 
velocity versus 
drag force 
relationship is 
vital. 

Li et al., 
1991, 1999; 
Bai et al., 
1995. 
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2.1.1a Solids Velocity 

 

The motion of solids plays a particularly important role in CFBs, and local solids 

velocity can provide valuable insights into the behavior of risers. Table 2-2 lists the 

sources of experimental data for solids velocity in gas-solid risers. The experimental 

techniques employed are classified as invasive or non-invasive. Invasive methods are 

optical fiber probes, extraction probes, pitot tubes, iso-kinetic probes, and spatial filter 

processes. The advantages of using such probes are the ease of experimental 

measurement and usage at industrially relevant high flux conditions. However, the 

disadvantages, apart from intrusiveness, are:  

a) complicated calibration procedure, 

b) manual probe positioning, 

c) fouling effects due to the ports on the walls, 

d) only point measurements are obtained resulting in only a mean radial profile of 

axial velocity. 

Most of the non-invasive methods are based on optical techniques such as PIV, 

LDV, and high-speed cameras, while others are based on the use of radioisotopes, such as 

the Positron Emission Particle Tracking (PEPT) employed by Stellema (1998), and the 

gamma emitting Radioactive Particle Tracking (RPT) used by Godfroy et al. (1999). The 

RPT technique developed by Larachi et al. (1994) and applied by Godfroy et al. (1999) 

in a CFB riser is similar to that of previous researchers (Kondukov et al., 1964; Lin et al., 

1985; Moslemian, 1987) who used the RPT technique in fluidized beds. In the open 

literature, the study of Godfroy et al. (1999) is the only work that presents the particle 

trajectories in a CFB riser in a full 3-D field and gives particle velocities. The solids 

velocity and solids dispersion coefficient in the longitudinal direction decreased with 

increasing solids circulation rates due to a decrease in the turbulent axial velocities. 

Annulus thickness increased with increasing solids circulation rate. However, there are a 

few shortcomings in their study, as follows: 

a) The radioactive tracer particle used by Godfroy et al. (1999) is 

approximately 27 times larger in volume (dp = 500 µm) than the solids 
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used in the riser which had a mean particle size of dp = 150 µm. Due 

to higher inertia of the tracer particle, the results represent the motion 

of a large particle among the smaller solids and hence it is likely that 

smaller fluctuating components of velocity are observed. 

b) The data acquisition frequency used by Godfroy et al. (1999) was 100 

Hz, which might not be sufficient for a good temporal resolution.  

c) It is difficult to validate a CFD or mechanistic model for the velocity 

profiles using the results of Godfroy et al. (1999) because no model 

exists to predict the behavior of a large tracer particle surrounded by 

smaller particles. This of course in principle can be done but their study 

does not provide all the required data, for example the solids holdup 

distribution, required for CFD validation. 

A close review of Table 2-2 shows that no experimental study provides all the 

information for solids velocity field that one requires for CFD model validation. The 

employed intrusive techniques (e.g. optical probes, sampling probes) provide vast 

experimental data at wide ranges of operating conditions, but only the time-averaged 

radial profile of the axial velocity. At best, the modified intrusive techniques with careful 

experimentation provided standard deviation or the velocity fluctuation profiles in the 

axial direction. Very few studies provide 3-D velocity components in 3-D columns. The 

comparison/validation of CFD models with only mean axial velocity profiles is not 

sufficient and can be misleading. None of the studies report turbulence stresses, 

turbulent-kinetic energy (granular temperature), diffusivity (axial, radial), return length 

distribution, or circulation time distributions. All of these are required to fully understand 

the mechanism of mixing (e.g. lateral segregation) and its variation with the operating 

conditions. In this work, all the above variables are studied systematically. 

Additionally, there is a disagreement among researchers if the radial profiles of 

the relative axial velocity (w.r.t. the cross-sectional average) have ‘similar’ shapes or the 

same functional form. Berruti et al. (1995) argued that such ‘similar’ profiles are 

restricted to a narrow range of operating conditions investigated by Monceaux et al. 

(1986) and Rhodes et al. (1992). 
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Table 2-2: Sources of experimental data for solids velocity in gas-solid risers 
Reference Measurement 

Technique 
Riser Geometry * 

Dia x Height 
cm  x   m 

Solids 
material / 
diameter 

Operating conditions 
Ug             Gs 

m·s-1     kg·m-2·s-1 

Measurement 
region** 

Measured 
solids velocity 

Comments 

Invasive techniques 
Bader et al. 

(1988) 
Pitot tube 30.5 x 12.2  

Abrupt exit 
FCC 

76 µm  
3.7;  
98  

H = 4, 9.1 m Mean radial 
profile 

Core-annulus flow 
structure with 

parabolic profile 
Fiedler et al. 

(1997) 
CCD based spatial 

filter 
40 x 15.6 
Abrupt 

Sand 
120 µm 

4 – 6;  
28  

H= 1.7, 10.7 m Particle velocity 
distribution 

Two phase flow 

Harris et al. 
(1993) 

Pitot tube / 
isokinetic probe 

14 x 5.1 
Abrupt exit 

FCC 
60 µm 

2.6, 3;  
26 - 52  

H = 4.4 m Mean radial 
profile 

Wavy annular 
structure 

Hartge et al. 
(1988) 

Optical fiber probe 40 x 8.4  
Abrupt exit 

FCC, CFBC 
ash 

85, 120 µm 

3.8 – 5.4;  
27 - 70  

H = 0.9 - 4.7 m Mean radial 
profile` 

Two phase flow 

Herbert et al. 
(1999) 

Optical fiber probe 41 x 8.5  
Abrupt exit 

FCC, Glass 
beads 

42 – 300 µm 

≤  13; 
≤  250  

H = 4, 4.2 m Mean radial 
profile 

Core-annulus with the 
influence of particle 

diameter 
Horio et al. 

(1988) 
Optical fiber probe 5 x 2.79  

Smooth exit 
FCC 

60 µm 
1.17, 1.29;  
11.7, 11.25  

H = 0.36, 1.06, 
1.63 m 

Mean radial 
profile 

Annular flow with 
clusters 

Ishii et al. 
(1989) 

Optical fiber probe 5 x 2.79  
Smooth exit 

FCC 
60 µm 

1.29;  
10.7  

H = 0.36. 1.06, 
1.63 

Mean radial 
profile (clusters) 

Cluster velocity 
profiles 

Qian and Li 
(1994) 

Optical fiber probe 
/ dynamic pressure 

7.5 x 10 
- 

FCC 
54 µm 

2.5;  
62  

H = 6.5 m Instantaneous 
and mean radial  

Radial profiles 

Miller and 
Gidaspow 

(1992) 

Extraction probe 7.5 x 6.58 
Smooth exit 

FCC  
75 µm 

2.61–3.84;  
12 – 32.8  

H = 1.86 – 5.52 
m 

Mean radial 
profile 

Core-annulus flow 
structure 

Parssinen and 
Zhu (2001 b) 

Optical fiber probe 7.6 x 10  
Smooth exit 

FCC 
67 µm 

5.5, 8, 10;  
100, 300, 400, 550  

H = 1.53 – 9.42 
m 

Mean radial and 
averaged axial 

profiles 

S-shaped, linear, 
parabolic in 4 

longitudinal sections 
Wang et al. 

