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Abstract
A number of fluidized bed reactor processes operating at high temperature require that solid particles
be circulated back and forth between two reactor vessels. Since the circulation rate strongly affects
mass and energy balances, and therefore greatly influences hydrodynamics and performance of the
system, a reliable technique for its accurate measurement would be helpful in monitoring and modeling
the process. However, there are no reported techniques suitable for measuring this critical
hydrodynamic parameter at elevated temperatures typical of gasification systems.

A novel thermal-tracing technique was developed for measuring the solids circulation rate between two
vessels. Packets of particles at lower temperatures are injected into a downward-moving packed bed of
solids at elevated temperature, creating reduced-temperature zones inside the moving bed. The transit
time of the cold-particle-clusters between pairs of thermocouples is determined by cross correlation,
allowing the flux to be estimated. The technique was shown to provide sensitive and reproducible data
for a cold model unit with injection of dry ice. The technique was then applied to determine solids
circulation rates between the bubbling bed gasifier and the riser combustor of a pilot scale dual fluidized
bed gasification system. A number of conditions are imposed on the data to eliminate unsatisfactory
data at high temperatures. Data which satisfy the discrimination criteria led to measured solids
circulation fluxes up to 133 kg/m2s at temperatures up to 856C in the gasifier test section.

A novel butterfly valve technique was developed to validate the thermal-tracing technique at high
temperatures. Closing the valve causes solids to accumulate in the downcomer section of the pilot
gasifier. The elevation of the top surface of these solids was tracked with high-temperature capacitance
ii

sensors, facilitating determination of the solids circulation flux between the two reactors of the pilot
plant. The fluxes were also estimated using two indirect methods based on pressure balance and energy
balance techniques. Agreement among the fluxes obtained from applying these four techniques are
reasonable given the difficulty in measuring solids circulation rates.
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Lay Summary
More than 80% of world’s energy demands are met by fossil fuels, the main sources of greenhouse gas
emissions into the atmosphere. Although the dependence on fossil fuels cannot be eliminated in
foreseeable future, their importance can be reduced by developing renewable energy technologies such
as biomass gasification. The gasification of biomass in a dual fluidized bed (DFB) gasifier can produce
high-quality synthesis gas for production of heat, electrical power, fuels and chemicals.

The development of DFB gasification technology could benefit immensely from development of a robust
and accurate technique for the determination of the circulation rate of particles between adjacent
vessels. A novel ‘thermal-tracing’ technique was developed for this purpose in this thesis project. This
technique was validated by developing a novel butterfly valve technique. Two techniques based on
pressure and energy balance considerations are also developed. Satisfactory agreement is observed
among the outcomes of these four techniques.
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1 Introduction
1.1

Background

With the world population approaching 7.5 billion [1], the importance of reducing dependence on fossil
fuels has never been greater. In a recent estimate, the British Petroleum [2] found that more than 80%
of world’s energy comes from burning coal, oil and natural gas. These fossil fuels are the main sources of
greenhouse gas (GHG) emission into the atmosphere. The current level of use of fossil fuel is simply not
sustainable, as GHG emissions have a profound impact on climate. The concentrations of GHG gases like
carbon-di-oxide and methane have already exceeded by far their natural ranges in the atmosphere. A
catastrophic change in climate cannot be avoided if the GHG concentration in the atmosphere exceeds
450 ppm [3]. Although fossil fuels will remain the largest sources of global energy supply in the
foreseeable future, their impact can be reduced by increasing the share of renewable energy options in
the global energy basket.

Canada possesses the third largest share (9%) of the world’s forest resource [4] and is a global leader in
biomass utilization. Each year, the Canadian forest product industry generates a huge amount of forest
residues. Economic and environmentally sustainable utilization of this form of biomass could be
achieved if the forest residues were used to produce high-grade synthesis gas (syngas), replacing syngas
produced from fossil fuel sources. For this purpose, biomass particles can be gasified with steam,
instead of air, to avoid nitrogen in the product gas and consequently to ensure high heating value of the
syngas, which can be used in combined heat and power production plants or for the synthesis of
alcohols, liquid fuels or value-added chemicals [5]. In addition, injection of a metal oxide sorbent (such
1

as CaO) could capture carbon-dioxide to produce high-quality syngas with high hydrogen concentration,
while also minimizing, or even eliminating, tar formation. Then this syngas could be used in fuel cells or
engines. Thus, biomass gasification offers one of the most promising renewable energy options and, at
the same time, could ensure economic use of local forest residues.

Gasification of biomass with steam involves a number of endothermic reactions occurring at
temperatures above 700°C in the gasifier. The required heat can be obtained from combustion of part of
the char produced in the gasifier. This can be accomplished in two ways – by injecting oxygen to directly
burn these char particles in the gasifier, or by burning the char in a separate combustor and circulating
an inert heat carrier medium such as sand to transfer heat to the gasifier from the riser [6]. The latter
method is preferred, as the injection of air or oxygen into the gasifier lowers the heating value of the
syngas [7]. Consequently, the gasification system requires not only a biomass steam gasifier, but also a
char combustor. This system can be achieved by combining a bubbling fluidized bed (BFB) as the gasifier
and a circulating fluidized bed (CFB) riser as the combustor [8,9]. The resulting system is then known as
a “dual fluidized bed” (DFB).

One of the principal advantages of fluidized beds is that particles can be readily circulated between
vessels, e.g. between a cracker reactor and a regenerator in the case of fluid catalytic cracking (FCC), or
between a calciner and a carbonator in the case of carbon capture. Dual fluidized bed gasifiers, requiring
circulation of particles between gasification and combustion reactors, are being developed in several
countries as a means of efficient generation of synthesis gases from carbonaceous feedstocks. The dual
fluidized bed pilot gasifier located at the University of British Columbia is capable of producing high2

quality synthesis gas (syngas) from a variety of solid fuels, including different types of biomass [9]. A
photograph and a schematic diagram of this plant are provided in Figures 1.1 and 1.2, respectively.
When biomass is used in a dual fluidized bed with integrated carbon-dioxide capture, it can even
become a negative-carbon-emissions energy system [10].

In dual bed gasifiers, inert heat carrier particles (e.g. sand) must be constantly circulated at high flow
rates to transfer the heat generated in the CFB combustor to the BFB gasifier in order to support
endothermic reactions there. The inert heat carrier also acts as bed material for both reactors. Figure
1.3 shows the directions of the movement of these heat carrier particles in the dual fluidized bed
system. The gas travels upward through each of the reactors. A small amount of inert nitrogen gas is
supplied to the solids transfer pipe to facilitate the moving packed bed flow of solids through the pipe.
Part of this gas flow is dragged down by the solids to the bubbling bed reactor. The rest of this flow
travels upward through the solids transfer pipe and joins the combustion flue gas at the riser’s cyclone.

Mass and energy balances of individual reactors and the overall system greatly depend on the rate of
circulation of the solid heat carrier. Thus the circulation rate of solid particles is one of the most
important hydrodynamic parameters, strongly influencing the performance of both the CFB and BFB
reactors.

The engineering design of any commercial-scale DFB gasification plant would benefit from accurate
determination of the circulation rate of solids between the reactors. If an appropriate technique is
developed, it could make a substantial contribution to the development of DFB gasification technology,
3

while also finding potential applications in other circulating systems, such as fluid cokers and fluid
catalytic crackers.

Figure 1.1 Photograph of the dual fluidized bed (DFB) pilot plant at the University of British Columbia.
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Figure 1.2: Schematic of the dual fluidized bed (DFB) pilot plant. (Dimensions are in mm.)
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Figure 1.3: The directions of solids circulation in the DFB plant indicated by dashed arrows.
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1.2

Literature survey

A number of attempts to measure solids circulation rate in fluidized bed systems have been reported
over several decades. Burkell et al. [11] considered five different techniques for measuring solid
circulation rates: impact flowmeter, modified orifice meter, porous valve method, time of descent
method and calorimetry. None of these methods is fully appropriate for commercial-scale hightemperature DFB gasification systems. When particles struck the pan of the impact flow meter, the
resulting force was mechanically transmitted by a sensitive load beam. This is too cumbersome for hightemperature equipment. Application of the flow meter was found to be limited to low solid circulation
rates due to overloading of the beam.

A number of acrylic discs were stacked to make the modified orifice meter where differential pressure
drops across the stack were measured to determine accumulation of solids. The pressure drops
obtained at low circulation rates were too small to be recorded, whereas they fluctuated wildly at high
rates.

In its closed position, the porous valve accumulated solids over time. At high circulation rates, the
interference caused by closing the valve significantly upset the steady-state operation of the system.

The visual determination of time for the descent of particles required that the test section be made of
transparent materials, which is unlikely to be practical for high-temperature large-scale systems. In
addition, visibility is affected when particles glow at elevated temperatures.

7

The calorimetric method was also utilized by Glicksman et al. [12]. In this method, a cooling jacket
around the pipe removes heat from the particles flowing downward and the resulting temperature
change of the circulating particles is detected. The radial temperature gradient across the pipe and the
inability to accurately determine the heat loss from the test section significantly reduced the accuracy of
this method. Moreover, additional loss of heat energy from a high-temperature system is undesirable.

Muir et al. [13] developed a novel method for determination of circulation rate which uses a sinker
dragged downward by the solids, with the time needed for the sinker to travel a specific distance
measured. The drawbacks of this method, in addition to the operating inconvenience, are that it
assumes a uniform particle velocity profile across the pipe and negligible relative velocity between the
sinker and the particles.

Davies and Harris [14] introduced a novel slot flow meter to measure the solids circulation rate. Solids
were collected in a chamber with one or more vertical slots in its sides. The weight of the solids in this
chamber was continuously monitored using an electronic balance attached to it. The installation of such
a chamber in the downcomer section of the solids circulation loop in a large-scale system is likely to
create operational problem. Hence its ability to handle large volumes of solids is questionable.
Moreover, any malfunction of the chamber could very quickly cause blockage in the measurement
section, leaving the operators no choice but to shut down the plant. The attachment of the electronic
scale to the chamber installed inside a high-temperature system would be a great challenge. The scale,
its power cable and data cable to the recording computer would have to survive high temperatures. This
seems very unlikely to be feasible for currently commercially available scales and cables.
8

Kreuzeder et al. [15] measured the circulation rate by tracking the rate of change of the height of solids
accumulated in an L-shaped section of transfer pipe after shutting off fluidization air. This is a visual
determination technique and cannot be applied in high temperature vessels constructed of nontransparent materials unless sight glasses are provided. Moreover, closing a part of transfer pipe is
bound to upset the pressure balance, thereby affecting the circulation rate.

Ludlow et al. [16] installed a rotating spiral vane made of fibreglass in a CFB standpipe and measured
low flow rates of solids at ambient temperature. Its ability to operate at high temperatures and/or with
higher circulation rates is doubtful. Davies et al. [17] reviewed attempts to obtain solids flow rate by
using sound pressure waves at ambient temperature. So far as we are aware, this technique has not
been applied to any high-temperature system. Recently, Ellis et al. [18] used an acoustic emission sensor
to measure solids flow rate at room temperature. Given the ambient noise near commercial reactors
and the difficulties in calibrating such a system, this type of sensor is again unlikely to be practical for
high-temperature commercial systems.

Monazam et al. [19] developed correlations which predicted solids flow rate as a function of pressure
drop over a horizontal section between the riser and the cyclone. Some of the coefficients found in
these correlations were quite dependent on the range of conditions used to develop them in a cold flow
setup. Patience et al. [20] measured the pressure drop at a similar section and related it to the solids
flow rate measured in a transparent section in the downcomer using the time-of-descent method. As
mentioned earlier, such a transparent section would be impractical for a high-temperature system. A
relationship between the pressure and the solids circulation rate could be established at room
9

temperature and then this relationship could be used for determining the solids circulation rate at high
temperature. However, the usefulness of a calibration curve established at low temperature of working
at high temperature is questionable. Song et al. [21] recorded the pressure drop across a venturi
constriction near the riser’s exit and calibrated it using an optical fibre probe to measure the solids
circulation rate at room temperature. This probe, even if fabricated to survive high temperatures, is
likely to be unable to distinguish between light reflected from particles and light emitted by particles
radiating at that temperature. Lim et al. [22] correlated the solids circulation rate with the pressure
gradient in the riser. According to them, the technique is limited if an appropriate value of slip factor
cannot be determined. Grieco and Marmo [23] developed correlations between the pressure drop
across a control valve and the flow rate of solids through it using a room temperature setup.

The method described by Monazam & Shadle [24] cannot be applied at high-temperature large-scale
system since a sudden cut-off of solids flow will severely affect the hydrodynamics and the steady-state
operation of the system. Chorpening et al. [25] used a microwave Doppler system to sense the sliding or
intermittent flow of particles. This type of sensor is unlikely to be sustainable at high temperature.

Wu et al. [26] developed a solids flow meter and installed it in the lower part of their setup which
mimicked the downcomer of a circulating fluidized bed system. When free falling solids hit a plate, the
torque generated due to the rotation of the plate around a hinge was recorded which was then utilized
to measure the solids flow rate. The device was shown to work well at very low flow rates of solids in a
room temperature setup. A high temperature application of this device would at first face the challenge
of designing related parts which can survive at high temperature, and then be able to transfer the
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torque from the plate to the sensing equipment with reasonable accuracy under high temperature
conditions.

The technique developed by Lech [27] depends on measuring the electrostatic charges generated from
collisions of particles inside the pipe using ring-shaped sensors in a pneumatic transport test loop. If this
technique were to be considered for high temperature application, the effect of temperature on
electrostatic charges needed to be investigated as it could significantly affect the accuracy of this
technique.

Bodelin et al. [28] developed a technique in which they installed a weighing hopper at the standpipe of
their circulating fluidized bed system. The closure of a pneumatic valve accumulated the solids in the
hopper, and the weight of these solids was measured. The execution of this experimental procedure
resulted in no flow of solids through the standpipe for several minutes. In an industrial scale plant, the
disruption of the steady flow of solids for several minutes is unlikely to be acceptable. Also, the force
transducer used for transferring the weight information from the hopper to a recording device is
unlikely to survive the high temperature of the plant.

Kuramoto et al. [29] used tracer particles coated with fluorescent dyes to measure the circulation rate of
solids in a two-dimensional fluidized bed system. The movement of the particles in the downcomer was
detected by two optical fibre probes installed at different levels in the downcomer. The difficulty of
using an optical fibre probe at high temperature was discussed earlier in this section. In addition, these
dyes may not survive at high temperature, and, even if they were to survive, there is a high possibility
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that the particles would be further coated by other substances, such as coke, tar or soot, thereby
reducing their effectiveness.

Liu and Huan [30] developed a turbine meter to measure the solids flow rate in a standpipe. The flow of
solids rotates the blades of the turbine. The rate of turbine’s rotation is recorded and correlated to the
solids flow rate. Both the turbine and the column in which it was installed were made of plexiglass. In a
high temperature industrial-scale setup, the turbine would be subjected to large volumes of solids and
turbulent fluctuations which would be challenging for its smooth operation. In addition, the cable
needed to pass the information of turbine’s rotation to the electrical circuit of the metering device
would have to be resistant enough to serve at high temperature. This appears unlikely to be feasible for
currently commercially available cables.

Dry et al. [31] used a semi-permeable flapper valve, similar to the one used by Burkell et al. [11], to
measure the solids circulation rate in the downcomer of a cold model circulating fluidized bed. At the
same time, they measured the differential pressure across four different sections in the system. Finally,
they correlated the solids circulation rate with each of these differential pressures. The usefulness of
their final correlation to provide the solids circulation rate information at high temperature is
questionable since the gas properties changes significantly with temperature, thereby affecting the
hydrodynamics of the system.

Motivated by the work of Roy et al. [32] in a liquid-solid system, Bhusarapu et al. [33] tracked the
movement of a single radioactive tracer particle in the downcomer section of a circulating fluidized bed
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operating at ambient pressure and temperature. The use of radioactive tracer particles could in principle
be helpful; however, such systems would not only be expensive, but also demand extraordinary safety
measures.

Medrano et al. [34] measured the solid circulation rate between an air reactor and a membrane-assisted
fuel reactor in a two-dimensional interconnected reactor system using three techniques – optical
technique, pressure difference technique and particle-extraction technique. Among these three
techniques, they recommended the pressure difference technique for high-temperature application.
Recently, Guio-Perez et al. [35] used ferromagnetic particles as tracer and tracked them with an
inductance coil. The method worked well under cold conditions. They concluded that this method is
suitable for low-temperature application only.

X-ray, electrical capacitance tomography and electrical resistance tomography require that probes be
mounted directly on a wall. However, the reactor vessels are heavily insulated to minimize heat losses
from the system. X-rays are unlikely to be able to penetrate pipe walls of commercial-scale reactors
made of or insulated with high-temperature alloys or refractory.