(1993) 
Particle dynamic 

anlyser 
(Phase/Doppler) 

22.2 x 22.2 x 300 
cm3 

Elbow exit 

Sand 
530 µm 

5.85;  
25.4  

H = 1.19 – 2.24 
m 

3 components of 
particle 

velocities, TKE 

Core-annulus flow 
structure 

Zhou et al. 
(1995) 

Optical fiber probe 14.6 x 14.6 x 914 
cm3 

Abrupt exit 

Sand 
213 µm 

5.5, 7;  
20, 40  

H = 5.13, 6.2, 
8.98 m 

Vertical and 
lateral profiles 
of particle vel. 

Core-annulus flow 
structure 
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Table 2-2: Sources of experimental data for solids velocity in gas-solid risers – (Cont’d) 
Reference 

 
Measurement 

Technique 
Riser Geometry 

* 

Dia x Height 
cm  x   m 

Solids 
material/ 
diameter 

Operating conditions 
Ug             Gs 

m·s-1     kg·m-2·s-1 

Measureme
nt region** 

Measured parameters Comments 
 

Non-Invasive techniques 
Cody et al. 

(2000) 
Acoustic shot noise 
(ASN) excitation 

61 – 274 x - FCC 
60 µm 

Q = 233 – 1333 kg·s-1 
Gs = 152 – 1247 kg·m-2·s-

1 

H = 5 -40 ft. 
(from feed 
injection) 

Average axial velocities, 
RMS acceleration (at the 

wall) 

Granular 
temperature 

variation with Ug 

Donsi and 
Osseo (1993) 

Laser Doppler 
Anemometer 

4 x 10 x 460 cm3 
Smooth exit 

Glass 
94 µm 

10 – 25;  
50 -350  

H = 270 cm Mean radial profiles Turbulent profile 
with no down flow 

Godfroy et al. 
(1999) 

Radioactive 
particle tracking 

8.2 x 7 
Elbow exit 

Sand 
150 µm 

4;  
23 -75  

H = 4- 5 m 
(above 

distributor) 

3-D Eulerian and 
Lagrangian velocity field 

(of a large particle) 

Clusters formation;  
dispersion coeff. 
variation  

Li and Tomita 
(2000) 

Photographic 
imaging technique 

8 x 12 
Elbow exit 

Polyethylene  
3.2 mm 

946 kg·m-3 

9 -25;  
O (0.01)  

20 cm regions 
at 0.7, 5.7, 11.7 

m from feed 

Mean radial profile Uniform profiles  
(swirling and axial) 

Rhodes et al. 
(1992) 

High speed video 
camera 

30.5 x 6.6  Alumina 
75 µm 

3- 5;  
2- 80  

0.1 x 0.1 m2 at 
3.5 m from the 

distributor 

Downward velocity of 
particle swarms near the 

wall 

Three flow forms – 
dilute, dense and 

swarm were found 
near the riser wall 

Shi et al. 
(2002) 

PIV 20 x 20 x 400 cm3 
Abrupt exit 

Sand 
382 µm 

2.8 – 4;  
1.5 – 2.75  

H = 166 cm Axial and lateral 
velocities in lateral 

direction 

Downward 
velocities near the 

wall 
Stellema, 

(1998) 
Positron Emission 
Particle Tracking 

(PEPT) 

10 x 10 x 10 cm3 
(Interconnected 
Fluidized beds) 

Glass 
700 µm 

Ug = 0.972 m·s-1 
Q = 0.121 kg·s-1 

0.1 x 0.1x 0.1 
m3 

 

3-D Eulerian and 
Lagrangian velocity field 

Presence of small 
vortex in both the 

beds  
Wang et al. 

(1998) 
LDV 14 x 10.4 

Abrupt exit 
FCC 

36 µm 
3.49 - 4.78;  

2.6-78.3  
H = 4 - 6 m  Mean radial profile Radial profile obeys 

1/7 power law 
Wei et al. 

(1998) 
LDV 18.6 x 8  

Abrupt exit 
FCC 

54 µm 
2.3 – 6.2;  
18 – 200  

2.5 x 10-4 mm3 

volume at H = 
1.5 – 6.2 m 

Radial mean and RMS 
fluctuating profiles 

Core-annulus with 
radial profiles as 

parabolic and 
Boltzman function 

Zhang et al. 
(2003) 

LDV 41.8 x 18 
Abrupt 

FCC 
77 µm 

2.7 – 3.7;  
29.7 - 44  

H = 6, 14 m Mean radial profile, PDD 
curves of particle 

velocity 

Dispersed particle 
and cluster two 

phase flow 
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2.1.1b Solids Concentration 
 

Several experimental methods of characterizing the solids concentration in a 

cross-section of the riser are listed in Table 2-3. The key observations regarding the 

experimental results of each researcher are also presented in Table 2-3. Strong radial 

suspension density gradients have been experimentally found and reported, with a 

maximum at the wall and a minimum at the center, which agrees well with the core-

annulus approximate description of the solids flow field. A critical examination of the 

experimental results for radial solids concentration distribution suggests that neither the 

core-annular flow theory nor the clustering approach alone can fully describe the riser 

gas-solid dynamics. For example, instantaneous data indicate intermittent passage of 

clusters, while time-averaged data, obtained at several radial locations, suggest core-

annulus approximation. It is evident that both phenomena coexist and that a rigorous 

interpretation should take into consideration both clusters and core-annulus flow. In this 

work, attempt is made to characterize the clustering phenomena using the instantaneous 

CARPT data and the solids radial segregation using the time-averaged data of CT. 

Both the intrusive and non-intrusive techniques reported, characterized only the 

time-averaged solids holdup profiles. Very few studies, using a carefully manipulated 

intrusive optical probe, reported solids holdup fluctuations, but with mutual disagreement 

persisting among the researchers (e.g. Xu et al., 1999; Issangya et al., 2000). Such 

disagreement could be due to the shortcomings of the optical probe measurements as 

discussed earlier. Also, none of the studies reported any specific changes in the holdup 

profiles with the flow regimes, which can be expected. This requires a high resolution of 

the holdup profile, particularly near the walls. An attempt is made in this work to 

characterize such differences between the flow regimes, if they exist. 

Tomography proved to be a valuable tool for determining the solids concentration 

non-invasively and was used by several researchers, as presented in Table 2-3. In contrast 

to ECT and X-ray tomography, γ-ray tomography, with proper source shielding, can be 

used in dense flows, but the weight of the experimental set-up reduces temporal 

resolution and also restricts its applicability along the entire riser length. Martin et al. 

(1992) and Azzi et al. (1991) are the only studies that present a 2-D solids  
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 Table 2-3: Sources of experimental data for solids concentration in gas-solid risers 
Reference Measurement 

Technique 
Riser Geometry *

Dia x Height 
cm  x   m 

Solids 
material/ 
diameter 

Operating conditions 

Ug             Gs 
m·s-1     kg·m-2·s-1 

Measurement 
region** 

Measured 
parameters 

Comments 

Invasive techniques 

Harris et al. (1994) Pitot tube / 
isokinetic probe 

14 x 5.1 
Abrupt exit 

FCC 
60 µm 

2.6, 3;  
26 - 52  

H = 4.4 m Mean radial 
profile 

Wavy annular 
structure 

Hartge et al. (1986, 
1988) 

Capacitance 
probes/ Optic fiber 

probe 

40 x 8.4  
Abrupt exit 

Sand, FCC, 
CFBC ash 
56, 85, 120  

3.8 – 5.4;  
27 - 100  

H = 0.6 - 4.7 m Mean radial and 
axial profiles` 

Two phase flow 

Herbert et al. (1999) Optical fiber probe 41 x 8.5  
Abrupt exit 

FCC, Glass 
beads 

42 – 300 µm 

≤  13;  
≤  250  

H = 4, 4.2 m Mean radial and 
axial profile 

Core-annulus with the 
influence of particle 

diameter 
Horio et al. (1988) Optical fiber probe 5 x 2.79  

Smooth exit 
FCC 

60 µm 
1.17, 1.29;  
11.7, 11.25  

H = 0.36, 1.06, 
1.63 m 

Mean radial 
profile 

Annular flow with 
clusters 

Issangya et al. 
(2000) 

Optical fiber probe 7.6 x 6.1 
Smooth exit 

FCC 
70 µm 

4 – 8;  
14 - 425  

H = 0.97 – 5.23 
m 

Mean and 
standard 

deviation profile 

Core-annulus 
structure in ‘dense 
suspension’ and FF 

regimes 
Kato et al. (1991) Optical fiber probe 15 x 3 

Abrupt exit 
FCC 

74 µm 
2.4 – 4; 
9 - 53  

H = 70 -230 
cm 

Mean radial 
profiles 

Core–annulus in 
turbulent and FF 

Parssinen and Zhu 
(2001 a) 

Optical fiber probe 7.6 x 10  
Smooth exit 

FCC 
67 µm 

5.5, 8, 10;  
100, 300, 400, 550  

H = 1.53 – 9.42 
m 

Mean radial and 
averaged axial 

profiles 

Constant in the centre 
and decreasing near 
the wall with height 

Schlichthaerle and 
Werther (1999) 

Optical probe, 
γ ray densitometry 

40 x 15.6 
Abrupt exit 

Sand 
200 µm 

3 – 5;  
5 – 50  

H = 0.29 – 1m Mean radial and 
averaged axial 

Presence of local 
acceleration effects 

Schuurmans (1980) γ ray absorption Cracking unit - - - Mean radial 
profile 

Near parabolic profile 

Tanner et al. (1994) Optical fiber probe 41.1 x 8.5 
Smooth exit 

Glass beads 
110 µm 

2.5, 4.5, 6.5;  
30, 79, 107 

- Mean radial and 
averaged axial 

Gas and slip velocity 
profiles estimated 

Wang et al. (1998) Optical density 
sensor 

14 x 10.4 
Abrupt exit 

FCC 
36 µm 

2.6, 3;  
26 - 52  

H = 4 - 6 m  Mean radial 
profiles 

Three kinds of 
profiles: dense, ring 

and  aggregative 
Wei et al. (1998) Optical fiber probe 18.6 x 8  

Abrupt exit 
FCC 

54 µm 
3.8 – 5.4; 
27 - 100  

2.5 x 10-4 mm3 

volume at H = 
1.5 – 6.2 m 

Radial mean 
profiles 

Similar profile for all 
conditions given 

Boltzman function 
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Table 2-3: Sources of experimental data for solids concentration in gas-solid risers – (Cont’d) 

 

Reference Measurement 
Technique 

Riser Geometry *

Dia x Height 
cm  x   m 

Solids 
material/ 
diameter 

Operating conditions 

Ug             Gs 
m·s-1     kg·m-2·s-1 

Measurement 
region** 

Measured 
parameters 

Comments 

Xu et al. (1999) Optical probe 9 x 11 
Elbow exit 

FCC 
54 µm 

0.11 – 3.15; 
0 - 65 

H = 3 m Radial profiles 
of mean and 
fluctuations 

Two distinctive regions of 
lateral profiles 

Zhang et al. 
(2003) 

Optical density 
probe 

41.8 x 18 
Abrupt 

FCC 
77 µm 

2.7 – 3.7;  
29.7 – 44  

H = 6, 14 m Mean radial 
profile, PDD 

curves of conc. 

Dispersed particle and cluster 
two phase flow 

Zhang et al. 
(1991) 

Optical probe 3.2, 9,30 x 2.8, 
10, 12 

Abrupt exit 

FCC, HGB, 
ALO 

1 – 4;  
5 – 300  

H = 1.27, 4.27, 
3.77 m 

Mean radial 
profiles and 

wave forms in 3 
regimes 

Radial profile independent of 
Ug, Gs, if CS averaged voidage 

is constant 

Zhu et al. (1997) Optical probe 7.6 x 3 Sand 
169 µm 

6, 8;  
71, 214  

H = 1.61 – 2 m Mean radial and 
axial profiles 

Ring internals result in 
uniform profiles 

Non- Invasive techniques 

Azzi et al. 
(1991) 

γ−ray densitometry 19 x 11.7; 
70 x - 

FCC 
75 µm 

6.1, 21;  
150, 1080 

H = 3.1 – 4.8 
m 

Mean radial 
profile 

2-D concentration map 

Berker and Tulig 
(1986) 

γ-ray camera 17.8 x - FCC 
- 

9.4, 15.3;  
122, 310  

H = 5.34 m Mean radial 
profile 

k-ε turbulence model 

Grassler and 
Wirth (1999) 