1.3

Research objectives

The overall objective of this project was to develop a technique which would enable reliable
measurement of the solids circulation rate between a circulating fluidized bed riser combustor and the
bubbling fluidized bed gasifier of a dual fluidized bed pilot plant at high temperatures. As described in
the previous section, a number of methods have been previously attempted in efforts to track the
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movement of particles in the downcomer, either visually or using devices such as optical fibre probes.
Most of those attempts were limited to room temperature setups.

After brain-storming different ideas involving the author and his supervisors, it was thought that a
tracking mechanism could be made to work at elevated temperature. Thermocouples are widely and
reliably used in process plants. They are capable of measuring temperature over broad ranges, including
typical operating temperatures of gasifiers (in excess of 800°C). However, the temperature vs. time
signal from a thermocouple does not change significantly during steady-state operation of a plant unless
some sort of thermal disturbance is created. Injection of some relatively cold particles travelling in plug
flow (or nearly so) through a temperature measurement section could act as a suitable tracer, creating
the necessary thermal disturbance for the thermocouples to detect and then blending with other
particles downstream. This way the passage of the cold tracer particles in the test section can be tracked
by using two or more thermocouples installed along the length of the section. Thermal-tracing of
injected cold particles and using thermocouples to monitor their passage was considered to be a
potentially useful technique.

Validation of the thermal-tracing technique at high temperatures would require the development of a
second technique which can measure solids circulation rates directly at these temperatures. The
suitability of a butterfly type device, similar to the porous valve developed by Burkell et al. [11] was
explored for this task. Brereton [36] successfully used such a butterfly valve in a room-temperature CFB
system. Although the closing of this valve cannot be recommended for a large-scale commercial plant,
its use for short durations in the pilot scale dual fluidized bed plant was thought to provide a potential
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means of confirming the thermal-tracing technique. Therefore, the development of a butterfly valve for
high-temperature application was considered to be promising option for validation of the thermaltracing technique at high temperature.

As mentioned in section 1.2, pressure data have been utilized in several methods, whereas energy
balances over a section have been applied in several other cases for the measurement of the solid
circulation rates. The application of the thermal-tracing technique and the butterfly valve technique
would require steady operation of the dual fluidized bed pilot plant, determined based on a number of
temperature, pressure and gas flow measurement devices equipped in the plant. Those data generated
from these devices during plant’s operation can also be used to estimate the solids circulation rate using
a third approach – a pressure balance across the solids circulation loop and an energy balance over the
bubbling fluidized bed gasifier.

The specific objectives of this thesis are:



Development of a novel thermal-tracing technique for application at all temperatures;



Development of a novel butterfly valve technique for the validation of the thermal-tracing
technique at high temperature;



Estimation of the solids circulation rates using the pressure balance and an energy balance
method to compare with the rates measured by the other two novel techniques.
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1.4

Thesis outline

Chapter 2 describes the development and application of a novel thermal-tracing technique for the
measurement of solids circulation rate. The basic principle of the technique is presented first. A
description of the experimental setup and the procedure of preliminary tests at ambient temperature
follows. Solids circulation rates obtained from applying the thermal-tracing technique are then
compared with results from a simple and independent time-and-weight measurement technique at
room temperature. In the next section of Chapter 2, the experimental setup, materials used and test
procedure for the high-temperature tests are provided. Then, a simple model is presented to investigate
the heat transfer process between the bulk hot solids and the injected cold particles in the test section.
The implications of the model predictions on the design of the test section are discussed. The data
analysis procedure, including a set of criteria for filtering out unjustifiable values, is described in the
following section of the chapter. At the end, the solids circulation rates measured at high temperature in
the dual fluidized bed pilot plant using the thermal-tracing technique are presented, together with a
discussion of the factors that affect the performance and accuracy of this technique.

Chapter 3 depicts the development and application of a novel butterfly valve technique for the
validation of the thermal-tracing technique at high temperature. This chapter contains key dimensions
of the butterfly valve test section and justifies the selection of these dimensions. The high-temperature
capacitance sensors used for detecting the top surface of accumulated solids on valve’s plates are
described. In the next section of Chapter 3, the experimental procedure for applying the thermal-tracing
and the butterfly valve techniques, one immediately after another, for the measurement of solids
circulation rate is provided. The development of the procedure is also portrayed in this section. This is
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followed by a comparison of the solids circulation rates obtained from this technique and a thermaltracing technique in the cold and hot tests.

Chapter 4 outlines assumptions underlying the estimation of the solids circulation rate from the pilot
plant’s operational data using two indirect methods – a pressure balance method and an energy balance
method. Simplifying assumptions, relevant correlations and dimensions of important sections of the
dual fluidized bed pilot plant utilized by each of the methods to estimate the solids circulation rate are
provided. The circulation rates estimated using these two indirect methods are then compared with
those directly measured using the thermal-tracing and the butterfly valve techniques in the two
previous chapters. Potential sources of error in estimating solids circulation rates using these techniques
are also identified and discussed.

Chapter 5 summarizes overall conclusions from this thesis and recommendations for future work.

A code written in MATLAB to process the raw data obtained from applying the thermal-tracing
technique, the detailed engineering designs for the construction of the butterfly valve test section, an
article by Daniel et al. (manuscript in preparation) relevant to Chapter 2 are provided, among other
items, in the appendices.
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2 Development and Application of Thermal-tracing Technique1
2.1

Basic principle

The thermal-tracing technique is based on the determination of the velocity at which solids pass through
a test section. Two quantities are needed when calculating the solids’ velocity: a) distance travelled, and
b) time needed to travel that distance. The distance is set by the location of measuring probes.
Measurement of travel time in the test section at high temperature is the key. Thermocouples are used
for that purpose.

Consider two identical thermocouples separated by a known distance installed in a vertical test section
in such a way that their tips fall on the same vertical line, i.e. with the tip of one directly above that of
the other. During steady-state operation of the DFB system, the temperature profile of each
thermocouple appears flat, with no significant change with time. If the temperature of a small portion of
moving bed is impulsively reduced at the top of the test section, then the profile of each thermocouple
shows a sudden drop in temperature as the colder parcel of particles passes that tip. The temperature
soon returns to the steady-state temperature. The upper thermocouple experiences the temperature
drop earlier than the lower one. The time lag is measured as solids travel time between the two

1

A version of Chapter 2 has been published as follows: M.H. Rahman, X.T. Bi, J.R. Grace, C.J. Lim,

Measurement of solids circulation rate in a high-temperature dual fluidized bed pilot plant, Powder
Technology 316 (2017) 658–669.
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thermocouples. The reduction of the temperature of a portion of moving bed for a brief period using
particles at lower temperature, that either leaves no residue or blends with the bed upon completing
the job, to allow the bed’s movement to be tracked by stationary thermocouples is a novel way of
determining the solids circulation rate. Therefore, the proposed technique is considered to be a novel
technique for the measurement of the solids circulation rate.

In a DFB system, the best location to install the test section is in the lower part of the solids transfer pipe
where the particles travel as a moving packed bed of solids. This location not only minimizes
interference of the testing process on the stable operation of each reactor, but also eliminates the need
to measure the density of solids in the test section during experimentation. The solids bulk density can
be easily determined at room temperature. The test section must have a vertical orientation to
maximize the uniformity of the velocity profile of particles descending in the moving bed.

As provided by Equations (2.1) and (2.2), the key relationships are simply:

𝑚
𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒, ∆𝑥 (𝑚)
𝑆𝑜𝑙𝑖𝑑𝑠 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦, 𝑉𝑠 ( ) =
𝑠
𝑇𝑖𝑚𝑒, ∆𝑡 (𝑠)

(2.1)

𝑘𝑔
𝑚
𝑘𝑔
𝑆𝑜𝑙𝑖𝑑 𝑓𝑙𝑢𝑥, 𝐺𝑠 ( 2 ) = 𝑆𝑜𝑙𝑖𝑑𝑠 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦, 𝑉𝑠 ( ) × 𝑆𝑜𝑙𝑖𝑑𝑠 𝑏𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦, 𝜌𝑏 ( 3 )
𝑚 .𝑠
𝑠
𝑚

(2.2)

An uncertainty analysis is performed to investigate the relative importance of each parameter which is
used to estimate solids flux. Equation (2.3) is obtained from Equation (2.2) and used for this analysis.
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𝑘𝑔
𝑘𝑔
∆𝑥(𝑚)
𝐺𝑠 ( 2 ) = 𝜌𝑝 ( 3 ) × (1 − 𝜀𝑏𝑒𝑑 ) ×
𝑚 .𝑠
𝑚
∆𝑡(𝑠)

(2.3)

where εbed is the voidage of the moving packed bed in the test section.

Table 2.1 shows the contribution of each parameter in Equation (2.3) to the solids circulation flux.

In most of the experiments of this project, Lane Mountain Sand was used as bed material in the dual
fluidized bed system. Its particle density is 2650 kg/m3, as provided in the website of the producer, Lane
Mountain Company, Valley, WA, USA. Rahman [37] used this sand, although of a smaller size, in his
Master’s research project. In this regard, the Saskatchewan Research Council determined the density of
this sand to be 2650 kg/m3. Based on these two sources, the base value of the sand’s particle density is
taken to be 2650 kg/m3 for the uncertainty analysis. The author considers that an uncertainty of
approximately 50 kg/m3, corresponding to a 2% error in the determination of the particle density, is
reasonable.

Knowlton [38] showed that aeration gas introduced at a point in an angled standpipe occupies the upper
portion of the pipe’s volume. Since the aeration gas entered the standpipe at a point below the thermaltracing test section, it is very likely that a portion of this gas traveled upward through the test section.
The point of gas entry is located on an angled section of the standpipe. The aeration gas, travelling
mostly along the upper portion of the angled pipe, did not distribute evenly across the cross-sectional
area of the vertical test section. Moreover, it was not possible to determine the portion of aeration gas
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that traveled upward. Therefore, it was thought that attempting to obtain a base case value of the bed
voidage in the test section based on the total aeration rate would not be accurate.

The bulk density of the loose-packed sand particles was measured to be 1445 kg/m3. When this value
was combined with the particle density of sand, the loose-packed voidage was found to be 0.45. This
value is taken as the base case value of voidage for the uncertainty analysis in this thesis. Ludlow et al.
[16] mentioned that the maximum value of voidage could be as high as 0.5 if the bed inside the
standpipe were just fluidized. Although they used a different bed material (cork particles of mean size
812 μm), this value is considered as a maximum in the absence of a more appropriate reference. The
difference between these two values, 0.45 and 0.5, is considered here to be reasonable in estimating
the uncertainty for the voidage over the thermal-tracing test section. This difference corresponds to an
error of 10%.

A typical value of 2.34 s, obtained from measurement, is taken as the base value of the particle’s travel
time between two planes of measurement. The accuracy of the estimation of particle velocity using the
cross-correlation technique can suffer from the limited number of sampling points when a particle
travels from one probe to another. A high sampling frequency of 50 Hz was selected to minimize error.
For the typical travel time of 2.34 s, a sampling frequency of 50 Hz can lead to a measurement error of
1.2%. Liu et al. [39] reported that the fluctuations in solids concentration were strongly correlated to the
fluctuations in solids velocity in a riser. In a downcomer section full of moving bed of solids, lower
fluctuations, compared to those in the riser, can be expected. It was thought that the maximum crosscorrelation coefficient must be taken from a clear distinct peak in the cross-correlation coefficient vs.
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time shift plot. If the plot does not have a clear distinct peak, then error is likely to be introduced from
reading the maximum cross-correlation coefficient. Since accurate determination of the combined
effects of errors from multiple sources would be difficult, the author assumes an overall error of 10% in
the time difference.

The distance between the two planes of measurement in the thermal-tracing test section is known with
high precision, and therefore 1% error is considered sufficient. The distance, 0.102 m, is considered as
the base value of distance in the uncertainty analysis. The base value of solids circulation flux is
estimated from the base values mentioned above. The value is found to be 63.3 kg/m2-s.

Solid fluxes are calculated at base case conditions, with no change in any parameter and four different
conditions by changing one of the parameters at a time based on uncertainty in it [16]. Then deviation of
solids flux at each of these conditions with regard to base case conditions is calculated. The bed voidage
and the time difference then have more impact than the other parameters when comparing squared
deviations. These four squared deviations are then used to estimate a residual-sum-of-squares (RSS)
error. This value and the solids flux at the base case condition are then utilized to obtain an overall
uncertainty of 12.4%.
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Table 2.1: Relative contribution of each parameter’s uncertainty to the uncertainty in measuring
solids circulation flux. Procedure based on Ludlow et al. [16].

Variable

Effect of change in one variable at a time
(others remain the same as in base case)
ρs
εbed
∆t
∆x

Base case

% Error

Uncertainty

ρs (kg/m3)

2650

2

53

2703

Same

Same

Same

εbed (-)

0.45

10

0.045

Same

0.50

Same

Same

∆t (s)

2.34

10

0.23

Same

Same

2.57

Same

∆x (m)

0.102

1

0.001

Same

Same

Same

0.103

Gs (kg/m2-s)

63.3

64.5

58.1

57.5

63.9

1.3

-5.2

-5.8

0.6

(∆Gs)2 1.6

26.8

33.1

0.4

∆Gs

RSS Error

7.9

Overall
uncertainty (%)

12.4

It is assumed that the injection of cold particles does not significantly alter the flow profile of bulk solids
inside the test section. The bed density is equal to the bulk density of the solids and is unaffected by the
injection of cold particles. The spatial distribution of cold particles inside the moving bed is assumed to
remain unchanged as the packet of particles passes through the test section.
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2.2

Preliminary cold model tests

The viability of the technique was tested at room temperature before committing time and energy to
the design and construction of a test section for high-temperature experimentation. Two columns made
of plexiglass were used for the room temperature experiments, one with a diameter of 101.6 mm and
the other 88.9 mm. The distances between adjacent thermocouples were 38.1 and 101.6 mm,
respectively. A schematic diagram of the setup is given in Figure 2.1.

The test procedure and materials were the same for each of these two columns. Limestone particles
with a bulk density of 1411 kg/m3 and size range of 420-710 µm were used as bed material. Dry ice,
carbon dioxide in solid form with a sublimation temperature of -78°C, was manually crushed into fine
particles (approximately 1 to 3 mm in diameter) for use as cold tracer particles. The flowability of dry ice
particles was examined on an inclined surface of stainless steel before testing in the fluidization column.
Care was taken to minimize dry ice contact with ambient air, as its very low temperature attracts
moisture. It was observed that prolonged exposure to ambient air could condense enough moisture to
encapsulate the dry ice particles, thereby reducing their mobility.
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Dry ice (crushed)

Thermocouple 4
V-2

Pressure gauge

Pressurized air
V-1

V-3

Thermocouple 1
∆x
Thermocouple 2
∆x
Thermocouple 3

V-4

Figure 2.1: Schematic diagram of cold model test column (Column 1 - ∆x: 38.1 mm, Diameter: 101.6
mm; Column 2 - ∆x: 101.6 mm, Diameter: 88.9 mm).
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For each test, the column was filled with bed material such that its top surface was at least 200 mm
above the injection line. Then crushed dry ice particles were loaded into the injection pipe and
pressurized with air at an absolute pressure of 163 kPa and injection valve V-1 closed. Opening valve V-4
at the bottom of the column released bed material to descend through the column, simulating roughly
the flow of the moving packed bed in the lower part of the standpipe of the DFB system. As soon as the
bed surface dropped to a height of 150 mm above the injection line, valve V-1 was opened to inject the
pressurized dry ice particles into the moving packed bed. As the dry ice sublimed, it cooled the portion
of the bed surrounding it. When this cool zone contacted a thermocouple’s tip while moving down the
column, a drop in temperature was registered. The starting point of the decreasing trend of
temperature obtained from a thermocouple’s reading was used to determine the time at which the cold
packet reached that particular thermocouple. The time required for a cold zone to travel from one
thermocouple to another and the distance between these two thermocouples was used to calculate the
solids velocity from Equation (2.1), and hence the corresponding solids flux from Equation (2.2). Thus a
solids flux was measured between thermocouples 1 and 2, another between 2 and 3, and a third
between 1 and 3.

The solids circulation rate was also measured separately with no injection of cold particles by opening
the bottom valve to allow the bed materials to exit. The time needed for bed top surface to drop from
its initial position to a given height was tracked while the discharged bed particles were collected and
weighed. The time and weight were then used to calculate solids flow for direct comparison with the
results of the thermal-tracing technique.
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Dry ice particles were injected five times into each column. In each test, three thermocouples provided
three pairs of time from which the solids flux was estimated, providing three data points from each
injection of a packet of cold particles. The sampling time for the cold tests were 30 seconds or longer,
which was much longer than the period of the stick-slip fluctuations.

The results from injecting the dry ice tracer are compared with those from time and weight
measurements in Figure 2.2. Error bars in the plot reflect 90% confidence intervals of the reported data.
Both a -25% and a +25% lines are included to show deviations of thermal tracer injection results from
the average time-weight measurement results.