X-ray tomography 19 x 15 Glass 
60 µm 

2.7, 5.6; 
195, 415 

H = 4.4, 6.8, 
11.6 m 

2-D holdup 
maps 

Core-annulus structure 

Jaworski and 
Dyakoski (2001) 

ECT 3 m Vertical 
channel 

Polyamide  
3 x 3 x1mm3 

1 – 5;  
Q ≤  900 kg. s-1 

- Instantaneous 
2D profiles 

Train of plugs with down flow 
at the wall 

Li and Tomita 
(2000) 

Photographic 
imaging technique 

8 x 12 
Elbow exit 

Polyethylene 
3.2 mm 

946 kg·m-3 

9 -25;  
O (0.01)  

20 cm regions 
at 0.7, 5.7, 11.7 

m from feed 

Mean radial 
profile 

Symmetric profiles  
(swirling and axial) 

Malcus et al. 
(2000) 

ECT 14 x 7 
Smooth exit 

FCC 
89 µm 

3.7 - 4.7;  
148 - 302 

H = 1.55, 2.1 
m 

Radial, PDD, 
standard 

deviationprofiles 

Core- annulus structure 

Martin et al. 
(1992) 

γ−ray tomography 19 x 11.7 62 µm, 1560 
kg·m-3 

4.2, 6.3;  
114, 308, 202  

H = 4 m Mean radial and 
axial profiles 

2-D concentration maps, Core-
annulus flow 

Miller and 
Gidaspow 

(1992) 

X-ray 
densitometry 

7.5 x 6.58 
Smooth exit 

FCC  
75 µm 

2.61–3.84;  
12 – 32.8  

H = 1.86 – 5.52 
m 

Mean radial 
profile 

Core-annulus flow structure 
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Table 2-3: Sources of experimental data for solids concentration in gas-solid risers – (Cont’d) 

 
* Risers with circular cross-section are defined by diameter x height, while the ones with rectangular are defined by length x width x height; 90o exits are termed as elbow exits, 

riser with increased diameter at the exit (disengagement section) are termed as smooth exits and others are termed as abrupt exits. No attempt is made to quantify the smoothness of 

the riser exit. 

 

** H – height from the distributor, where measurements are reported 

 

Ug – gas superficial velocity (m·s-1) 

Gs – overall solids mass flux (kg·m-2·s-1) 

Q – overall solids flow rate (kg·s-1) 

 
‘-‘ indicates data not reported 
 
 
 

Reference Measurement 
Technique 

Riser Geometry *

Dia x Height 
cm  x   m 

Solids material/ 
diameter 

Operating 
conditions 

Ug             Gs 
m·s-1     kg·m-2·s-1 

Measurement 
region** 

Measured 
parameters 

Comments 

Rhodes et al. (1998) ECT 9 x 7.2 
Smooth exit 

Sand 
100 µm 

4;  
150  

H = 2.8 -4.3 m Contours of 
constant conc. 

Annulus width 
decreases height 

Saxton and Worley 
(1970) 

γ−ray absorption - - - - - Dense wall, 
dilute core 

Weinstein et al. 
(1986) 

X-ray absorption 15.2 x 8.5 
Abrupt exit 

HFZ -33 
59 µm 

1.1 – 5;  
12- 154  

H = 1.64 m Mean radial 
profiles 

3rd order 
polynomial 

radial profile 
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concentration maps using γ ray tomography in CFB risers. However, both studies have 

used relatively few projections (27 and 21 projections, respectively), which results in a 

coarse reconstruction. The enhancement of this work is the use of a large number of 

projections, which improves the spatial resolution. 
 

2.1.1c Solids Mass Flux 

 

Table 2-4 lists different experimental methods for obtaining first hand data for the 

determination of the local solids mass flux, and reviews the results obtained by different 

researchers. Note that no reported experimental technique estimates the local solids flux 

non-invasively. Sampling probes based on isokinetic and non-isokinetic sampling seem 

to be the lone alternative, and they can determine only the time-averaged flux profiles. 

However, the use of isokinetic sampling methods for dense suspensions in riser flow 

remains questionable, as discussed by Rhodes and Laussmann (1992). There is only one 

study in gas-solid risers (Slaughter et al., 1993) that reports the time-series of the solids 

mass flux resulting in the estimation of its fluctuating component. Such instantaneous 

mass flux profiles can give a handle on estimating the velocity-holdup cross-correlation 

term and the method for modeling such a term. Such a model is required as a closure for 

the turbulent transport equations. The technique employed by Slaughter et al. (1993) is 

still an intrusive one, resulting in appreciably high errors. However, there is no other 

technique available to estimate such instantaneous solids mass flux. In this work, the best 

available estimate for the instantaneous solids flux was made using the instantaneous 

velocity data of the CARPT and the time-averaged CT data. 

In addition, determination of overall solids mass flux in closed loop systems such 

as CFB is a non-trivial problem. Breaking the CFB loop, timing the collection of solids 

and weighing the amount collected is the traditional method practiced in industry prone 

to large errors. However, to ensure reproducibility of results and for proper comparison 

of results among various researchers, accurate measurement of overall solids mass flux is 

critical for riser flow experimental investigations. In Chapter 4 a number of different 

techniques employed by previous researchers are reviewed and a non-invasive method 

for overall solids flux estimation is introduced. 
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Table 2-4: Sources of experimental data for local solids mass flux in gas-solid risers 
Reference Measurement 

Technique 
Riser Geometry * 

Dia x Height 
cm  x   m 

Solids 
material/ 
diameter 

Operating conditions 

Ug             Gs 
m·s-1     kg·m-2·s-1 

Measurement 
region** 

Measured 
parameters 

Comments 

Invasive techniques 
Azzi et al. (1991) non-isokinetic 

sampling probe 
19 x 11.7; 

70 x - 
FCC 

75 µm 
6.1, 21; 

150, 1080 
H = 3.1 – 4.8 

m 
Mean radial 

profiles 
Parabolic momentum 

profiles 
Bader et al. 

(1988) 
non-isokinetic 
sampling probe 

30.5 x 12.2  
Abrupt exit 

FCC 
76µm  

 3.7; 
 98 

H = 4, 9.1 m Mean radial 
profiles 

Core-annulus flow 
structure with 

parabolic profile 
Bodelin et al. 

(1994) 
non-isokinetic 
sampling probe 

14.4 x 10 
Smooth exit  

Sand 
0.2 mm 

 5.4;  
 2.6 – 52.9  

H = 4 m Mean radial 
profiles 

Similar in dilute, 
different in dense 

Coronella and 
Deng (1998) 

isokinetic 
sampling probe 

11.5 x 2.7 
Abrupt exit 

Sand 
209 µm 

 3.4 – 5.4; 
10 -30 

H = 0.61 – 2.51 
m 

Total flux radial 
profiles 

Total flux decreases 
with height and radius 

Herb et al. (1992) isokinetic 
sampling probe 

5 x 2.7, 15 x 10.8 
Abrupt exit 

FCC 
125, 276 µm 

 1 – 8; 
10 -70  

H = 1.5 m Total flux radial 
profiles 

Core-annulus flow 
with clusters 

Issangya et al. 
(1998) 

non-isokinetic 
sampling probes 

7.6 x 6.1 
Smooth exit 

FCC  
70 µm 

 4.5, 7, 7.5; 
210, 250, 325  

H = 2.8 – 4.62 
m 

Mean radial 
profiles 

Strong radial gradients 
with no core-annulus 

flow 
Mastellone and 
Arena (1999) 

isokinetic probe 12 x 5.75 
Abrupt exit 

FCC, 
Ballotini, 

Sand; 70, 89, 
310 µm 

 3 – 6; 
16 -250  

H = 1.22, 4.23 
m 

Mean radial 
profiles 

Core-annulus flow 
with varying density 

and size, no down flow 
with coarser particles 

Miller and 
Gidaspow (1992) 

non-isokinetic 
sampling probe 

7.5 x 6.58 
Smooth exit 

FCC  
75 µm 

 2.61–3.84; 
12 – 32.8  

H = 1.86 – 5.52 
m 

Mean radial 
profile 

Core-annulus flow 
structure 

Monceaux et al. 
(1986) 

non-isokinetic 
sampling probe 

14.4 x 8 
Smooth exit 

FCC 
59 µm 

 3.2; 
0.5 – 1.11  

Fully 
developed  

Reduced mass 
flux profiles 

Similar profiles regime 

Rhodes and 
Laussmann 

(1992) 

non-isokinetic 
sampling probe 

15.2 x 6.13 
Smooth exit 

Alumina 
71 µm 

 2.8, 4; 
2.8 –62.7  

H = 0.935 – 
5.83 m 

Radial variation 
with standard 

deviations 

Core-annulus flow 

Rhodes et al. 
(1992) 

non-isokinetic 
sampling probe 

15.2 x 6.2; 30.5 x 
6.6 

Alumina 
75 µm 

 3 – 5; 
2 – 111 

H = 0.935 – 
5.83; 2.6 m 

 

Radial variation  Similar profiles regime 

Van Breugel et al. 
(1969) 

isokinetic 
sampling probe 

30 x –  
- 

Alumina 
40 µm 

 6 – 16.5; 
150 – 550 

- Radial variation Parabolic profile, 
backward flow at high 

solids loads, strong 
variation near the wall 
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2.1.2 Solids Mixing 

 

Internal recirculation of solids in CFB risers occurs due to the interchange of 

solids between the heterogeneous flow structures in the riser. As a result, the residence 

time of any particle in the riser may vary from less than a second to more than a few 

minutes. Typically, RTD studies are conducted using tracer techniques. A number of 

different tracer injection–detection methods was employed for determination of solids 

RTDs summarized in Table 2-5. All the methods for measuring solids RTDs exhibit 

limitations which hinder their use. These limitations (Harris et al., 2002) are: 

a) choice of tracer particles,  

b) method of introducing and detecting the tracer,  

c) experimental boundary conditions and,  

d) invasiveness of the technique, and flow conditions inside the system.  

If the boundary conditions are not adequately characterized, the measured 

concentration-time curve does not mathematically represent the true RTD, but represents 

some other distribution of solids travel times. In systems with backflow and recirculation 

such as CFBs, when measurements are made under ‘open’ boundary conditions, the 

concentration-time curve of transient impulse response does not yield values equal to the 

mean and variance of the true RTD which requires ‘closed’ boundary conditions 

(Naumann and Buffham, 1983). Hence, evaluation of the RTD from classical tracer 

responses to an impulse injection of tracer particles is difficult and often not possible. 

This work employs a single tracer particle tracking to overcome the above inadequacies 

in estimating RTDs. An attempt is made in this work to illustrate the differences in the 

estimation of residence times from the classical injection-detection method and the single 

tracer particle tracking method. 

Besides the above discussed issues, solids backmixing in risers is usually 

quantified using an axial dispersion coefficient by fitting the RTD data with a 1D axial 

dispersion model (ADM). However, with low Peclet number (<10) reported, usage of 

such an ADM model is questionable. Also, since solids diffusion process is time 

dependent, appropriate diffusion coefficients are required for the particular time scale of  
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Table 2-5: Sources of experimental data for solids residence time distribution (RTD) in gas-solid risers 

 

Reference Measurement 
Technique 

Riser Geometry *

Dia x Height 
cm  x   m 

Solids 
material 

Operating conditions 

Ug             Gs 
m·s-1     kg·m-2·s-1 

Location of 
injection and 

detection 
method 

Dispersion 
Coefficients (Dax, 

Dr) (m2·s-1) * 

Comments 

Ambler et al. 
(1990) 

Radioactive tracer 5 x 3 
Abrupt exit 

Sand 
103 µm 

 4.5 – 7.1; 
124-305 

Bottom zone, NaI 
(Tl) detector 

- Bimodal RTD 

Avidan (1980) Ferromagnetic  15 x 8.5 
Abrupt 

FCC 
50 µm 

 2.3 – 5.6; 
 70 - 150 

Dilute zone, 
Inductance bridge 

0.01 – 0.1; 
 - 

Core-annulus with 
same Dax,p ‘s 

Bai et al. (1992b) Particles marked 
with organic 

substance 

14 x 10  
Abrupt exit 

Silica gel 
particles 
100 µm 

 2.88 – 9; 
 20 - 70 

Bottom zone, 
Desorbed organic 

sub. with GC 

- Axial dispersion 

Bader et al. 
(1988) 

Salt tracer 30.5 x 12.2  
Abrupt exit 

FCC 
76 µm  

 4.57; 
 147  

Bottom zone, 
Sampling at 

centre-line, walls 

- Substantial 
backmixing, Dax 
increases with 

diameter 
Corleen et al. 