The results show that the thermal-tracing technique was capable of measuring solids flux with
reasonable accuracy. All data points fell within the ±25% interval from the weight vs. time measurement
data. Sources of error which contributed to the deviations were: 1. Identical injection of dry ice for all
tests was impossible due to the manual operation of the injection valve, causing some variation in the
volume and degree of dispersal of each injected packet. 2. Some error can be attributed to the limited
sensitivity and response characteristics of the thermocouples. Nevertheless, these findings confirmed
that the thermal-tracing technique was promising for further development.
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Solid circulation flux from dry ice injection (kg/m2-s)
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Figure 2.2: Comparison of solids fluxes obtained from dry ice injection with those from weight vs. time
measurements at ambient temperature.

2.3

High-temperature experimental set up, materials and procedure

A high-temperature test section was designed and installed in the dual bed gasifier in the solid transfer
pipe between the CFB combustor cyclone and BFB gasifier as depicted in Figure 2.3.
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Flue gas

Cyclone

CFB riser
combustor

Downcomer
Syngas

Thermaltracing
test
section

BFB
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Soild fuel e.g.
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U-bend
Air for combustion

Steam for gasification

Figure 2.3: Location of thermal-tracing test section in the solids transfer pipe of the DFB pilot plant.
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The lower part of the pipe was selected, as a moving packed bed of solids formed there before entering
the gasifier. The geometry of the test section is displayed in Figure 2.4.

Hot particles’ continuous flow

Injection of cold particles

Figure 2.4: High-temperature test section for measuring solids circulation rate by thermal-tracing
technique. (Dimensions are in mm.)
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For most experiments, hot particles at about 900°C flow continuously through the test section. Hence,
800HT was used as the material of construction instead of stainless steel 316. Hot particles enter the
test section at the top of the inclined pipe, which makes a 30° angle with the vertical plane, and exit at
the bottom of vertical pipe. Both of these pipes have an internal diameter of 77.9 mm (NPS 3, SCH. 40).
A vertical pipe of 20.9 mm internal diameter (NPS ¾, SCH. 40) is connected at the lower portion of the
inclined pipe. This pipe carries cold particles from a hopper to the inclined pipe for instantaneous
injection during each test. Twelve identical thermocouples of 3.2 mm diameter are mounted at four
levels (horizontal planes), one penetrating to the centre of the pipe, the second one-quarter of the pipe
diameter and the third is close to the wall. All thermocouples are of K-type, with their junctions exposed
to the measurement environment. Exposed junction thermocouples were selected as they provide
faster response than regular grounded or ungrounded junction thermocouples. Additional information
on the response time of exposed junction thermocouple and the benefits of choosing it over other type
of thermocouples are discussed in details in Appendix A. The distance between planes 1 and 2 is 50.8
mm, whereas it is 101.6 mm between planes 2 and 3, and also between planes 3 and 4. The three
thermocouples at each measurement level occupied only 4% of the cross-sectional area of the pipe.
Hence, it can be assumed that their presence neither appreciably altered solids flow pattern in the pipe,
nor significantly affected the stable operation of the system.

The particles for all hot test data reported in this chapter were either:

a) Fluid cracking catalyst, bulk density 1200 kg/m3, Sauter mean diameter 70 µm, or
b) Sand, bulk density 1450 kg/m3, Sauter mean diameter 170 µm.
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The hopper and its connecting pipe to the injection point are purged with pressurized nitrogen pulses to
clear any particles from the line. Then cold particles are loaded into the hopper. When cold particles
enter the inclined pipe, they mix with the bulk flow of hot solids. Heat exchange between cold and hot
particles then creates colder zones inside the test section. Thermocouples at the different planes track
the downward movement of these colder zones inside the bulk flow of hot solids. Temperature signals
are recorded at a frequency of 50 Hz.

2.4

Heat transfer between hot and cold particles

The mass of cold particles injected is much less than the total mass of the bulk hot solids to ensure that:



They do not significantly affect the overall hydrodynamics of the system, and



Their injection does not appreciably alter the overall heat balance of the system.

The mass and enthalpy of the packet are estimated to be 0.1% and 0.0025% of the total bed inventory,
respectively. These two values, being very low, justify the above statements regarding the negligible
impact of cold particles’ addition on the steady-state operation of the system. However, too small an
amount of cold particles, after injection, would approach the bulk solids temperature before reaching
the thermocouples. If this should happen, the thermocouples would not be able to detect a
temperature change, and the thermal-tracing technique would not work. Hence, estimates were made
of the times needed for cold particles to reach several temperatures after coming in contact with hot
particles. These estimates are based on a simple model where each injected packet of cold particles
forms multiple spherical “clusters” upon entry into the moving bed. Since it was not possible to measure
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either the size or the number of clusters formed from a certain mass of injected particles, 1 to 1000
clusters were considered for estimation at each of several given temperatures.

Because of the high temperature of the hot particles in the pilot unit, it was advantageous to use inert
sand particles at room temperature as cold particles rather than dry ice, which was difficult to handle
and to prepare for injection.

When bulk hot solids descend through the solids transfer pipe, the particles drag some combustion
gases with them. In addition, a small stream of nitrogen is used to aid the flow of hot solids, especially at
the pipe bends. All these gases eventually flow upward relative to the solids through the interstitial
spaces of the moving bed. For simplicity, their combined effects are modeled with the gas properties
taken as those of air. When cold particles are injected into a moving bed of bulk hot solids, they also
come in contact with upward relative flow of interstitial gases. Catalyst particles were the bed material
for a few of the experiments. They are modeled as sand particles of the same size and bulk density.

The injected cold tracer particles, being small in amount, are overpowered by the momentum of the
continuous flow of bulk hot solids passing through the transfer pipe. The cold particles lose their velocity
at the point of injection and virtually adopt the velocity of the moving packed bed of solids. Then, there
is no relative velocity between the cold tracer particles and the surrounding hot particles in the moving
bed. Since the same type of particles as the bed particles is used as the tracer particles, there is no
difference between their voidages in the moving bed. The gas flows upward through both the cluster of
cold particles and through the surrounding hot particles in the same fashion. The composition of the
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combustion gas dragged down by the particles does not change with temperature. Also, the nitrogen
gas used to enhance the mobility of solids inside the pipe is inert. Therefore, the addition of the same
type of particles as tracer into the moving bed does not initiate any reaction inside the test section.

Regarding the supply of nitrogen gas to enhance the solids’ mobility inside the pipe, the aim has always
been to prevent the solids blockage, with as little nitrogen as possible. Although the proportion of
nitrogen gas which actually flowed upward remains unknown, it can be inferred that this part was just
sufficient to maintain the flow of solids and did not cause the voidage in the test section to exceed the
minimum fluidization voidage. In the absence of a measured value, the minimum fluidization voidage is
assumed in the analysis.

Several simplifying assumptions are adopted for the calculations:



Individual particles are assumed to be perfect spheres of varying sizes.



Injected cold particles form a number of clusters of spherical shape and identical size due to
shear forces inside the moving bed.



There is no relative velocity between the injected cluster of cold particles and the surrounding
hot particles. However, hot gas passes through the moving packed bed.



The moving packed bed (the surrounding hot particles and clusters of injected cold particles) has
the same voidage as a bed of these particles at minimum fluidization (mf).



Interstitial gas flows through the cluster at a relative velocity equal to the minimum fluidization
velocity divided by the corresponding voidage (Umf/mf).
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The temperatures of a cluster and the interstitial gas which passes through it reach equilibrium
by the time the gas reaches and leaves the top of the cluster.



Negligible reaction and negligible overall heat loss take place in the moving packed bed.

The presence of one of these clusters in the bulk hot solids of the moving bed is illustrated in Figure 2.5.
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Figure 2.5: One of the clusters of cold particles surrounded by hot bed at 900°C: (a) the cluster
immediately after entering the hot bed, and (b) the cluster after attaining thermal equilibrium with
the exiting gas.
In reality, neither the individual particles nor the clusters are perfect spheres. Clusters might be of
different shapes, or a mixture of various shapes, and it is likely that cluster sizes vary. Therefore, a single
injection of cold particles may produce clusters of a variety of sizes and shapes.
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The temperatures of the moving bed considered for tests with catalyst and sand are 600°C and 900°C.
The moving bed and its interstitial gases have the same temperature. As mentioned above, the injected
cold particles in each test are of the same type of particles as the bed material. The mass of injected
room-temperature particles was 100 g for each test. The rise in cluster temperature is attributed to
three modes of heat transfer between the injected cold particles and the bulk hot particles. The
dominant one at 600°C is forced convection from the hot gas entering at bed temperature and passing
through the interstices of the cluster. Other contributing modes are natural convection and radiation
from the surrounding bed at 600°C. Both forced convection and radiation dominate at 900°C.

The temperature dependence of the dynamic viscosities of air constituents (nitrogen and oxygen) are
taken from correlations reported by Kaushal et al. [40]. The dynamic viscosity of air is then calculated
using the correlations developed by Wilke [41]. The correlations for air’s heat capacity and thermal
conductivity are obtained from Felder & Rousseau [42] and Kadoya et al. [43], respectively.

Equation (2.4) provides Gabor’s [44] empirical correlation which is used to estimate the thermal
conductivity of the cluster. This correlation was chosen since no alternative correlation was found from
a literature search. Since the thermal conductivity of gas is much lower than that of the solids for almost
all gas-solids combinations, the thermal conductivity of gas exerts more influence on the cluster’s overall
thermal conductivity compared to the contribution of the thermal conductivity of the solids.
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0.9065 0.13 0.667
=
+
𝑘𝑐𝑙𝑢𝑠𝑡𝑒𝑟 𝑘𝑔𝑎𝑠 𝑘𝑠𝑜𝑙𝑖𝑑

(2.4)

As the cluster is surrounded by hot particulate bulk material, it experiences natural convection heat
transfer between itself and the gas in the bed. The impact of radiation heat transfer from hot particles in
the bed to the cluster is incorporated with that of natural convection heat transfer based on

4
4
ℎ𝑛𝑐+𝑟𝑎𝑑 𝐴𝑐𝑙𝑢𝑠𝑡𝑒𝑟 (𝑇𝑏𝑒𝑑 − 𝑇𝑐𝑙𝑢𝑠𝑡𝑒𝑟 ) = ℎ𝑛𝑐 𝐴𝑐𝑙𝑢𝑠𝑡𝑒𝑟 (𝑇𝑏𝑒𝑑 − 𝑇𝑐𝑙𝑢𝑠𝑡𝑒𝑟 ) + 𝜖𝑠𝑜𝑙𝑖𝑑 𝜎𝐴𝑐𝑙𝑢𝑠𝑡𝑒𝑟 (𝑇𝑏𝑒𝑑
− 𝑇𝑐𝑙𝑢𝑠𝑡𝑒𝑟
)

(2.5)

The emissivity of sand (ϵsolid) is 0.76, and the Stefan–Boltzmann constant (σ) is 5.67X10-8 W/m2-K4.

The Grace [45] correlation, which is widely used in the field of fluidization, is utilized to estimate the
minimum fluidization velocity (Umf) of the particles, i.e.

𝑅𝑒𝑚𝑓 = √𝐶12 + 𝐶2 𝐴𝑟 − 𝐶1

where,

𝑅𝑒𝑚𝑓 =

𝑈𝑚𝑓 𝜌𝑔𝑎𝑠 𝑑𝑝
𝜇𝑔𝑎𝑠

and

𝐴𝑟𝑐ℎ𝑖𝑚𝑒𝑑𝑒𝑠 𝑛𝑢𝑚𝑏𝑒𝑟, 𝐴𝑟 =

(2.6)

(𝜌𝑠𝑜𝑙𝑖𝑑 − 𝜌𝑔𝑎𝑠 )𝜌𝑔𝑎𝑠 𝑔𝑑𝑝3
2
𝜇𝑔𝑎𝑠

with C1 and C2 taken as 27.2 and 0.0408, respectively.
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Finally, heat gained by the solids in the cluster during differential time (dt) is equal to the sum of:

a) heat released from the interstitial gas passing through the cluster by forced convection during
dt, and
b) heat released from surrounding particles by natural convection and radiation during dt.

i.e.

4 3
𝑑
𝜌𝑠𝑜𝑙𝑖𝑑 . 𝜋𝑟𝑐𝑙𝑢𝑠𝑡𝑒𝑟
. (1 − 𝜀𝑚𝑓 ). 𝐶𝑝,𝑠𝑜𝑙𝑖𝑑 . [𝑇𝑐𝑙𝑢𝑠𝑡𝑒𝑟 (𝑡)]
3
𝑑𝑡
2
= 𝜌𝑔𝑎𝑠 . 𝜋𝑟𝑐𝑙𝑢𝑠𝑡𝑒𝑟
. 𝑈𝑚𝑓 . 𝐶𝑝,𝑔𝑎𝑠 [𝑇𝑏𝑒𝑑 − 𝑇𝑐𝑙𝑢𝑠𝑡𝑒𝑟 (𝑡)]
2
+ ℎ𝑛𝑐+𝑟𝑎𝑑 . 4𝜋𝑟𝑐𝑙𝑢𝑠𝑡𝑒𝑟
. [𝑇𝑏𝑒𝑑 − 𝑇𝑐𝑙𝑢𝑠𝑡𝑒𝑟 (𝑡)]

(2.7)

The first term on the right side of this equation represents forced convection heat transfer from the hot
gas to the particles inside the cluster. Application of the lumped capacitance model for this heat transfer
is appropriate when the Biot number is less than 0.1. Cengel [46] argued that the lumped capacitance
model can still be applied with the criterion Bi < 0.1 not satisfied if high accuracy is not a major concern.
The Biot number for this case was estimated to be 0.8. Since the complex dispersion pattern of cold
tracer particles among the hot particles in the bed would affect the accuracy of this model anyway, the
need for applying a more complex heat transfer model was not felt. This equation is integrated such
that a cluster’s temperature rises from an initial value of 20°C to several final values so that the
estimated times needed to reach these values are obtained.
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The results are presented in Figures 2.5 and 2.6 for bed temperatures of 600°C and 900°C, respectively.
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Figure 2.6: Effect of number and size of clusters on heating time from ambient temperature to four
final temperatures. (Cold particles: 100 g, Tbed: 600°C, ρbulk: 1200 kg/m3, dp: 70 µm.)
As expected, the cluster size decreases as the number of clusters increases for a fixed mass of cold
particles. The cluster heating time decreases for all final temperatures, with an increase in the number
of clusters formed because smaller clusters heat up more quickly than larger ones of identical
composition subjected to the same environment. If 1000 clusters of bulk density 1200 kg/m3 and size 70
µm form from 100 g of particles, the estimated heating time ranges from 41-58 s to reach temperatures
of 580-595°C when the bed temperature is 600°C. If 100 g of particles of bulk density 1450 kg/m3 and
size 170 µm fragment into the same number of clusters, the heating time is estimated to be 25-34 s for
final temperatures of 880-895°C and a bed temperature of 900°C.
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Figure 2.7: Effect of cluster number and size on heating time from room temperature to four final
temperatures. (Cold particles: 100 g, Tbed: 900°C, ρbulk: 1450 kg/m3, dp: 170 µm.)
Figure 2.8 presents the time needed for the solids to travel from the point of injection where cold
particles meet a bulk flow of hot particles to the level of the lowest thermocouple installed in the test
section, a distance of 356 mm.

Travel times are calculated for solids fluxes of 20-120 kg/m2-s in the riser, equivalent to 25-151 kg/m2-s
in the transfer pipe between the riser’s cyclone and gasifier. As expected, the travel time decreases as
the solids flux increases. The ranges of travel duration are 3 to 17 s and 3 to 21 s for 70 and 170 µm
particles, respectively.
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Figure 2.8: Solids travel times across test section of height 356 mm for typical solids flux in the DFB
plant.
By comparing cluster heating times with their travel times inside the moving solids for the same
operating conditions, it can be seen that clusters are unable to closely approach the bed temperature
before passing the last thermocouple of the test section. The longest travel time is obtained at the
lowest solids flux considered. For 70 µm particles moving downward at a flux of 20 kg/m2-s, the travel
time is 17 s, whereas for 170 µm particles the corresponding time is 21 s. On the other hand, the
shortest heating time is found for the largest number of clusters at the lowest final temperature. For
1000 clusters of 70 µm particles to reach 580°C, the heating time is 41 s. The same number of clusters at
170 µm with a final temperature would require 25 s to heat up to 880°C. These findings have important
implications for design and operation of measurement device using thermal tracing technique showing
that even if 100 g of injected particles fragment into as many as 1000 clusters, they would still be
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capable of providing an easily measurable temperature difference in the experimental measurement
interval.

2.5

Data analysis, results and discussion

The raw data obtained from two adjacent thermocouples without and with the injection of cold tracer
particles are presented in Figure 2.9 which clearly shows that the signal can easily be distinguished from
the background fluctuations.