(1990) 
CaCl2 on alumina 10 x 6.2 

Abrupt 
Alumina 
120 µm 

 3.5 – 4.5; 
 7 - 11  

Bottom zone, 
Sampling probe 

- Core-annulus 

Du and Wei 
(2002) 

Phosphor tracer 
(60 -1250 µm) 

14 x 10.4 
Abrupt 

FCC 
74 µm 

 4.15; 
 9.8 - 39  

Dilute zone (H= 
2.17m), PMT  

-; 
0.001-0.0065 

Correlation for Dr 

Harris et al. (2002 
a, b) 

Phosphorescent 
tracer 

14 x 14 x 580 
cm3 

Cu:ZnS 
25 µm 

 1.8 – 2.8; 
 5.4 - 30  

Bottom zone, 
PMT 

- Core-annulus 

Helmrich et al. 
(1986) 

Radioactive tracer ≤  15 x 1 - 2.5 - - - - Dual peak with solids 
bypassing 

Kojima et al. 
(1989) 

Fluorescent dye 5 x 3.6 FCC 
60 µm 

 1.5 – 2.15; 
 -  

Dilute zone, optic 
probe at centre 

0.0001 – 0.09; 
 - 

Second peak in the 
response function 

Lin et al. (1999) Radioactive tracer 4 x 6.2 x 22.8 m3 
Abrupt exit 

Coal 
- 

 2.61, 4.05; 
- 

Bottom zone, NaI 
(Tl) detector 

- Dual peaks, cascade 
tanks model 

Lyngfelt and 
Leckner (1992) 

Sorbent particles 
(limestone) 

11 m2 x 17 m Coal 
0 – 30 mm 

- Added before the 
start, sampling 

- Size reduction 

Milne and Berruti 
(1990) 

Radioactive tracer 5 x 3 
Abrupt exit 

Sand 
106 µm 

 5.56; 
 124.5 

Bottom zone, NaI 
(Tl) detector 

 

- Core-annulus 

Patience et al. 
(1991) 

Radioactive tracer 8.3 x 5 
Abrupt exit 

Sand 
277 µm 

 4.1 – 6.3; 
 28 -166  

Bottom zone, NaI 
(Tl) detector 

0.21 – 1.62; 
- 

Core-annulus 

Ran et al. (2001) Phosphor tracer 18.6 x 9 
Abrupt exit 

Alumina 
79 µm 

1.5 – 5.5; 
10 -180  

Dilute zone (H = 
3.5 m), PMT 

-; 
 0.0007 – 0.003 

Per increases with 
εσ exponentially 
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Table 2-5: Sources of experimental data for solids residence time distribution (RTD) in gas-solid risers – (Cont’d) 

 
 
 
‘-‘ indicates not reported 
* All the studies do not report Dax, Dr 
 
 
 
 
 
 

Reference Measurement 
Technique 

Riser Geometry *

Dia x Height 
cm  x   m 

Solids 
material 

Operating conditions 

Ug             Gs 
m·s-1     kg·m-2·s-1 

Location of 
injection and 

detection 
method 

Dispersion 
Coefficients 

(Dax, Dr) (m2·s-

1) * 

Comments 

Rhodes et al 
(1991, 1992) 

Salt tracer 15.2 x 6.2;  
30.5 x 6 

Alumina 
71 µm 

 2.8 – 5; 
 5 - 80  

Bottom zone, 
Sampling probe 

1.9 -31; 
 - 

1 D dispersion, 
similar profiles 

Smolders and 
Baeyens (2000) 

Salt tracer 10 x 6.5 
Abrupt exit 

Sand 
90 µm 

 2.82 – 4.92; 
 4.03 - 32  

Bottom zone, 
Sampling probe 

0.34 – 2.4; 
 - 

1D dispersion and 
core-annulus model 

Viitanen (1993) Radioactive tracer 100 x 39 FCC 
70 µm 

 7; 
 488  

Bottom zone, NaI 
(Tl) detectors 

0.3 – 15.5; 
 -  

Dilute phase flow 
with no clusters 

Wei et al. (1998) Phosphor tracer 14 x 10.4 
Abrupt exit 

Alumina 
54, 1810 µm 

 2.2 – 7.84 ; 
 3 - 160  

Dilute zone, PMT Pea 50 – 100, 
Per: 70 - 300 

Mixing by 
dispersion of fines 

and clusters 
Weinell et al. 
(1994, 1997) 

Single radioactive 
particle (0.4, 1 

mm) 

0.14 x 0.18 x 3 
m3 

Abrupt exit 

Silica sand 
210 µm 

 0 – 3.6; 
 5 - 25  

No need of 
injection, NaI 
(Tl) detectors 

- Particle recirculation 
times, mean upward 
and downward vel.’s 

Zhang and 
Arastoopour 

(1994) 

Radioactive tracer Commercial FCC 
unit 

- - In the standpipe, 
NaI (Tl) detectors 

0.28 – 104.8; 
 - 

Backmixing is large, 
1D model is 
inaccurate 
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the reaction/process for design purposes. A comparison of the solids diffusivities 

estimated from the Lagrangian CARPT data and the axial dispersion coefficient obtained 

by fitting the RTD data with an ADM model is presented. 

Apart from the disagreement among researchers regarding the experimental data 

for the solids flow in risers, as discussed in the earlier sections, the demarcation of the 

flow regime transitions is also debated. In particular, the description of the fast fluidized 

regime is widely discussed (Rhodes, 2003; personal communication with Dr. Reddy 

Karri, PSRI). Although no attempt was made in this work to delineate the regime 

transition, typical characteristics of the solids flow and mixing in the fast fluidized (FF) 

and in the dilute phase transport (DPT) regimes are discussed in detail. 

 

2.2 Solids Flow Modeling in Gas-Solid Risers 

 

2.2.1 Modeling of Solids Mixing 

 

Several authors have tried to describe the solids motion in the dilute zone of the 

riser. Helmrich et al. (1986) modeled the solids RTD data by using a loop reactor model, 

which combined plug flow and stirred tank compartments. However, such models do not 

physically represent the actual mechanism of solids mixing. Therefore, it is desirable to 

describe solids mixing either by solids transfer between the core and the annulus of the 

assumed core-annular model or among clusters. Bolton and Davidson (1988) attributed 

the radially outward flux of core particles to gas induced turbulent diffusion. However, 

Harris and Davidson (1994) noted an apparent inconsistency in turbulent diffusion from 

core to annulus, as it would represent mass transfer against the solids concentration 

gradient. The solids mixing models by Pugsley and Berruti (1995), Harris and Davidson 

(1994), and Senior and Brereton (1992) are based on inter-particle collisions. Senior and 

Brereton (1992) postulated that the lateral movement of solids from core to annulus is 

due to the lateral velocity gained due to the oblique particle-particle collisions and that 

this flow is proportional to the core solids concentration. In addition, re-entrainment of 

particles from the annulus to the core is modeled as due to the gas shear. Patience and 

Chaouki (1992) characterized radial transport of solids by radial dispersion and found 
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that the value of the solids dispersion coefficient is about 0.0025 m2·s-1 which is 

approximately equal to that measured for radial gas dispersion by Martin et al. (1992). 