The temperature signals from pairs of thermocouples with the same penetration into the pipe at two
adjacent levels were compared with each other using the cross-correlation technique. Then a plot of
cross-correlation coefficient as a function of time shift was obtained. The time shift at which the crosscorrelation coefficient attains a maximum value is considered to be the time needed for the solids to
travel the distance between the two levels. The solids flux or circulation rate can then be calculated
from Equations (2.1) and (2.2). Since each pair of thermocouples produces a value of solids flux, nine
values are obtained from each injection of cold particles. Each of these nine values of solids flux
corresponds to a fraction of the cross-sectional area of the test section. The total flux is then estimated
from the average of the individual values. In order to improve statistical accuracy of the process, three
consecutive injections of cold particles were made within a span of five minutes. The sampling time for
cold particle injection was 15 s. Finally, all solids fluxes were averaged to obtain a single value for this
batch of injections. The code written in MATLAB for data processing is provided in Appendix B.
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Figure 2.9: Raw signals obtained from thermocouples 3 and 4: (a) with no tracer injection, and (b) with
injection of 100 g cold tracer particles. (Bulk density: 1450 kg/m3, Size: 170 μm.)
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As the junctions of the thermocouples are exposed to the measurement environment where moving
packed bed of particles at high temperature passes by, it was found that not all of the 12 thermocouples
worked properly at all times. If a thermocouple failed at high temperature, it could not be replaced until
the plant was shut down. Therefore, the data are based on the actual number of thermocouples working
properly during measurement, rather than on the total number of installed thermocouples. The lowest
number of working thermocouples in a test was 7. Thus the range of working thermocouple pairs was
from 5 to 9 for injection of cold tracer particles.

A set of criteria has been developed to screen out values which cannot be justified physically. For a value
of solids flux obtained from any pair of thermocouples to be accepted for subsequent processing, it had
to meet all of the following requirements:



Maximum cross-correlation coefficient > 0.6;



The maximum coefficient is taken from a clear distinct peak in a plot of cross-correlation
coefficient against time shift;



The plot contains no deep ‘abyss’.

For those values of solids flux which met these criteria, it was further required that:



For any of the three injections of cold particles, at least one-third of working thermocouple pairs
produced usable results.
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The overall pressure balance of the system indicated the presence of moving packed bed solids
flow in the transfer pipe between the CFB combustor and BFB gasifier throughout the duration
of the batch test of three injections.

Due to complex mixing and flow structure of solids in the test section, several plots of cross-correlation
coefficient vs. signal time shift yielded more than one peak. Some others produced deep valleys, with or
without a peak nearby. All these plots of questionable shapes were carefully avoided. There were many
other plots which appeared to give good shapes, but the data were poorly cross-correlated with
coefficients ≤ 0.6. These plots were also screened out. We note that Werther et al. [47] used similar
criteria and accepted only those data for which the cross-correlation coefficient was greater than 0.6,
whereas Militzer et al. [48] and Liu et al. [39] set their minimum requirement at 0.5 for this coefficient.

The presence of hot solid particles and formation of a moving bed in the lower part of the transfer pipe,
where the test section is located, are critical for the successful application of the cold particle tracer
technique as moving bed flow must cover the entire test section. The presence of a sufficient amount of
hot solids there can be inferred by analyzing the pressure balance of the DFB system over the entire
closed path of circulating solids. Hence, absolute pressures at key points of the system are measured
during the same 5-minute time span during which each batch of three consecutive tests is performed.
The data obtained for each absolute pressure are then averaged over 5 min, with the standard deviation
also recorded. The measurement locations of these pressures are shown in Figure 2.10, and a sample
pressure balance plot is presented in Figure 2.11. Points 1-6 in Figure 2.11 correspond to the same
points in Figure 2.10.
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Figure 2.10: Simplified sketch of DFB system showing measurement locations of pressure transducers.
(Dimensions are in mm.)
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Figure 2.11: Solid circulation loop pressure balance for test batch no. 3, March, 25, 2015.
The test section is situated between points 4 and 5 of Figure 2.10. The pressure drop between these two
points for one batch of tests is provided in Figure 2.11. The large pressure drop between points 4 and 5
indicates that the test section was full of hot solid particles, which in turn means that a moving bed
occupied the entire test section. In addition, there was a significant pressure drop upstream of the test
section, as shown by the slope of the line connecting points 3 and 4 in Figure 2.11. The presence of a
considerable amount of solids between points 3 and 4 is possible only if the test section between points
4 and 5 is already full of solids. The relatively low standard deviations at points 4 and 5 suggest that the
injections of cold particles altered the structure of moving bed very little. In addition, the extremely low
standard deviations at points 1, 2, 3 and 6 confirm that the small packets of injected cold particles did
not upset the operational stability of the overall DFB system.
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A number of tests were performed over a two-year period. Solids fluxes measured using cold particle
tracer technique are presented in Table 2.2. Only results from tests which fulfilled all the criteria
discussed above are included. The average solids fluxes and temperatures are accompanied by 90%
confidence intervals.

For the tests in which both the bed material and the injected particles were catalyst particles, the solids
fluxes were found to be between 49 and 133 kg/m2-s at temperatures in the test section from 639 to
649°C. More tests were performed with sand particles as both bed material and injected particles. For
these particles, the solids flux was measured to be in the range of 16 to 65 kg/m2-s at temperatures
from 612 to 856°C. For one day’s data (indicated by asterisks), it was not possible to construct pressure
balance covering the full duration of all three tests due to a computer problem that led to accidental
loss of pressure data. However, the data of a differential pressure transducer, connected to both ends of
the test section and shared with another computer, showed a large pressure drop across the test
section, confirming that there were sufficient hot solid particles. Hence, these solids fluxes have been
accepted.

The performance of this measurement technique is affected by the complex mixing pattern of injected
cold particles into the bulk hot solids flow. The performance was affected by the presence of a bend in
the solids transfer pipe just upstream of the test section which made the flow pattern of bulk solids nonuniform across the cross-section of the pipe.
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Table 2.2: Measured solids fluxes, their corresponding bed materials, type of injected particles and
temperatures.
Bed material
& injected
particles

Temperature of bulk hot
solids (°C)

Solids flux based on riser crosssectional area (kg/m2-s)

Average

Average

90% confidence
interval

90% confidence
interval

Catalyst

639

± 4.3

48.9

± 10.0

Catalyst

649

± 0.6

132.7

± 31.3

Catalyst

647

± 0.6

62.5

± 8.5

Sand

775

± 3.8

46.4

± 1.0

Sand

784

± 2.8

22.7

± 9.0

Sand

807

± 4.6

29.4

± 2.0

Sand

612

± 1.0

36.3

± 7.4

Sand

632

± 2.0

15.7

± 0.4

Sand

832

± 2.1

46.6*

± 5.7

Sand

833

± 2.6

55.5*

± 12.5

Sand

840

± 3.2

46.4*

± 8.6

Sand

753

± 2.3

37.3

± 10.6

Sand

767

± 2.2

44.7

± 7.6

Sand

802

± 4.3

41.4

± 5.0

Sand

821

± 1.3

57.2

± 5.5

Sand

826

± 2.4

50.1

± 13.2

Sand

839

± 1.8

65.8

± 12.3

Sand

856

± 0.9

46.3

± 7.0
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Note: For the data indicated by asterisks, it was not possible to construct pressure balance due to
accidental loss of pressure data of entire DFB system. However, the data of a differential pressure
transducer, connected to both ends of test section and shared with another computer, showed a large
pressure drop across the test section, confirming that there were sufficient hot solid particles.
A sparger could be designed to disperse cold particles uniformly across the cross-sectional area of the
test section, but this was not done because of fear that such a device would alter the flow pattern of
bulk solids, disrupting the continuity of the downward moving bed.

Since temperature fluctuations/disturbances exist in high temperature fluidized bed systems, attempts
were made to explore whether solids circulation rate could be measured by cross-correlating
thermocouple signals with no injection of cold particles. A number of tests were conducted. The criteria
presented above for evaluating a plot of cross-correlation coefficient vs. time shift were again applied.
The pressure balance in the circulation loop was examined to indicate the presence of solids in the
transfer pipe for the duration of each test. The success rate of these attempts was found to be too low
to be reported. Nevertheless, the outcomes of these attempts show that the injection of cold particles
as tracer is essential for the thermal-tracing technique to work properly.

The performance of the thermal-tracing technique has been shown to be valid at room temperature by
comparing with data obtained by measuring the flux by a simple and different method. The lack of other
suitable measurement techniques had made it difficult to confirm the validity at high temperature. In
order to obtain a comparison, a novel butterfly valve was designed and constructed, as described in the
next chapter. An indirect method to estimate the solids circulation rate using energy balance over the
gasifier is described in a recent paper by Daniel et al. (manuscript in preparation) is provided in
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Appendix C. They estimated the rates to be 45.2 and 55.6 kg/m2-s in two tests. These values can be
compared to 36.3 and 46.4 kg/m2-s, respectively, reported in Table 2.2, under process conditions similar
to those of their two tests, respectively.

The practical potential of the circulation measurement method is apparent from the fact that half of our
tests were conducted at temperatures above 800°C, with the highest temperature at which test is
conducted being 856°C. It has been shown to work at lower temperatures as well. By automating the
injection process of cold particles, the technique could be applied for real-time monitoring of solids flux
or circulation rate on a commercial scale.

2.6

Conclusion

A novel method based on thermally tracing the movement of injected packets of cold solids has been
developed for measurement of the solids circulation rate in a dual fluidized bed system. An uncertainty
analysis was performed to determine the relative importance of each parameter relevant to the
estimation of solid circulation rate. Encouraged by the success of preliminary tests in a cold model, a
high-temperature test section was constructed and installed in the solid transfer pipe of a DFB pilot
plant. A simple model of heat transfer between hot and cold particles was used to design the test
section. The thermal-tracing technique successfully measured solid circulation rates over a wide range
of temperatures from 20°C to 856°C, and for solids fluxes up to 133 kg/m2-s. Both Geldart A and B type
particles were tested. This technique has no competitor which can work at large-scale systems operating
at high temperatures.
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3 Development and Application of Butterfly Valve Technique
3.1

Background

In the previous chapter, the development and application of a novel thermal-tracing technique were
presented. However, it was not possible to compare the solids circulation rates measured by this
technique at high temperature with those of other techniques because of a lack of other suitable
techniques which can be applied at high temperature. This chapter considers and presents a butterfly
valve technique for application at elevated temperature. The application of a butterfly valve in a
circulating fluidized bed system is not new. However, previous applications were limited to circulating
bed systems operating at ambient temperature or slightly above ambient. The design and construction
of a butterfly valve which is capable of surviving high temperatures typical of industrial systems differs
significantly from the valve design for low or ambient temperatures. In that sense, the high-temperature
butterfly valve presented in this chapter is considered to be a novel device.

Brereton [36] designed and operated a butterfly valve for the measurement of solids circulation in a
room temperature setup. In this technique, the closing of valve’s two half-circular plates cause the
accumulation of solids on top of it. The change in the height of the top surface of a bed of accumulated
solids was then tracked. Since it was a room temperature setup, Brereton [36] was able to use a
transparent material for the construction of the column where the valve was installed. The
accumulation of solids after closing the valve could be easily monitored in this setup due to the
transparency of the construction material. Also, since the valve operated at room temperature, he did
not have to consider thermal expansion of the construction material of the valve.
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For the purpose of this project, one option could be the use of a butterfly valve suitable for room
temperature application, preventing the valve’s damage during high-temperature operation of the plant
by cooling the valve. A cooling jacket around the pipe which houses the valve might be able to keep the
temperature at pipe’s surface reasonably low. However, this cooling jacket would not be able to bring
down the temperature of valve’s plates sufficiently low to prevent damage when the plates would come
in contact with solids at high temperature, e.g. 900°C. Therefore, a room-temperature valve with cooling
was considered to not be a suitable alternative to a valve that can survive at high temperature without
cooling.

In a high-temperature setup, such as the dual fluidized bed pilot plant, the application of butterfly valve
technique is complicated due to two factors: i) the impossibility of using a transparent material for
construction of the column, and ii) the thermal expansion of the valve’s materials of construction with
changes in temperature. The downcomer section of the dual fluidized bed pilot plant is made of a hightemperature alloy. Also, it is heavily insulated to prevent loss of heat from the system. This makes visual
determination of the top surface of accumulated solids impossible. Hence, a sensor needs to be found
which is capable of distinguishing between an empty space and a space full of hot solids. The valve
needs to be able to open and close freely at all temperatures. This means that the clearance between
the valve’s edge and the inner surface of the pipe in which it is installed must be sufficient to
accommodate the thermal expansion of both the pipe and the valve at high temperature.

It is important to note that the butterfly valve technique is unlikely to be suitable for measurement of
solids circulation rates in commercial-scale plants. The closing of the valve would significantly affect the
53

steady state operation of the system during the period it remain closed by depriving the downstream
reactor from receiving the required amount of solids and also by upsetting the pressure balance in the
solid circulation loop. When the valve is reopened, a certain period of time would be needed for the
system to return to the steady state condition. The summation of these two times is highly likely to be
long enough to discourage the application of the butterfly valve technique. Therefore, the hightemperature butterfly valve was developed in this thesis work only to validate the performance of the
thermal-tracing technique at high temperature and not as a competitor.

3.2

Location of the set-up

Both Brereton [36] and Burkell et al. [11] installed their valves to accumulate solids for the
measurement of solids circulation rate in the downcomer section of circulating fluidized beds. The solid
transfer pipe between the riser and the bubbling bed of the dual fluidized bed pilot plant was the most
appropriate location for the installation of the butterfly valve in the present project since the particles
travel downward inside that pipe due to gravity. A very small amount of inert nitrogen gas is used to
facilitate the flow of solids in the lower part of the transfer pipe. This gas eventually travels upward, but
it exerts negligible drag force on the particles anywhere in the solid transfer pipe. Figure 3.1 shows the
location of the butterfly valve section in the solid transfer pipe of the dual fluidized bed pilot plant.

There are four sections of the solids transfer pipe – two vertical and two angled. The angled sections are
not suitable since the top surface of accumulated solids will not become parallel to the valve’s plates.
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Figure 3.1: Location of butterfly valve in the solid transfer pipe of the dual fluidized bed pilot plant.
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The lower vertical section already housed 12 thermocouples and a cold particle injection port for the
thermal-tracing test setup. Even if this section were not used for the thermal-tracing test setup, the
butterfly valve could not be installed here. This section remains full of a moving bed of solids which
would have hindered the closing of the valve. Moreover, it is not long enough to accommodate the valve
and the measurement ports. This leaves the upper vertical section for the butterfly valve. There is no
moving bed of solids in this section. It is located right below the riser’s cyclone, and it is of sufficient
length to cover the test section. However, two ports for measuring the pressure and temperature at the
lower part of the upper vertical section limited the length available for installing the valve and sensors.
Finally, it was decided to fit the entire test section within a length of 857.3 mm.

3.3

Butterfly valve test section

The experimental setup for tests using the butterfly valve technique has four major components. From
top to bottom, they are: (i) a port section, (ii) an expander, (iii) a butterfly valve, and (iv) a reducer.
Figure 3.2 shows these sections and their dimensions in mm.

The material of construction of the entire test section was stainless steel 310 except for a few small
accessories used in the valve itself. Relevant information of these accessories are provided in Section
3.3.3 of this chapter.
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Figure 3.2: Butterfly valve test sections. (Dimensions are in mm.)
Class 150 flanges were used to put the four sections together and then to connect the assembly to the
rest of the solids transfer pipe. The pressure rating of these flanges was considered sufficient since the
test section would operate at pressures which are only slightly above atmospheric pressure. Slip-on and
lap-joint type flanges were chosen, with slip-on flanges in most cases because of their lower cost. The
expander and reducer were welded to separate straight pipe sections for installation using lap-joint
flanges. The presence of lap-joint flanges in the setup made it possible to rotate the entire test section
and/or part of it in an angular direction around the vertical axis if needed in the future.
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The flanges at the butterfly valve section have eight holes for bolts equally spaced over a bore circle of
190.5 mm. The other flanges have four holes on a bore circle of 152.4 mm. All bolts have a size of 19.1
mm. The dimensions of the flanges and the bolts fixed the dimension of the gasket installed between
adjacent flanges to prevent gas leakage. The gaskets were of type Durlon HT 1000-T316, with thickness
3.2 mm supplied by NE Seal Industrial Products Ltd., Burnaby, BC.

3.3.1

Port section

The port section has three horizontal pipes of internal diameter 24.5 mm (NPS 1, SCH. 80) and length
196.8 mm welded on a vertical pipe of internal diameter 73.7 mm (NPS 3, SCH. 80) and length 395.3
mm. Two of the horizontal pipes were installed on the same vertical plane, but separated by a distance
of 228.6 mm. These two pipes house capacitance sensors for detecting the level of accumulated solids.
The third horizontal pipe was not used in the test. However, it allowed the insertion of an inspection
camera when the plant was not in operation. Also, it could potentially be used for installation of a laser
device in case the capacitance sensors had not worked at high temperature.

It was planned to install two capacitance sensors at two different levels, creating an opportunity to
measure the times needed for the solids to accumulate above the closed valve to fill up three volumes
with each of them bounded by two levels:


Valve’s top surface – lower sensor



Lower sensor – upper sensor



Valve’s top surface – upper sensor
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The use of more than one sensor also serves another purpose. If one sensor shall go out of order during
a test, then the test does not need to be abandoned as long as the other one keeps working. This is very
important since the preparation for each test required significant time. For hot tests, a long period of
time was needed to heat up the system to the desired temperature.

Initially, it was planned that the maximum valve shut-off time would be about 60 s. This duration was
what would be needed for the solids to fill up from the valve’s top surface to the upper sensor for a
solids circulation flux of 10 kg/m2-s. The distance was estimated as 530 mm. The location of the lower
sensor was not as critical as that of the upper sensor. The presence of flanges did not allow a location
exactly half-way between the valve and the upper sensor. The height of the lower sensor from the
valve’s top surface was set at 300 mm.

It was considered useful from an operational point of view to estimate the time required for the solids
level to reach the top end of test section after closing the butterfly valve. If the solids fill up to the top
end, then any additional solids would accumulate inside the cyclone because the gap between the
cyclone’s bottom and the top end of test section is very small. The cyclone would then not be able to
operate effectively, causing a significant amount of solids to leave the circulation loop with the flue gas
toward the downstream heat exchangers.

Figure 3.3 shows the times needed to fill up four volumes, each bounded by two levels, for a range of
solids circulation flux based on the riser’s cross-sectional area.
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As expected, the fill-up time decreases with increasing solids circulation flux, with the rate of decrease
larger at lower flux than at higher flux. This indicates that an error in measuring the fill-up time at high
flux would have a greater impact on the accuracy of results than at lower flux. In addition to being useful
for the design of the test section, this figure also acted as a guide for operators to avoid the
accumulation of solids in the cyclone.
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Figure 3.3: Estimated solids fill-up times in the butterfly valve test section (ρb = 1450 kg/m3).
The mass of solids in the pilot plant during the test was approximately 90 kg, whereas the mass of solids
required to occupy the space from the valve’s top surface to the upper sensor was estimated to be 3.6
kg, i.e. only 4% of the total solids inventory of the system. Therefore, closing of the butterfly valve
during the test was considered to be unlikely to significantly affect the hydrodynamics of the system.
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3.3.2

Expander and reducer

The pipe used for the butterfly valve itself has an internal diameter of 97.2 mm (NPS 4, SCH. 80).
However, the internal diameter of the pipe in the port section and the entire solids transfer pipe from
the riser’s cyclone to the gasifier is 73.7 mm (NPS 3, SCH. 80). Hence an expander and a reducer are
needed to connect the valve with its upstream and downstream, respectively. Their purpose is to ensure
a smooth and gradual transition of solids flow area to and from the valve. The expander and reducer are
identical in design, but they are mounted in opposite directions.

3.3.3

Butterfly valve

Twenty-eight pages of engineering drawings (see Appendix D) were required to describe all components
of the valve for its construction by the departmental workshop. The valve has two identical plates, which
remain in vertical positions due to gravity. This keeps the valve open for solids flow through it. When the
plates are moved to the horizontal position, the valve is closed and solids accumulate on the plates.
Each plate requires a number of identical accessories. Figure 3.4 shows a plate and its accessories in
assembled and exploded fashion.

Each plate and its supporting accessories are mounted on a shaft and installed inside the pipe. A handle
protrudes from the pipe and the insulation that surrounds it. When this handle is rotated, the rotational
force is transmitted to the shaft of the plate through the gear. The shaft and the plate mounted on it
then rotate. The gear also synchronizes the rotation of one plate with the other. Two bearings, one at
each end of the plate, support its weight and that of the accessories. They also ensure smooth rotation
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of the shaft. One end of the plate is completely sealed after the bearing to prevent gas leakage from
that end. The other end could not be sealed as the shaft needs to pass through it. Hence, the shaft is
wrapped by a packing material to prevent gas leakage. An end cap holds all the accessories in place. Two
small keys are used to connect the plate with the shaft.

Figure 3.4: One of the two identical plates of the butterfly valve and its accessories (assembled view in
the left and exploded view on the right).
The plate, shaft, keys and end cap were all constructed of stainless steel 310. The bearing, packing and
gear are purchased from outside companies. Table 3.1 lists their materials of construction, working
temperatures, key dimensions, name of manufacturers or suppliers and the product code.
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Table 3.1: Key information on bearing, gear and packing.
Material of
construction

Working
temperature (°C)

Dimension
(mm)

Manufacturer /
supplier

Product
name / code

Ceramic Si3N4

900

ID: 6
OD: 15
Width: 5

Boca Bearings, Inc.,
Boynton Beach,
Florida, USA

696 SI3N4

Spur gear Stainless
(Pin hub) steel 303

760

Pitch Dia.: 16.9 RPM Mechanical Inc.,
OD: 19.1
Burlington, Ontario,
Bore Dia.: 4.8
Canada
Pitch no.: 24
Teeth no.: 16

P24S21‐16

Packing
(Braided)

650

3.2 X 3.2

SEPCO # 310

Bearing

Wire: Inconel
Yarn: Carbon

Grizzly Supplies Ltd.,
Langley, British
Columbia, Canada

It was difficult to locate the bearing, gear and packing material suitable for application at high
temperatures typical of the pilot plant. No manufacturer was found who produced metal bearings
capable of working at 900°C. Ceramic bearings can handle such a high temperature, but they need to be
operated carefully because of their brittle nature. Two of these bearings got broken and needed to be
replaced. The original bore diameter of the gear was smaller than the shaft diameter of the valve, with
the gear machined in the departmental workshop to enlarge the bore diameter. The maximum working
temperature for a packing material found from an extensive search was 650°C. It was decided to keep
the temperature of the bearing, gear and packing low by blowing nitrogen gas during hot tests. This
nitrogen removed any sand that leaked into the box which houses these items.
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A gap is maintained between the two plates to not only allow thermal expansion at high temperature,
but also to ensure smooth rotation without touching each other. Similarly, there must be a gap between
the edge of plate and the inner wall of the pipe. Otherwise, the plate would touch the inner wall and
cannot be operated at high temperature. However, particles would certainly escape through these gaps
when the valve is closed. To resolve this issue, a metal structure with a wedge and a tapered inside wall
was designed and installed just above the plates inside the pipe. Figure 3.5 shows this structure.

Figure 3.5: Wedge and tapered inside wall to prevent solids escape through the valve. (Radial
dimensions are in mm.)
When the valve is closed, the entire gap between the plates at horizontal position falls below the
wedge, thereby denying solids passage through the gap. The internal diameter of the bottom end of
tapered section is smaller than that of the outer edge of the plate. The plate covers the entire cross64

sectional area at the lower end of the structure between the wedge and inner wall when the valve is in
closed position. As a result, the solids cannot enter the gap between the outer edge of a plate and the
inner wall of the pipe. The tapered section was constructed by machining a pipe of outside diameter
114.3 mm and thickness of 13.5 mm (NPS 4, SCH. 160).

A section view of the valve in its closed position along a vertical plane going through the axis is provided
in Figure 3.6. This figure shows the gap from the plate’s edge to the pipe’s wall, the gap between two
plates, the wedge and the tapered wall.

Figure 3.6: Section view of the valve’s plates and internal structures. (Dimensions are in mm.)
The pipe available in the market comes with a nominal pipe size (NPS) rating. It is far more economical
to design a system with the commercial pipe than with custom-built pipe. The solids transfer pipe
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between the combustor and the gasifier has a NPS rating of 3. Hence, most of the butterfly valve test
section were designed and constructed with NPS 3 pipe. The butterfly valve itself was initially designed
with a NPS 3 pipe in mind.

We used metal rods of an outside diameter 6 mm as shafts for rotating the two plates of the butterfly
valve. This size fits the inside diameter of the high-temperature ceramic bearing. No other bearings were
found which could serve at high temperatures. With a shaft diameter fixed at 6 mm, it was not possible
to select 6.35 mm as the thickness of the plate as this would have left too little material between the
outer walls of the shaft and the round edge of the plate. Hence, the next larger size plate, 9.5 mm
thickness, was selected.

It was estimated that the two plates of 9.5 mm thickness and the tapered wall would occupy nearly half
of the flow area of solids when the valve was in the open position. This was clearly unacceptable. It was
highly likely that the reduced flow area would create congestion of solids flow at the valve, especially at
higher solids circulation rates. In this situation, not only would the gasifier receive a smaller amount of
solids than its requirement, but also the cyclone would flood with solids, leading to considerable solids
loss from the circulation loop toward the downstream equipment. Therefore, it was decided not to use
NPS 3 pipe where the plates of the valve would be installed and determine the available flow area when
a higher NPS rating pipe would be used. The flow areas of the empty pipe and the pipe with plates
installed inside were estimated for the NPS 3 and the next three available NPS rating pipes. The resulting
flow areas are presented in Figure 3.7.
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Figure 3.7: Reductions in solids flow area due to installation of valve’s plates for different pipe sizes.
With each pipe size, there is a significant loss of the solids flow area due to the installation of the two
plates of butterfly valve. However, if the butterfly plates were installed inside a NPS 3.5 pipe, then the
solids flow area would become 69.4% of that of NPS 3 pipe with no plates installed,whereas if NPS 4
pipe were used, then there would actually be a slight gain (8%) in flow area compared to that of initial
NPS 3 pipe when empty. Therefore, NPS 4 pipe was chosen for the butterfly valve. Note that only the
pipe’s nominal size was changed from NPS 3 to NPS 4; the schedule number of the pipe remained
unchanged at 80.
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3.4

Capacitance sensors

Two capacitance sensors were used to track the height of accumulated solids when the butterfly valve
was closed. They were retrofitted and calibrated for this project by the manufacturer, Ace Instruments
Inc., Port Coquitlam, BC. Each sensor comes with a control box for reading and adjusting the output. A
cable connects the sensor to the control box.

Werther and Molerus [49] developed a needle-type capacitance sensor for measuring the local solids
concentration around the tip of a needle probe. Similar probes were utilized by Almstedt and Olsson
[50] to measure the bubble rise velocities in a pressurized fluidized bed combustor. Brereton [36] used
similar capacitance sensors to monitor the local voidage in a circulating fluidized bed combustion unit
and found the sensors capable of predicting the core-annulus flow pattern in the riser.

The two sensors used in this project were identical to each other in design. Their calibration and
operation procedures were also the same. A thin metal rod is placed inside a ceramic tube which is then
installed in a metal tube. The length of the ceramic tube is equal to that of the metal tube. However, the
rod is longer than the two tubes, and hence it looks like a needle protruding from the probe assembly.
The metal tube not only supports the assembly, but also generates a fixed capacitance. The capacitance
of the needle varies depending on the presence of particles in the measurement volume. When the
concentration of particles in the vicinity of the needle changes, there is a change in the dielectric
constant, which in turn alters the capacitance of the system. The responses are processed by an
attached circuit, and the final output voltage is sent to the control box, giving an analog display with a
range of 0-5 Volt, a gain knob, a nulling knob and a filter switch.
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When the filter function is activated by switching it on, the fluctuation in the output signal is dampened
to provide a stable reading in the display. The nulling function is used to set the reading to zero voltage
before each test. The purpose of the gain function is to increase or decrease the extent of the system’s
response for a fixed environment. When the output voltage is larger than 5 V, the gain function is used
to bring the response within the 0-5 V range. On the other hand, when the output voltage is too small to
read conveniently in the display, the gain function is utilized to magnify the voltage response.

The unit was calibrated by the manufacturer, and the reading was set to 0 for particle-free air. Then the
probes were installed in the pilot plant. When the plant was heated to the test temperature, a
significant drift of the output voltage from the zero reading was observed, despite there being no
circulation of solids at that moment. This drift could get reduced if sufficient time (several hours) was
given for the system to adjust to the new temperature. However, it was not practical to maintain a near
perfect steady-state temperature of the pilot plant for such a long duration. Also, this waiting period
would limit the number of tests that could be conducted in a single run of the plant. This is important
since the preparation, clean-up and troubleshooting required several weeks for each run of the plant.
Therefore, the nulling function was used to bring back the voltage reading to zero whenever the drift
occurred. This practice likely reduced the accuracy of the output response somewhat.

In an ideal scenario, the calibration of the unit should consider not only the presence or absence of
particles but also the temperature at which the unit is expected to perform. This means the following
sequence needs to be followed: (i) calibrate the unit outside the plant at the desired temperature, (ii)
install the unit in the test section, (iii) heat the plant to the desired temperature, (iv) perform the test,
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(v) shut down the plant, and (vi) remove the unit for calibration at a different temperature for the next
test. This sequence was found to be impractical as it did not allow tests to be conducted at multiple
temperatures in a single run of the plant. Therefore, it was decided not to calibrate the unit for a
particular temperature. Instead the nulling function was utilized to set the reading to zero before
conducting each test in a single run of the plant.

The circuit attached to the probe must be maintained at room temperature, regardless of the operating
temperature of the probe. During high-temperature tests, heat transfer occurred by conduction through
the probe from the tip end to the circuit end. Since a large portion of the probe remained outside the
insulation of the test section, most of the heat was dissipated to the surrounding air through convection.
The dissipation process was enhanced many times by blowing the ambient air using a fan. This left very
little heat to reach the box that houses the circuit by conduction. However, the heat radiated from the
plant was highly likely to reach the circuit’s box. In order to minimize this form of heat transfer, the box
was wrapped with aluminum foil so that its reflectivity was very high.

3.5

Experimental procedure

The butterfly valve technique and the thermal-tracing technique were applied independently and one
immediately after the other, each requiring about 4 minutes to measure the solids circulation rate
between the circulating bed riser and the bubbling bed reactors. For the hot tests described in this
chapter, it was not necessary for the pilot plant to operate in a gasification mode since operation at the
combustion mode was sufficient for the purpose of this project. The operation in a combustion mode
requires fewer operators and less time to heat up the plant to the test temperature compared to
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operation in a gasification mode. In the combustion mode, natural gas was burned with excess air in the
burners upstream of the circulating bed riser and the bubbling bed reactor, with no biomass used for
gasification or combustion. The hot flue gas increased the temperature of inert bed material inside both
vessels. The circulation rate of the inert solids was then measured at the desired elevated temperature.
For the cold tests, the procedure was simpler as there was no need to burn natural gas.

The general experimental procedure for the butterfly valve and thermal-tracing measurements is
described below with the flow rates based on normal temperature (20°C) and pressure (1 atm):

1. Start saving the plant’s operation data in the computer used to monitor the process parameters.
2. Start supplying nitrogen to the biomass feeder at 0.3 m3/h to prevent entry of gas and solids
into it from the bubbling bed.
3. Start air supplies to the CFB burner and BFB burner at 78.7 m3/h and 56.7 m3/h, respectively.
4. Start nitrogen supply through the three small ports for aeration at the U-bend to help the
movement of solids from the BFB to the CFB riser. The total rate of aeration was fixed for a test,
but varied from test to test in the cold runs.
5. Monitor process parameters and make sure that a steady-state, particularly with regard to
solids circulation, has been achieved. If needed, provide aeration using nitrogen gas at a very
small rate (in the range of 0.1 – 0.4 m3/h) at the solids transfer pipe to help solids flow through
it.
6. Start purging the gear box of the butterfly valve at 13.1 cm3/h to prevent accumulation of any
particles which may escape into it through the holes for shafts and/or keep its temperature low.
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7. Switch on the burners for CFB and BFB; adjust the flow rate of natural gas to 2.6 m3/h for each
of them.
8. Wait for about 10 minutes to allow the burners to start-up and establish a stable flame.
9. Check the concentration of oxygen in the flue gas leaving each reactor using an online gas
analyzer. An oxygen concentration of 10-15% indicates the presence of an optimum amount of
air for efficient combustion.
10. Flush the hopper for cold particles injection and its connecting pipe to the BFB reactor with
pressurized nitrogen pulses of an absolute pressure of 122 kPa.
11. Start data acquisition in a second computer used to collect temperature data from twelve
thermocouples at a frequency of 50 Hz. The program stops automatically after 5 minutes.
12. Load cold particles into the hopper and then inject them into the thermal-tracing test section.
13. Repeat Step 12 two more times so that three tests using the thermal-tracing technique are
performed within 5 minutes at the same conditions.
14. Close the butterfly valve and simultaneously start the stopwatch.
15. Record the times needed for the top surface of accumulated solids to reach the lower
capacitance sensor and then the upper sensor.
16. Open the butterfly valve as soon as the solids level reaches the upper capacitance sensor to
resume solids flow through the transfer pipe.
17. Repeat steps 14-16 twice immediately so that there are three tests using the butterfly valve
technique.
18. Move to a different operating condition and apply both the thermal-tracing (steps 10-13) and
the butterfly valve (steps 14-17) technique to measure the solids circulation rate. During a cold
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run of the plant, the only varying parameter is the aeration rate at the U-bend. Similarly, all
parameters remain unchanged during a hot run except the temperatures across the plant.
19. Conduct tests at several operating conditions according to plan made prior to the run.
20. Shut down both burners in the case of a hot test. This automatically terminates the flow of
natural gas.
21. Close the supply valves for CFB burner air, BFB burner air, aeration nitrogen at the U-bend and
solids transfer pipe, and purge nitrogen at the butterfly valve.
22. Continue the nitrogen flow for purging the biomass feeder for at least 8 h, to flush out any
combustible gases which might have been left at the end of the run. The nitrogen flow also
prevents air entry into the system through the two flue gas exits streams during the flushing
period. A total of 8 h of purging significantly lowers the temperature of plant and thereby
eliminates hot spots in the system.
23. Close the supply valve of purge nitrogen.
24. Stop saving plant data.