 

2.2.2 Modeling of Two Phase Fluid Dynamics 

 

Many fluid-dynamic models have been proposed to describe the relationship 

between solids hold-up and gas velocity, solids mass flux, riser geometry, and particle 

characteristics. Adopting the classification of Harris and Davidson (1994), one can group 

the models into three categories: Type I models predict only the axial solids suspension 

density profile; Type II models characterize both radial and axial solids hold-up 

distribution and velocity profiles; Type III models employ the fundamental equations of 

fluid dynamics. 

Several models dealing with axial solids distribution in the risers have appeared in 

the literature (e.g., Li and Kwauk, 1980; Rhodes and Geldart, 1986; Kunii and 

Levenspiel, 1991; Gupta et al., 1999). However, this modeling is not of direct interest to 

this study. In the type II models, the core-annular approximation to the flow domain has 

received considerable attention and is constantly being refined as experimental data 

continue to be published. Hartge et al. (1988) adopted this core annular flow structure 

and used the Richardson and Zaki (1954) correlation to calculate the core and annular slip 

velocities. Their model required experimentally measured voidages and particle velocities 

as inputs, in order to calculate local gas and solids flow at various axial locations. Berruti 

and Kalogerakis (1989) assumed that the slip velocity in the core equals the particle 

terminal velocity and that the density in the annulus is equal to that at minimum 

fluidization. Their model also assumes that the particles in the annulus descend at particle 

terminal velocities. However, neither of the above assumptions agrees with recent 

experimental evidence (Miller and Gidaspow, 1992; Zhou et al., 1995). Ishii et al. (1989) 

proposed a clustering annular flow model in which the riser is treated as a bed of 

homogeneously fluidized clusters. Rhodes (1990) presented a similar model requiring as 

inputs the average solids flux in the core and annulus and the core radius, and the radial 

distance at which the solids flux equals zero. He quantified the net core to annulus 

particle flux by a deposition coefficient determined from the best fit. The major limitation 
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of all the above models is that they require experimental data for input, hence 

restricting their use as predictive tools. 

Wong et al. (1992) presented a “fully predictive model” which combined the 

Berruti-Kalogerakis model with empirical correlations for the length of the acceleration 

zone and the voidage at the base of the riser. Several other “predictive” models are found 

in the literature (Horio and Takei, 1991; Senior and Brereton, 1992; Pugsley and Berruti, 

1995; Koenigsdorff and Werther, 1995; Patience and Chaouki, 1995; Schoenfelder et al., 

1996). These models account for the radial variation of the solids velocity profile and 

hold-up. However, experimental evidence of the complex two-phase flow structure in 

risers has necessitated a different class of mathematical models, type III models. 

Adewumi and Arastoopour (1986) proposed a two-dimensional model consisting 

of gas and solid phase continuity equations, together with momentum balances in both 

the axial and radial directions. The constitutive equations require values for the 

hydrostatic head for both phases, along with the drag force in both axial and radial 

directions, where the drag coefficient is obtained from the standard drag curve. On the 

other hand, Berker and Tulig (1986) used constitutive equations that were developed 

from a simplified k-ε turbulence model. Sinclair and Jackson (1989) focused on the 

interactions between the mean particle velocity and gas velocity fields, and the mean 

particle velocity field and the fluctuating particle velocity component. They assumed that 

the momentum of moving particles was sufficient to carry them through the gas film, so 

that interaction occurred by direct particle-particle collisions. They noted that the major 

inconsistency in the formulation was to neglect the random gas velocity component. The 

Kinetic Theory of Granular Flows (KTGF) was used by Sinclair and Jackson (1989) to 

model the particle-particle collisions. Their model was found to exhibit extreme 

sensitivity with respect to the value of the restitution coefficient. Nieuwland et al. (1996) 

also observed such an extreme sensitivity. Pita and Sundaresan (1993), comparing the 

results with the experimental data of Bader et al. (1988), concluded that inclusion of gas 

phase turbulence is necessary for accurate predictions. Bolio et al. (1995) reported that 

such extreme sensitivity to the restitution coefficient could be overcome by including a 

gas phase turbulence model. Ding and Gidaspow (1990), Sun and Gidaspow (1999), and 
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Huilin and Gidaspow (2003) avoid using the turbulence model by introducing solids 

viscosity, predicted from the kinetic theory of granular flow (KTGF). All of the models 

available so far use closures for drag and/or for turbulence, lift, etc. Hence, validation of 

such models is needed before they could be used with confidence to develop a database 

for development of phenomenological engineering reactor models for the riser. 

 

2.3 Summary 

 

A review of the literature revealed considerable gaps in the available experimental 

data for both solids flow structure and backmixing. The available experimental 

information seems both insufficient and inconclusive for systematic validation of riser 

CFD codes or for definitive estimation of parameters of an engineering type model. 

Besides, the experimental techniques employed so far were either invasive and/or 

incurred large errors in dense risers. Hence, this work incorporates non-invasive flow 

monitoring techniques such as single radioactive particle tracking and γ-ray tomography 

to overcome these problems and augment the available data set. 

Prior to discussing the usage of these two non-invasive techniques on gas-solid 

risers, improvements made in data processing in the two techniques are elucidated in the 

next chapter. 
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i. constant production rate, ( ) ( ),q x t q x= which implies that source activity is 

constant and results in constant photon density, i.e. ( ) ( ),x t xψ ψ=  or, 0=
∂

∂
t

ψ  

ii. constant velocity of the photons, ( ) eVtxV ˆ, =  

iii. mono-energetic beam, which means ( )tx,σ  does not depend on the incident 

photon energy. 
 

( ) ( ) ( ) ( )xqxtxVxeV +−∇•−= ψσψ ,ˆ0    (3-2) 
 

( )
( )

xdexqI

dx

x
d

d

xdtxx

x .
'.,'

0

∫
⋅=

−

∫
σ

    (3-3) 

 
Equation (3-2) can be simplified to Equation (3-3) by defining the intensity of radiation 

as ( ) ( )I x V xψ=  in (#·s-1) and by noting that 

 

,x y z
I I x I y I z I I Ie e e e I
s x s y s z s x y z

∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂
= + + = + + = ∇

∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂
$ $ $ $   (3-4) 

where e$ is the vector and s is the distance along the line x  to x d, 

x  is the position of the radioactive source, 

x d is the position of the center of the crystal in the detector 

 

 

 

 

 

 

 

 

Figure 3-2: Parametric representation of the source-detector lines. 
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It should be noted that the factors such as detection dead time and buildup (due 

to scattered photons) were not considered in the above derivation of Equation (3-4) for 

simplicity. However, for a real physical situation, such as in a CARPT experiment, these 

effects need to be considered. Now, in a CARPT experiment with a point radioactive 

source Equation (3-4) can be re-written as: 

( )
( ) ( )

3
, , , cos sin sin sin cos

R
d

x y z t l x y z dx dy dz

xI q x e
σ δ θ φ θ φ φ− ⋅ − − − ⋅ ⋅ ⋅∫∫∫

=
Ó

 (3-5) 

 

where x, y and z are the three spatial co-ordinates, 

l is the perpendicular distance from the origin to the line joining x  to x d, 

θ, φ are the angles that the perpendicular makes with the x and z axes, respectively, 

δ is the Kronecker delta. 