Note that steps 7-9, 20, and 22-23 are ignored for the cold tests.

Several runs of the pilot plant were needed to develop the operating procedure described above. In the
initial runs, the natural gas burners had been switched on before starting the circulation of solids by
aerating the solids in the U-bend with nitrogen. When there is no circulation of solids, there is negligible
heat loss from the solids transfer pipe. The energy saved by not circulating the solids facilitated the
heating up of both fluidized bed vessels and the bed materials to the desired temperatures. However, it
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also led to condensation at the solids transfer pipe of moisture generated from the combustion of
natural gas in the burners. When the solids circulation was started a few hours later, some of the solids
contacted water droplets condensed on the inside wall of pipe and accumulated since the start-up of
the burners. As a result, the solids mobility inside the pipe was greatly reduced, often causing stoppage
of the solids motion. With less or no solids returning to the bubbling bed, both the pressure and
temperature of the bed were badly affected in turn making it impossible to maintain steady-state
operation of the pilot plant. In order to restore the smooth flow of solids in the transfer pipe, often a
thermocouple was removed and air at high-pressure was supplied through the port, clearing the
congestion of solids and unblocking the pipe. This procedure (removal of thermocouple from its port,
connection of hose to this port, supply of pressurized air, removal of hose and reconnection of
thermocouple) required at least 20 minutes.

To avoid this problem, it was decided later to start circulating solids using a small aeration rate before
switching on the burners. The continuous flow of solids through the transfer pipe prevents the
condensation of water. This new practice extended the heat-up time to reach the desired temperature
in both reactor vessels. However, the extra time lost in the heating process was more than balanced by
the time saved from having to deal with solids blockage in the transfer pipe.

3.6

Results and discussion

An equal number of batches of tests were conducted at each test condition by independently applying
the butterfly valve technique and the thermal-tracing technique. It was possible to conduct three
batches of tests using each of these techniques at a single operating condition during the cold run of
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plant. However, similar arrangement was not possible during the hot run of plant as the solids
temperature at the test sections changed with time. Hence, a single batch of tests using each of the
techniques was completed at a single operating condition during a hot run.

The solids circulation rates measured using the butterfly valve technique are compared with those
measured using the thermal-tracing technique in this section. The error bars in the figures denote 90%
confidence interval of the reported data. The rates obtained during cold tests are presented in Figure
3.8 as a function of the total aeration rate at the U-bend.
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Figure 3.8: The solids circulation fluxes directly measured with the use of two independent techniques
at constant superficial gas velocity of 3.4 m/s in the riser.
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The three fluxes measured by the butterfly valve technique at each of the aeration rates were found to
be similar, with a maximum spread of 31.9% between the maximum and minimum values. These
findings indicate a higher degree of reproducibility of the data obtained from the butterfly valve
technique compared to the thermal-tracing technique at room temperature.

The error bars for the fluxes measured by the thermal-tracing technique are larger than those
associated with the butterfly valve technique. At each of the first two aeration rates, all three fluxes
obtained from the thermal-tracing technique are found within a limited range, with the highest flux
within maxima of 43.1% and 56.9% higher than for the lowest flux at these two aeration rates. However,
for each of the last two aeration rates, two of the fluxes almost coincide, whereas the third was at a
distance.

The total aeration rate at the U-bend was held constant during the hot tests. This is because the range
over which this rate could be varied during high-temperature operation of the pilot plant was small. The
lower end of the range was fixed by the lowest flow rate of nitrogen that the flow meter could measure.
On the other end, any higher flow rate of nitrogen could send too much solids for the butterfly valve to
handle comfortably, leading to loss of solids from the circulation loop.

The temperature at each part of the pilot plant was changed during the hot tests, causing the superficial
gas velocity there to vary. Figure 3.9 shows the solids circulation fluxes measured by applying both the
thermal-tracing technique and the butterfly valve technique at different temperatures in the riser. The
measured solids flux did not change very much with increasing temperature. This probably happened
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due to the fact that the solids circulation rate is determined by the pressure balance among the whole
system which was mainly influenced by solids inventory. For a given solids inventory in the system, the
pressure drops across the bubble bed gasifier and the riser changed little with bed temperature. Further
discussion in this regard is provided in the next chapter.
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Figure 3.9: Solids circulation fluxes from two independent techniques at a constant aeration rate of
0.08 m3/h at the U-bend. (Inlet flow rate of air at riser’s NG burner for the test at 358°C was 12.5%
lower than for the other tests.)
Similar to the cold test results, the error bars for the data points obtained by the butterfly valve
technique are much smaller than the bars for the data points of the thermal-tracing technique. At each
temperature, there is a difference between the solid circulation fluxes measured by the two techniques.
However, the difference is not the same for each temperature. The maximum difference occurred for
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358°C where the flux measured by the thermal-tracing technique is 94.5% higher than that measured by
the butterfly valve technique. Both techniques have limitations which can be considered to be
responsible for the differences. In addition to the complex mixing pattern of cold tracer particles in the
hot solids’ flow, the velocity profile of the bulk hot solids was affected during the thermal-tracing
measurements by a bend in the pipe just upstream of the test section. For the butterfly valve technique,
it was not practically possible to calibrate the capacitance sensor for each test condition. Moreover,
there was a single capacitance sensor at a plane that penetrated up to the center of the pipe in which
the solids accumulated. The solids captured by the cyclone fall randomly into the butterfly valve test
section, with no control over how the solids distributed on the top surface of the accumulated solids. It
is very likely that the top surface was not flat so that the sensor was unable to fully capture the profile of
solids level by measuring from one point. Manual operation of the butterfly valve and the time
recording devices no doubt led to additional errors.

The thermal-tracing technique assumes a moving bed density in the test section equal to the bulk
density of loose-packed solids. This is a reasonable assumption since the solids move downward by
gravity inside the transfer pipe between the riser and the bubbling bed and their quantity is large
enough to form a moving bed inside the pipe. In addition, it has been found during the pilot plant’s
operation that the bed’s movement often stops when there is no aeration to help the flow of solids. This
is only possible with the presence of a bed, and not if the solids were falling freely.

Another option is to estimate the voidage at thermal-tracing test section using the data obtained from a
differential pressure transducer connected to the both ends of the section. This new voidage is used to
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estimate the moving bed density in the test section and then this density is utilized to recalculate the
solids circulation flux. Figure 3.10 compares these new fluxes with the fluxes obtained based on the
butterfly valve technique at cold conditions.
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Figure 3.10: Solids circulation fluxes obtained from two techniques at room temperature with
measured voidage applied to the data from the thermal-tracing technique. (Riser superficial gas
velocity: 3.4 m/s.)
Although these measured values of voidage were able to reduce the difference between some of the
fluxes obtained from applying the two techniques, the difference became larger for other fluxes.
Overall, the differences decreased somewhat. The recalculated fluxes in the hot tests and their
counterparts measured with the help of the butterfly valve are presented in Figure 3.11 as a function of
riser temperature measured by a thermocouple installed near the riser’s exit. No thermocouple installed
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at another location in the riser provided reliable readings for all the hot tests. Hence, the temperatures
of all the thermocouples were not averaged over the riser’s height.

60

Riser solids flux (kg/m²-s)

50
40
30
20
10
0
220

240

260

280

300

320

340

360

Riser temperature (°C)
Thermal-tracing technique

Butterfly valve technique

Figure 3.11: Solids circulation fluxes in hot tests with measured voidage applied to the data from the
thermal-tracing technique. (U-bend aeration rate: 0.08 m3/h; inlet flow rate of air at riser’s NG burner
for the test at 358°C was 12.5% lower than for the other tests.)
The measured values of voidage for the hot tests reduced the differences between the fluxes from the
two techniques at all but one operating temperature of the riser. The maximum difference is found for
the test at 358°C. This difference is 65.9%, whereas the difference was 94.5% before using the measured
voidage. It is important to note that the voidage was measured using pressure data at both ends of the
test section. The accuracy of the pressure measured at the top end was affected by the presence of a
bend in the transfer pipe, causing a disturbance of the solids velocity profile. Moreover, the connection
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of the pipe used for cold tracer injection was not far from this point. This injection pipe remained empty
except for brief times when the tracer was injected, creating an opportunity for the pressure to differ
somewhat from the top differential transducer connection. A small flow of nitrogen was used to
prevent solids blockage inside the pipe. The inlet point of nitrogen was close to the bottom of the
transducer. Hence, it is likely that the nitrogen flow affected the accuracy of measurement of pressure
at this end.

Since no systematic investigation was carried out to determine the impacts of the bend and the nitrogen
flow on the measured voidage, it was decided not to use the recalculated value of flux in the following
chapters. Instead the original flux directly measured without recalculation is utilized.

When estimating the solids circulation flux between adjacent thermocouples, it was assumed that the
injection of the packet of cold tracer particles momentarily upset the flow rate of the moving packed
bed of hot solids at the injection point, but did not create a significant irreversible step change in the hot
solids flow vs. time profile at that point, which is mostly true when the tracer flow rate is negligibly small
compared to the solids flow rate in the standpipe. Therefore, it only caused a small reversible step
change in the form of a pulse that disappeared very quickly, and the flow of solids returned to its prepulse rate, even before reaching the thermocouples in the top level of the test section. The duration
over which the pulse impacted the solids flow vs. time profile (<1 s) was significantly shorter than the
duration of solids travel through the thermal-tracing test section (>2 s). As a result, the solids flow rate
measured by any pair of thermocouples in the test section is assumed to have remained unaffected by
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injection of a packet of cold tracer particles. This situation is called ‘Case 1’ for ease of description in
Figures 3.12 and 3.13.

Another possibility is that the duration over which the injection of the packet of cold tracer particles
impacted the solids flow vs. time profile was larger than the duration of solids travel through the test
section. This might happen with large pulse injection and slow damping due to the poor dispersion of
cold solids. As a result, a part of the flow rate of solids measured by a pair of thermocouples in the test
section was due to the passing packet of cold tracer particles. This part would have to be deducted from
the measured flow rate to obtain the actual flow rate in the transfer pipe without the cold tracer
particles. By assuming that the injection and spreading time of the injected cold tracer particles is in the
same order as the travel time over the entire measurement section (∆t) measured by the pair of
thermocouples, the solids circulation flux can be estimated by:

𝐺𝑠,𝑛𝑜 𝑡𝑟𝑎𝑐𝑒𝑟 (

𝑘𝑔
𝑘𝑔
0.1 (𝑘𝑔)
) = 𝐺𝑠,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 ( 2 ) −
2
𝑚 .𝑠
𝑚 .𝑠
∆𝑡 (𝑠) × 𝐴 (𝑚2 )

(3.1)

This situation is referred to as ‘Case 2’. Figure 3.12 compares the solids circulation fluxes estimated using
the two cases with those obtained from using butterfly valve at room temperature tests. Each data point
in this figure represents the average of three data measurements collected at the same operating
condition. This is done to enhance the clarity of the figure since the location of many data points in a
small space would make it difficult to see their differences. As expected, the solids circulation fluxes
estimated by assuming the second case are lower and closer, compared to case 1, to the fluxes obtained
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from the butterfly valve technique. The highest flux at an aeration rate was within a maximum of 41.9%
higher than the lowest flux at that rate for the first case. This percentage reduced to 13.6% for case 2.
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Figure 3.12: Comparison of the solids circulation fluxes obtained from using butterfly valve technique
with those obtained from considering the impact of cold tracer’s addition in two cases during the cold
tests. (Riser superficial gas velocity: 3.4 m/s.)
The solids circulation fluxes measured by applying the thermal-tracing technique at high temperatures
for the two cases are compared with the fluxes measured by the butterfly valve technique in Figure
3.13. Out of the two cases, the fluxes estimated by the second case are closer to those of the butterfly
valve for all but one temperature. At this temperature, both cases led to almost the same difference
with the butterfly valve data point. Whereas the highest flux at a temperature was found to be within a
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maximum of 94.5% higher than the lowest flux at that temperature in the first case, the maximum value
became 63.2% for the case 2.
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Figure 3.13: Comparison of the solids circulation fluxes obtained from butterfly valve technique with
those obtained from considering the impact of cold tracer’s addition in two cases during the hot tests.
(U-bend aeration rate: 0.08 m3/h; inlet flow rate of air at riser’s NG burner for the test at 358°C was
12.5% lower than for the other tests.)
In summary, if the cold tracer pulse was too brief to reach any pair of thermocouples in the
measurement section (case 1), the values of calculated solids circulation flux from correlating two
thermocouples did not require any correction. In case 2 on the other hand, if the cold tracer did not get
dampened quickly, the injected tracer would influence the measurements long enough to affect every
pair of thermocouples. Equation (3.1) is then needed to correct the measured solids circulation flux in
the transfer line. The corrected solids circulation rate allowing for the propagation of the pulse of cold
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tracer particles is shown to have improved agreement between the solids circulation fluxes measured by
the thermal-tracing and the butterfly valve techniques.

The actual solids circulation rate should be bounded by Case 1, without any disturbance, and Case 2,
allowing for a pulse-like increase from injected tracer particles, but it would require detailed dispersion
modeling of the dispersion of injected tracer particles to ascertain the exact impact of the addition of
cold tracer particles on the hot solids flow in the thermal-tracing test section. Therefore, without a
proper method to correct the impact of tracer injection, the flux directly measured by assuming the first
case is utilized in the following chapter.
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4 Solids Circulation Rates from Pressure and Energy Balances
4.1

Background

In the two previous chapters, the development and application of a novel thermal-tracing technique and
its validation at high temperature using a butterfly valve were illustrated. The operation of the entire
pilot plant was necessary to conduct experiments described in those chapters. In this chapter, we make
use of the pilot plant’s operational data to estimate solids circulation rates and compare with the rates
reported in the two previous chapters. The rates are determined in this chapter using two indirect
techniques. The first of these techniques is based on a balance of pressure between the riser and the
bubbling bed as the solids continuously circulate between these two vessels in a closed loop. The second
technique utilizes a balance of all input and output energy streams to and from the bubbling bed reactor
vessel. Whereas the pressure balance technique can be applied to both cold and hot tests, the energy
balance technique is limited to hot tests only. To our knowledge, no similar work has been reported in
the open literature, although it has been practised in the industry.

A number of correlations were utilized for estimating the solids circulation rate using the pressure
balance and the energy balance technique. These correlations were chosen based on their popularity,
i.e. their frequent use in the fluidization literature.
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4.2

Pressure balance modelling

In this section, we perform a pressure balance calculation to estimate solid circulation rate in the riser
and the bubbling bed. The hydrodynamic properties relevant for the process are estimated at first. Then
the correlations for determining absolute pressures at the bottoms of riser and bubbling bed are given.
Finally, the subtraction of one of the bottom pressures from other yields a single equation with two
unknown parameters, one of which is solid circulation flux. The value of the other unknown parameter
is optimized with the help of experimental findings.

4.2.1

Key assumptions

The operating conditions of the dual fluidized bed pilot plant are such that ideal-gas behaviour of real
gases can be assumed, since the operating temperature is quite high, and at the same time the
operating pressure is only slightly higher than the ambient pressure [51]. Therefore, the gases inside the
plant are assumed to follow the ideal gas law. When natural gas enters the burner, it is mixed with an
amount of air which provides more than enough oxygen to react with all the hydrocarbons in the natural
gas. The internal volume of the burner allows adequate residence time of the gas mixture to ensure that
the combustion reaction is completed.

The particles that escape from the riser’s cyclone during the plant’s operation were collected from the
downstream equipment after shutting down the plant and found to be a few kilograms per hour. This is
a very small amount compared to the total solids inventory of about 100 kg. The amount of particles
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which escape during each solids circulation test was <1% of the total amount of solids circulating in the
system.

A number of simplifying assumptions have been made throughout the estimation processes. The key
assumptions are:



All pure gases and gas mixtures obey the ideal gas law.



Complete combustion of natural gas occurs in the presence of excess air fed to each burner.



The number of particles not captured by the cyclones and other factors such as attrition are not
significant enough to change the hydrodynamics of the system within the time frame of each
test.



All bubbles at a given cross-section (height) in the bubbling bed have the same size, so that the
average diameter of the bubbles changes in the axial direction only.

4.2.2

Estimation of hydrodynamic parameters

4.2.2.1 Flow rates of air and natural gas
The circulating fluidized bed (CFB) riser and the bubbling fluidized bed (BFB) draw input air from
separate streams. In each stream, the input air passes through a rotameter before entering a natural gas
burner. The burner does not operate during cold tests; instead, the air merely travels through it to reach
the respective fluidized bed to act as fluidizing agent. For hot tests, on the other hand, the burner is
generating heat from the combustion of natural gas to raise the temperature of both fluidized beds. This
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natural gas passes through another rotameter. The combustion of natural gas in the burner produces
hot flue gas which fluidizes the particles downstream.

There are four rotameters in total to measure the inlet flow rates of CFB riser air, riser natural gas, BFB
air and BFB natural gas. No natural gas is used in the cold tests, and therefore the two rotameters for
natural gas flows are not required during cold tests. Each of the rotameters is attached to a pressure
gauge.

The ambient temperature and pressure, 20°C and 101.3 kPa, are used as base conditions for all
calculations. The typical composition of natural gas is 95% methane, 3% other alkanes such as ethane,
propane, butane and pentane and 2% nitrogen [52]. Since the amount other alkanes in total are very
small compared to that of methane, they are lumped together with methane for the ease of calculation.
Therefore, natural gas is considered to contain 98% methane and 2% nitrogen. The standard
correlations to convert a rotameter reading to actual flow rate are given in Appendix E.

4.2.2.2 Superficial gas velocity for cold and hot tests
Ideal gas law is used to convert an actual flow rate of air at base condition to its equivalent flow rate at
the riser’s operating condition for the cold tests. This is straightforward since no natural gas was used.
However, in a hot test, the natural gas undergoes complete combustion in the presence of excess air in
the burner and flue gas is produced in the process.
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𝐶𝐻4 + 2𝑂2 → 𝐶𝑂2 + 2𝐻2 𝑂

(4.1)

The molar flow rate of each constituent gas in the input air and natural gas is estimated. Then atomic
balances are performed across the burner to calculate the molar flow rate of each constituent gas in the
output flue gas. This molar flow rate is converted to volumetric flow rate at the riser’s operating
condition. The summation of the volumetric flow rate of each constituent gas provides the total
volumetric flow rate in the riser from which the superficial gas velocity is calculated.

The superficial gas velocities in the bubbling bed for cold and hot tests are estimated in the same way.

4.2.2.3 Density and viscosity of gas mixture
The density of gas mixture in the riser and bubbling bed is calculated from

𝑛

𝜌𝑚𝑖𝑥 = ∑ 𝑥𝑖 . 𝑀𝑊𝑖

(4.2)

𝑖=1

where xi is the mole fraction of a component i in the mixture and MWi is its molecular weight.

Kaushal et al. [40] estimated the viscosity of a pure gas (unit: Pa-s) as a function of temperature using

𝜇𝑖 = (𝑎1 𝑇 3 + 𝑎2 𝑇 2 + 𝑎3 𝑇 + 𝑎4 ) × 10−6

(4.3)

The values of the coefficients (a1, a2, a3 and a4) are reported in Appendix F.
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Equation (4.4), developed by Wilke [41], gives the viscosity of a mixture of pure gases.

𝑛

𝜇𝑚𝑖𝑥 = ∑
𝑖=1

(4.4)

𝑥𝑖 . 𝜇𝑖
𝑁
∑𝑗=1 𝑥𝑖 . 𝜙𝑖𝑗

where,

1⁄2

𝜙𝑖𝑗 =

[1 + (𝜇𝑖 ⁄𝜇𝑗 )

1⁄4 2

(𝑀𝑊𝑗 ⁄𝑀𝑊𝑖 )

[8(1 + 𝑀𝑊𝑖 ⁄𝑀𝑊𝑗 )]

]

1⁄2

4.2.2.4 Particle terminal velocity in riser
First, a drag coefficient is assumed. Then, terminal velocity and Reynolds number are calculated from

⁄
4 𝑔𝑑𝑝 𝜌𝑝 − 𝜌𝑚𝑖𝑥 1 2
𝑈𝑡 = [ .
.
]
3 𝐶𝐷
𝜌𝑚𝑖𝑥

𝑅𝑒𝑡 =

𝑑𝑝 𝑈𝑡 𝜌𝑚𝑖𝑥
𝜇𝑚𝑖𝑥

(4.5)

(4.6)

Clift et al. [53] recommended drag correlations as a function of Reynolds number. These correlations are
used to obtain a drag coefficient which is compared with the assumed one. If these two coefficients
differ, a new drag coefficient is assumed and the entire process is repeated until the difference reduces
to 0.001.
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4.2.2.5 Bed voidage in riser
The saturation carrying capacity of gas mixture (Gs*) is estimated using the correlation reported by Bai et
al. [54]:

1.85

𝐺𝑠∗ 𝑑𝑝
𝑈
= 0.125 (
)
𝜇𝑚𝑖𝑥
√𝑔𝑑𝑝

(4.7)

𝜌𝑝 − 𝜌𝑚𝑖𝑥 −0.44
𝐴𝑟 0.63 (
)
𝜌𝑚𝑖𝑥

where,

𝐴𝑟 =

(𝜌𝑝 − 𝜌𝑚𝑖𝑥 )𝜌𝑚𝑖𝑥 𝑔𝑑𝑝3
2
𝜇𝑚𝑖𝑥

(4.8)

Bi and Zhu [55] approximated saturation voidage far ahead of riser’s exit using:

𝐺𝑠∗
𝜀 =1−
𝜌𝑝 (𝑈 − 𝑈𝑡 )

(4.9)

∗

The empirical correlation reported by Bai et al. [54] is utilized to estimate voidage at the bottom (εd) and
the top exit (εe) of the riser.

−0.383

𝑈𝜌𝑝 −0.23 𝜌𝑝 − 𝜌𝑚𝑖𝑥 1.21
1 − 𝜀𝑑
𝑈
=
1
+
0.00614
(
)
(
)
(
)
∗
1−𝜀
𝐺𝑠
𝜌𝑚𝑖𝑥
√𝑔𝐷𝑅𝑖𝑠𝑒𝑟

𝑓𝑜𝑟 𝐺𝑠 > 𝐺𝑠∗

(4.10)
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𝑈𝜌𝑝 1.13 𝜌𝑝 − 𝜌𝑚𝑖𝑥 −0.013
1 − 𝜀𝑑
=
1
+
0.103
(
)
(
)
𝑓𝑜𝑟 𝐺𝑠 ≤ 𝐺𝑠∗
1 − 𝜀∗
𝐺𝑠
𝜌𝑚𝑖𝑥

1 − 𝜀𝑒
= 4.04(1 − 𝜀 ∗ )0.214
1 − 𝜀∗

(4.11)

The one-dimensional entrainment model of Kunii and Levenspiel [56] is adopted to estimate the average
voidage (ε) in the riser:

(1 − 𝜀) = (1 − 𝜀𝑑 ) +

𝜀 ∗ − 𝜀𝑑
)]
[(𝜀𝑒 − 𝜀𝑑 ) − (𝜀 ∗ − 𝜀𝑑 )𝑙𝑛 ( ∗
𝑎𝐻𝑅𝑖𝑠𝑒𝑟
𝜀 − 𝜀𝑒
1

(4.12)

Here, ‘a’ is a decay constant whose value can vary from 0.3 to 2.5 according to Kunii and Levenspiel [57].
In this thesis, an optimum value of decay constant is used. The optimization process is described in
Section 4.2.3.2.

4.2.2.6 Expanded bed height and voidage in bubbling bed
The Grace [45] correlation is used to estimate the minimum fluidization velocity of the particles:

𝑅𝑒𝑚𝑓 = √𝐶12 + 𝐶2 𝐴𝑟 − 𝐶1

(4.13)

where,
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𝑅𝑒𝑚𝑓 =

𝑑𝑝 𝑈𝑚𝑓 𝜌𝑚𝑖𝑥
𝜇𝑚𝑖𝑥

(4.14)

and C1 and C2 are taken as 27.2 and 0.0408, respectively.

The minimum fluidization voidage for the particles is considered as 0.45.

Initially, a height is assumed for the expanded bed. A representative height at which the calculation of
hydrodynamic parameters needs to be performed is set at 40% of the expanded bed height. The average
diameter of bubbles at the representative height is estimated by the correlation developed by Darton et
al. [58].

0.8

𝐴𝐵𝐹𝐵
𝑑𝑏 = 0.54(𝑈 − 𝑈𝑚𝑓 ) [𝑧𝑅𝑒𝑝 + 4√
]
𝑁𝑜𝑟

(4.15)
𝑔

−0.2

Nor, the number of orifices in the distributor plate in the case under study is 72.

Davidson and Harrison [59] developed a correlation for calculating the average bubble velocity that
considers the velocity of an isolated bubble, as well as a term accounting for bubble interactions:

𝑈𝑏 = 0.71√𝑔𝑑𝑏 + (𝑈 − 𝑈𝑚𝑓 )

(4.16)

The bed fraction occupied by bubbles is estimated from
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𝜀𝑏 =

(𝑈 − 𝑈𝑚𝑓 )
𝑈𝑏

(4.17)

Finally, the expanded bed voidage and pressure drop (in Pa) are estimated by

𝜀 = 𝜀𝑏 + (1 − 𝜀𝑏 )𝜀𝑚𝑓

(4.18)

Δ𝑃 = (𝜌𝑝 − 𝜌𝑚𝑖𝑥 )(1 − 𝜀)𝑔𝐻𝑏𝑒𝑑

(4.19)

The pressure drop across the bubbling bed is continuously measured by a differential pressure
transducer. If the estimated pressure drop differs from the measured one, then a new height of the
expanded bed is assumed and all the subsequent calculations are repeated until the estimated pressure
drop is within 0.1% of the measured pressure drop. The corresponding expanded bed height and bed
voidage are then taken.

4.2.3

Solid circulation flux from pressure balance

4.2.3.1 Balance of pressure between riser and bubbling bed
The absolute pressures at the bottoms of riser and bubbling bed can be determined using

𝑃𝑅𝑖𝑠𝑒𝑟 = [𝜌𝑝 (1 − 𝜀)𝑔𝐻 + 𝜌𝑚𝑖𝑥 𝜀𝑔𝐻 + Δ𝑃𝑎𝑐𝑐 + Δ𝑃𝑓𝑔 + Δ𝑃𝑓𝑝 + Δ𝑃𝑐𝑦𝑐 ]

𝑅𝑖𝑠𝑒𝑟

(4.20)

95

𝑃𝐵𝐹𝐵 = [𝜌𝑝 (1 − 𝜀)𝑔𝐻 + 𝜌𝑚𝑖𝑥 𝜀𝑔𝐻 + Δ𝑃𝑎𝑐𝑐 + Δ𝑃𝑓𝑔 − Δ𝑃𝑓𝑝 + Δ𝑃𝑐𝑦𝑐 ]

𝐵𝐹𝐵

(4.21)

It is important to note that the height, H, of BFB in Equation (4.21) denotes the height of the expanded
bed in it, whereas the height of riser in Equation (4.20) is its physical height. In both of these equations,
the first term in the right side makes the largest contribution as it represents the pressure drop in the
vessel due to the presence of particles. The second term is for the pressure drop due to gas flow. The
low density of gas mixture causes the contribution of this term to be insignificant. The other terms
represent pressure drops due to particle acceleration, wall friction from both gas and particles and the
pressure drop across the cyclone. At high gas velocities and high solid circulation rates, the frictional
effects can become significant.

The particles acceleration term can be neglected at solids low circulation rates; but it should be
considered at high circulation fluxes. Particles can be considered to accelerate from zero velocity at the
entrance to the fully developed velocity at the exit. As a first approximation, Bi and Zhu [55] estimated
the pressure drop by

Δ𝑃𝑎𝑐𝑐 =

𝐺𝑠2 𝜌𝑝
2

(4.22)

The pressure drop due to gas-wall friction is estimated by the Fanning equation
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Δ𝑃𝑓𝑔 = 2𝑓𝑔 𝜀𝜌𝑚𝑖𝑥 𝑈 2

𝐻
𝐷

(4.23)

where, the friction coefficient, is given by

16
𝑓𝑜𝑟 𝑅𝑒 ≤ 2300
𝑅𝑒
𝑓𝑔 =
0.079
𝑓𝑜𝑟 𝑅𝑒 > 2300
{𝑅𝑒 0.313
}

(4.24)

The empirical correlation developed by Kono and Saito [60] is utilized to estimate the pressure drop due
to particle-wall friction:

Δ𝑃𝑓𝑝 = 2𝑓𝑝

𝐻
𝐺𝑠2
.
𝐷 𝜌𝑝 (1 − 𝜀)

(4.25)

where, the friction coefficient, fp is given by

𝑓𝑝 =

0.0285√𝑔𝐷
𝐺𝑠
𝜌𝑝 (1 − 𝜀)

(4.26)

Note the negative sign placed before this term in Equation (4.21) as there is a net downward movement
of particles at the walls of a bubbling bed.
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According to Rhodes and Geldart [61], the pressure drop across a typical cyclone attached to a fluidized
bed can be approximated by

1
Δ𝑃𝑐 = 𝜉𝜌𝑚𝑖𝑥 𝑈 2
2

(4.27)

with, the friction coefficient, ξ taken as 50.

When calculating the pressure drops due to particle acceleration and particle-wall friction in the
bubbling bed, the net solid circulation flux across the bubbling bed (Gs,BFB) is replaced by the flux in riser
(Gs,Riser) according to

𝐺𝑠,𝑅𝑖𝑠𝑒𝑟 𝐴𝑅𝑖𝑠𝑒𝑟 = 𝐺𝑠,𝐵𝐹𝐵 𝐴𝐵𝐹𝐵

(4.28)

Subtraction of Equation (4.21) from Equation (4.20) yields

𝑃𝑅𝑖𝑠𝑒𝑟 − 𝑃𝐵𝐹𝐵 = [𝜌𝑝 (1 − 𝜀)𝑔𝐻 + 𝜌𝑚𝑖𝑥 𝜀𝑔𝐻 + Δ𝑃𝑎𝑐𝑐 + Δ𝑃𝑓𝑔 + Δ𝑃𝑓𝑝 + Δ𝑃𝑐𝑦𝑐 ]

𝑅𝑖𝑠𝑒𝑟

− [𝜌𝑝 (1 − 𝜀)𝑔𝐻 + 𝜌𝑚𝑖𝑥 𝜀𝑔𝐻 + Δ𝑃𝑎𝑐𝑐 + Δ𝑃𝑓𝑔 − Δ𝑃𝑓𝑝 + Δ𝑃𝑐𝑦𝑐 ]

(4.29)

𝐵𝐹𝐵

Direct measurement of pressure at the bottoms of riser and bubbling bed produce the value for the left
side of Equation (4.29). The deposition of fine particles that escape from each of these two vessels on
the corresponding filter bags during a single test is small. There are twelve filter bags installed at a
baghouse in the downstream of each vessel. The desired gauge pressure in the downstream of each
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vessel up to the baghouse is zero. However, the deposition of fine particles over a long period of plant’s
operation causes this gauge pressure to increase significantly (e.g. 2-3 kPa). This pressure acts as a back
pressure on the operating pressure of the corresponding vessel. Then, a part of the bottom pressure
measured by a transducer comes from the undesired pressure build up in the downstream. Hence, the
downstream pressure is deducted from the measured one to obtain a bottom pressure which discounts
the contribution of escaped particles. These final values are used in Equation (4.29).

After the substitutions of Equations (4.22) to (4.28) into Equation (4.29), there remain two unknowns:
the solid circulation flux in the riser (Gs,Riser) and the decay constant (a). The decay constant appears in
Equation (4.12) and appropriate value of this constant need to be assigned in order to determine the
solid circulation flux.

4.2.3.2 Optimization of decay constant
The decay constant (a) used in Equation (4.12) represents the change is voidage with height in the
entrainment region of the riser. The dense region at the bottom of riser is considered to have a uniform
voidage (εd) which can be estimated using Equation (4.10). On the other end, the exit region of riser can
be assigned another uniform voidage (εe) which is calculated using Equation (4.11). The entrainment
region is situated between these two regions and it is here the voidage experiences an exponential
decay from εd to εe across He (the length of the region):
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𝜀 ∗ − 𝜀𝑒
= 𝑒 −𝑎𝐻𝑒
𝜀 ∗ − 𝜀𝑑

(4.30)

Kunii and Levenspiel [57] compiled a wide range of experimental data reported in the literature for highvelocity fluidized beds and found that the decay constant can assume values between 0.3 and 2.5. They
did not work out any correlation for the estimation of this constant. Later, Bi and Zhu [55] found a value
of a=0.5 to be reasonable to utilize in their model which they validated against the experimental data
obtained from using two kinds of Geldart A particles and one kind of Geldart B particles.