Note that the expression ‘ cos sin sin sin cosl x y zθ φ θ φ φ− − − ’ is the parametric 

representation of the line joining the source at x  to detector at x d. 

The inverse problem of position rendition is to evaluate the value of x , given the 

values of 
dxI . It can be readily seen that the line integral in Equation (3-4) and the triple 

integral in Equation (3-5), contains the value of x  and hence an analytical solution for 

this inverse problem cannot be accomplished. Also, note that in an actual CARPT 

experiment the problem is even more complicated because one needs to integrate the 

intensity values obtained along many different lines connecting the source and each 

detector within the solid angle subtended by the detector crystal at the source position. 

Moreover the attenuation coefficient is a function of the distribution of the phases in the 

system. One intuitive way of facilitating the solution of the inverse problem is by 

modeling the attenuation coefficient. In other words, the attenuation coefficient can be 

obtained from the time-averaged holdup profile, as was done by Larachi et al. (1997) and 

Gupta (2002). However, it can be noted that the value of the intensity of radiation, I, is 

highly sensitive to the holdup profile of the phases and the use of a constant time-

averaged profile may introduce errors in the results. 
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In the case of Positron Emission Particle Tracking (PEPT) experiment (e.g. 

Parker et al., 1993; Stellema, 1998), where the emitted positron gets annihilated with an 

electron resulting in two counter propagating photons, an analytical solution can be 

derived. Since the photons are emitted exactly back-to-back, if both the photons are 

detected by gamma cameras then a line of sight can be determined along which the 

annihilation has taken place. By recording a number of such lines of sight, the exact 

particle position can be identified in principle. In fact, the inverse problem of position 

rendition from the intensity of radiation can be solved with two such lines of sight and is 

evident from Equation (3-6), derived from Equation (3-3). 

( )
'

xd

xd
d

dx

xI e q x
σ

−
− ⋅∫

= ⋅     (3-6) 

( )
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In a CT experiment, the known radioactive source is located outside the reactor 

and Equation (3-3) is a line integral for the exponential term and is given by Equation (3-

7). Here, the objective is to identify the attenuation coefficient, σ. This problem can be 

solved by a simple back projection method or by other tomographic reconstruction 

methods (Kak and Slaney, 1988; Snyder and Cox, 1977). 

In summary, there are analytical solutions available for CT and PEPT inverse 

problems, but not for CARPT. However, owing to the stochastic nature of photon 

emission and detection, and strict requirements in terms of resolution prompts for 

research in better reconstruction methods in CT. In the case of CARPT, approximate 

methods/models are required for position reconstruction. These two problems are dealt 

with in the following sections of the chapter. 

 

3.2 CARPT Position Rendition 

 

Significant progress has been made in the development of advanced non-invasive 

radioactive particle tracking techniques that can be used for the description of multiphase 
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flow fields (Duduković, 2002). A single radioactive particle that is neutrally buoyant 

with respect to the phase being tracked is used with Sc-46 emitting γ radiation employed 

as the isotope. The particle moves around in the reactor tracking the phase of interest and 

the position of the particle is determined by an array of scintillation detectors that monitor 

the γ rays emitted. In order to estimate the position, calibration is performed prior to the 

CARPT experiment by placing the tracer particle at various known locations, which yield 

a calibration map relating counts and particle positions for each detector. Now, with the 

counts detected by each of the detectors during the actual CARPT experiment, the inverse 

problem can be solved to yield the instantaneous position of the particle. Time 

differentiation of the successive particle positions yields instantaneous Lagrangian 

particle velocities as a function of time and position. Hence, it is necessary to have as 

precise position reconstruction as possible to avoid propagation of error to the velocities 

and turbulence parameters. However, as discussed in the previous section, an analytical 

solution can not be obtained for the inverse problem and hence a best possible position 

has to be found numerically, based on approximate models. 

 

3.2.1 Available Position Reconstruction Methods 

 
Three different classes of methods for identification of particle position in 

CARPT are available (Chaouki et al., 1997): a) Data reduction scheme; b) Monte-Carlo 

based model; c) Neural network based model. These methods continue to be updated and 

improved. 

First one is the data reduction scheme (Lin et al., 1985; CREL Annual Reports – 

1994-97; Rados, 2003). In this method, it is assumed that the intensity of radiation or 

counts received by a detector is only proportional to the distance between the center of 

the detector crystal and the tracer location (since tracer is small it is assumed to be a point 

source). The calibration curve relating counts versus distance for every detector is fitted 

with splines as shown in Figure 3-3. While four detectors in principle identify the tracer 

location exactly, due to the statistical nature of the experiments the redundancy of 

detectors is used to apply the weighted least-squares method in identifying particle 
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position. Based on the distances obtained from the spline fit for each detector, the most 

probable location is identified from a weighted least-squares regression applied to the 

counts registered by all detectors. 

 

 

 

 

 

 

 

 

 

Figure 3-3: Calibration map relating counts versus distance for a detector 

 

This method suffers in accuracy and resolution in dense flows even after 

improvements (Devanathan, 1991), due to the basic assumption that counts recorded 

depend only on the particle-detector distance and are independent of the geometry of the 

system, medium attenuation and solid angle. 

The second method available is a model employing Monte Carlo (MC) 

simulations that accounts for the geometry and radiation effects in a CARPT experiment 

(Larachi et al., 1994; Yang, 1997; Gupta, 2002). This method generates at very fine grid 

and the intensity of radiation for each detector is obtained from the calibration data by 

modeling the intervening medium attenuation with a time-averaged holdup distribution 

profile. In order to reconstruct the tracer particle position, experimentally obtained 

detector intensities are compared to those of the model generated by searching for the 

best grid position with the least error. Larachi et al. (1994), Yang (1997) and Gupta 

(2002) employ a model for the photopeak counts originally proposed by Tsoulfanidis 