In this work, it was decided to find an optimum value of decay constant that works for both hot and cold
tests. For each of the 17 tests, a range of values of the decay constant was considered. The decay
constant is needed to estimate the average voidage in the riser using Equation (4.12) which is then used
in Equation (4.29) to estimate the solids circulation flux. This way a solids circulation flux in the riser is
obtained by using each of the values of decay constant in the range considered. The root-mean-square
(RMS) deviation of estimated fluxes from their corresponding fluxes measured by applying thermaltracing technique is calculated for each value of the decay constant. Equation (4.31) presents the
formula utilized here with n=17 (i.e. 17 data points from the experiments). The constant which gives the
minimum value of the RMS deviation is selected as the optimum value of a, which is equal to 0.67.

2

∑𝑛 (𝐺𝑠,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑,𝑖 − 𝐺𝑠,𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑,𝑖 )
𝑅𝑀𝑆 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 = √ 𝑖=1
𝑛

(4.31)
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4.3

Energy balance modelling

In this section, I perform an energy balance calculation over the bubbling bed reactor to estimate the
net flow rate of solid passing through it. The heat transfer parameters are estimated at first. Then, heat
loss through reactor wall and insulation is calculated. Finally, an equation that includes each input and
output energy streams is solved to obtain the solid circulation rate in the system.

4.3.1

Key assumptions

There was neither any effort to remove heat from the outer surface of the bubbling bed reactor vessel
nor any attempt to maintain the surface of the vessel at a particular temperature. The operating team
accepted that some heat would be lost and planned accordingly. Inside the vessel, the temperature was
not uniform over the surface. However, the axial temperature gradient in the dense bed was found to
be negligible. In the freeboard, the temperature was measured at a single point. There was a difference
between the average temperature of the dense bed and the freeboard temperature. The resulting heat
transfer from the dense bed to the freeboard was not determined as this would be negligible compared
to the total heat loss from inside the vessel in the radial direction through the walls and then by natural
convection to the ambient atmosphere.

The bubbles in the bed cause rapid and extensive vertical mixing of particles in bubbling fluidized beds.
Because of the high bed-to-surface heat transfer coefficient expected in the bubbling bed, the resistance
to heat transfer from the interior of the bubbling bed to the inner wall of the vessel was extremely low
compared to that from the inner wall to the ambient air by natural convection.
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The combustion of natural gas in the burner produces flue gas which comes in contact with a small
amount of nitrogen gas while passing through the circulating fluidized bed or bubbling fluidized bed
reactor vessels. Because of the inert nature of nitrogen, it is assumed to participate in no reactions
affecting the flue gas composition.

Several simplifying assumptions have been adopted:



Ambient air is free to circulate around the bubbling bed reactor vessel. Heat is lost in two modes
from the vessel’s outer walls: natural convection and radiation. No heat is lost from the outer
surfaces due to forced convection of air.



Heat loss occurs from inside the BFB vessel through the reactor wall and insulation to the
ambient atmosphere in the radial direction only.



The resistance to heat transfer from the interior of bubbling bed to the inner wall is negligible
compared to the resistance between the inner and the outer walls. This is also applicable for the
pipes that connect BFB vessel with NG burner.



The composition of flue gas generated in each NG burner does not alter when passing through
its downstream vessel i.e. riser or bubbling bed.



In the bubbling bed reactor vessel, there is no axial temperature gradient in the dense bed nor
in the freeboard. However, the representative temperatures of the dense bed and freeboard
differ from one another.
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4.3.2

Estimation of heat transfer parameters

4.3.2.1 Heat capacity and thermal conductivity of gas and solid particles
The heat capacity (unit: kJ/mol-K) of a pure gas or even a gas mixture such as air is commonly reported
as a function of temperature in the form of

𝐶𝑝 = 𝑏1 + 𝑏2 𝑇 + 𝑏3 𝑇 2 + 𝑏4 𝑇 3

(4.32)

The values of the coefficients for the relevant gases of interest in this thesis appear in Appendix F.

The heat capacity of bed material (sand) does not vary significantly with temperature and therefore is
taken as 0.8 kJ/mol-K for all calculations.

Kadoya et al. [43] developed a method for the calculation of thermal conductivity, k, of dry air at any
temperature, writing

𝑘(𝑇𝑟 , 𝜌𝑟 ) = 𝛬[𝑘 ′ (𝑇𝑟 ) + 𝛥𝑘(𝜌𝑟 )]

(4.33)

𝑘 ′ (𝑇𝑟 ) = 𝑚1 𝑇𝑟 + 𝑚2 𝑇𝑟0.5 + 𝑚3 𝑇𝑟0 + 𝑚4 𝑇𝑟−1 + 𝑚5 𝑇𝑟−2 + 𝑚6 𝑇𝑟−3 + 𝑚7 𝑇𝑟−4

(4.34)

𝛥𝑘(𝜌𝑟 ) = 𝑛1 𝜌𝑟 + 𝑛2 𝜌𝑟2 + 𝑛3 𝜌𝑟3 + 𝑛4 𝜌𝑟4 + 𝑛5 𝜌𝑟5

(4.35)
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𝑇𝑟 =

𝑇
𝜌
𝑊
, 𝜌𝑟 =
𝑎𝑛𝑑 Λ = 25.9778 × 10−3
132.5
314.3
𝑚. 𝐾

(4.36)

The values of the coefficients (mi and ni) are reported in Appendix F.

4.3.2.2 Natural convection heat transfer coefficient at the outer wall of BFB
The density, viscosity, heat capacity and thermal conductivity of the thin layer of air next to the outer
wall of the column are determined at the film temperature which is an average of the temperatures of
ambient air and the outer wall.

First, the Rayleigh number is obtained from Prandtl and the Grashhof numbers:

𝑅𝑎 = 𝑃𝑟. 𝐺𝑟 =

𝜇𝑎𝑖𝑟 𝐶𝑝,𝑎𝑖𝑟 𝑔𝛽(𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 )𝐿3𝑐
.
2
𝑘𝑎𝑖𝑟
𝜈𝑎𝑖𝑟

(4.37)

where, volume expansion coefficient, β = 1/Tfilm.

Cengel [46] gathered empirical correlations for calculating the average Nusselt number for natural
convection over surfaces of different shapes and orientations. They give the following criterion for
treating a vertical cylinder as a vertical plate:

𝐷≥

35𝐿𝑐
𝐺𝑟1/4

(4.38)
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where, D = cylinder diameter and Lc is the characteristic length.

The correlations for Nusselt number for a vertical flat plate, horizontal plate with hot bottom surface
and horizontal cylinder are provided, respectively, by

0.387𝑅𝑎1/6
𝑁𝑢 = {0.825 +
}
[1 + (0.492/𝑃𝑟)9/16 ]8/27

2

𝑁𝑢 = 0.27𝑅𝑎1/4 , 𝑓𝑜𝑟 𝑅𝑎: 105 − 1011

2

0.387𝑅𝑎1/6
𝑁𝑢 = {0.6 +
} 𝑓𝑜𝑟 𝑅𝑎 ≤ 1012
[1 + (0.559/𝑃𝑟)9/16 ]8/27

(4.39)

(4.40)

(4.41)

Note that the Nusselt number is defined by

𝑁𝑢 =

ℎ𝑛𝑐 𝐿𝑐
𝑘𝑎𝑖𝑟

(4.42)

where hnc is the natural convection heat transfer coefficient.

4.3.2.3 Radiation heat transfer coefficient at outer wall of BFB
The heat transfer to the ambient air due to radiation from this surface is then estimated
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4
𝑄𝑟𝑎𝑑 = ℎ𝑟𝑎𝑑 𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒 (𝑇∞ − 𝑇𝑠𝑢𝑟𝑎𝑓𝑐𝑒 ) = 𝜖𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝜎𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒 (𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒
− 𝑇∞4 )

(4.43)

where, the Stefan–Boltzmann constant, σ = 5.67 × 10−8 W/m2-K4 and ϵsurface is the emissivity of the outer
surface of the reactor. The outer surface of the bubbling bed reactor is quite dark because of being
oxidized in ambient atmosphere over many years of use and hence its emissivity is taken as 0.9.

4.3.3

Heat loss from bubbling bed reactor system

4.3.3.1 Geometry of the system
Thermal energy is lost from the interior of bubbling bed to the ambient air through layers of insulation
and the metal frame of the vessel. Neither the thickness nor the number of layers of insulation is
uniform across the vessel. In addition, the temperature difference between the dense bed and the
freeboard region inside the vessel is significant. Therefore the vessel is divided into five sections and
heat transfer calculations are performed for each of them.

The hot flue gas generated from combustion of natural gas at the burner enters the BFB vessel through
the windbox. Heat transfer process at that point is complex as the U-bend passes through the centre of
the windbox. Therefore, it was decided to consider the flue gas at the burner exit as the inlet gas to the
system, with heat losses from the pipe sections between the burner and windbox also estimated.

Table 4.1 lists all the sections in the system and shows each section’s characteristic dimension (length in
all but one case), inner wall radius and the thicknesses of construction and insulation materials. Figure
4.1 is used to identify the sections in the system.
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Only the top plate has a diameter as its characteristic dimension. The bottom cylindrical part contains
the dense region of the bubbling bed. The height of the expanded bed is selected as its characteristic
length. The remaining height of this section is lumped with that of the top conical section. For each of
the two conical sections, the average of the radii at both ends of the cone is taken to simplify the
calculation. An F-shaped pipe section, an expansion bellow and two reducers are installed to connect NG
burner to BFB windbox. There are two smaller expansion bellows in the F-section. However, their
common diameter is almost similar to the pipe diameter in the section. Hence, these two bellows are
taken as ordinary pipes. For ease of calculation, the F-shaped section is considered as a straight pipe
with a length equal to the combined length of all the parts in the section. Although physically separated
by a bellow, the two reducers are merged together to create a single one and its average diameter is
calculated following the way used for BFB conical sections. The average diameter is found to be almost
same as that of the bellow. Then the expansion bellow and the two reducers are lumped together to
obtain a single diameter and a single length for this assembly. Note that orientations of all BFB sections
are vertical except the top plate which is horizontal, whereas the orientations of F-section, reducers and
bellows are horizontal except for a very small length of F-section which is vertical.
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Table 4.1: BFB sections and their dimensions.
Section

Characteristic
length

Radius of
inner wall

Thicknesses of construction and insulation materials from
inside wall to outside wall surface
60%
alumina
brick

Top plate

N/A,
Diameter:
914.4 mm
(36”)

N/A

762 mm
(30”)

346.1 mm
(13.625”)

Top cone

1676.4 mm
– expanded
bed height

252.4 mm
(9.9375”)

Bottom cylinder

Expanded
bed height

Bottom cone

Windbox

Board
Carbon
insulator steel

Stainless Mineral
steel
wool
310

101.6 mm
(4”)

-

9.5 mm
(0.375”)

-

-

152.4 mm
(6”)

92.1 mm
(3.625”)

25.4mm
(1”)

9.5 mm
(0.375”)

-

-

209.6 mm
(8.25”)

93.7 mm
(3.6875”)

127 mm
(5”)

-

9.5 mm
(0.375”)

-

-

38.1 mm
(1.5”)

160.3 mm
(6.3125”)

-

-

4.8 mm
(0.1875”)

-

114.3 mm
(4.5”)

Connecting pipe
F-section

1695.9 mm
(66.375”)

20.4 mm
(0.805”)

-

-

-

3.7 mm
(0.145”)

76.2 mm
(3”)

Connecting pipe
reducers &
bellows

460.4 mm
(18.125”)

40.8 mm
(1.605”)

-

-

-

3.7 mm
(0.145”)

88.9 mm
(3.5”)

Top cylinder
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Figure 4.1: Simplified sketch of BFB sections. (Connecting flanges, measurement ports, and inlets and
outlets of gas mixtures or solids are not shown.)
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4.3.3.2 Thermal resistance network
The temperature inside any section of the system is much higher that the ambient temperature. This
difference in temperature creates a driving force for heat loss from every section of the system.
However, heat transfer meets resistance during:



Convection and radiation from the interior of bubbling bed to the inner wall,



Conduction through the layers of insulations and metals, and



Convection and radiation from the outer wall through the ambient air.

The resistance to heat transfer from the interior of bubbling bed to the inner wall is ignored. The heat
transfers from the outer wall by convection and radiation through air occur in parallel so that

1
𝑅𝑛𝑐+𝑟𝑎𝑑

=

1
1
1
1
+
=
+
𝑅𝑛𝑐 𝑅𝑟𝑎𝑑 1/ℎ𝑛𝑐 𝐴 1/ℎ𝑟𝑎𝑑 𝐴

(4.44)

The resistance to heat transfer during conduction through a multilayer assembly of insulation and metal
is given by

𝑛

∑
𝑅𝑐𝑜𝑛𝑑 =

𝑖=1
𝑚

∑

{ 𝑖=1

𝑟
𝑙𝑛 𝑟 𝑖

𝑖−1

2𝜋𝐿𝑘𝑖
Δ𝐿𝑖
𝑘𝑖 𝐴

(4.45)
𝑓𝑜𝑟 𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟𝑠

𝑓𝑜𝑟 ℎ𝑜𝑟𝑜𝑧𝑜𝑛𝑡𝑎𝑙 𝑝𝑙𝑎𝑡𝑒𝑠

}
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where, ‘ri’ and ‘ri-1’ are the outside and inside radii of a cylindrical layer, respectively, and ∆L is the
thickness of a flat layer.

4.3.3.3 Heat loss from a section
The equivalent (convection and radiation at the outer wall) resistance and the conduction resistance are
in series. The heat loss from a section is calculated using

𝑄𝑙𝑜𝑠𝑠 =

𝑇𝑖𝑛𝑠𝑖𝑑𝑒 − 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡
𝑅𝑛𝑐+𝑟𝑎𝑑 + 𝑅𝑐𝑜𝑛𝑑

(4.46)

Because of steady-state, the amount of heat energy that passes through air is the same as the heat loss.
We estimate the temperature of the outer wall of a section:

𝑄𝑙𝑜𝑠𝑠 =

𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡
𝑅𝑛𝑐+𝑟𝑎𝑑

(4.47)

An iterative process is employed to conduct the calculation of heat loss. At first, an arbitrary
temperature is assumed for the outer surface of the assembly of insulations and metal. Then, Equations
(4.37) to (4.47) are used to calculate the temperature of this surface. The iteration stops when the
difference between the assumed and the estimated temperatures reduces to 0.001. The corresponding
value of heat loss is taken for subsequent calculations.
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4.3.4

Solid circulation flux from energy balance

It is possible to determine the solids circulation rate through the bubbling bed reactor from the change
in temperature of the solids and an energy balance, assuming steady state conditions. This method does
not work for cold tests because the solids do not change their temperature. An energy balance at steady
state over the bubbling bed leads to

𝑚̇𝑠𝑜𝑙𝑖𝑑𝑠 =

𝑄𝑓𝑙𝑢𝑒,𝑖𝑛 − 𝑄𝑓𝑙𝑢𝑒,𝑜𝑢𝑡 − 𝑄𝑝𝑢𝑟𝑔𝑒 − 𝑄𝑙𝑜𝑠𝑠

(4.48)

𝐶𝑝,𝑠𝑜𝑙𝑖𝑑𝑠 (𝑇𝑠𝑜𝑙𝑖𝑑𝑠,𝑖𝑛 − 𝑇𝑠𝑜𝑙𝑖𝑑𝑠,𝑜𝑢𝑡 )

The thermal energy contents of the inlet and outlet flue gas are estimated at the entrance of the
connecting pipe (of NG burner and BFB) and at BFB exit, respectively. A small flow of nitrogen (5
litres/min) is continuously injected into the bubbling bed reactor vessel through the biomass feeding
port to prevent solids entry into the feed hopper. A portion of the thermal energy input to the bubbling
bed is used to raise the temperature of the purge nitrogen from the ambient temperature to the
bubbling bed’s temperature. Each of these three thermal energies is calculated with the use of

𝑄 = ∑ 𝑚̇𝑖 𝐶𝑝,𝑖 (𝑇 − 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 )

(4.49)

𝑖

where, ‘i’ is the constituent gas in the mixture.

The addition of heat loss from each section of Table 4.1 gives the total loss of thermal energy from the
BFB vessel and preceding pipe connections through their walls. The denominator of the right side of
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Equation (4.48) comes from the use of Equation (4.49) to account the thermal energies of incoming and
outgoing solids.

Because of the steady-state operation of the dual fluidized bed system, the flow rates of solids through
the bubbling bed and the riser are equal to each other. Hence the solids circulation flux can be
estimated based on the cross-sectional area of riser for direct comparison with fluxes obtained from
other methods:

𝐺𝑠 =

4.4

𝑚̇𝑠𝑜𝑙𝑖𝑑𝑠
𝐴𝑅𝑖𝑠𝑒𝑟

(4.50)

Results and discussion

The solid circulation rates based on the thermal-tracing and butterfly valve techniques presented in the
previous chapter, are compared with corresponding rates estimated using the indirect technique(s)
described in this chapter. As mentioned earlier, the energy balance technique is not applicable during
cold operation of the plant. However, every attempt to apply this technique during a hot run was
successful. The pressure balance technique was successful in estimating the solids circulation rates
during all cold and hot runs. Similarly, the butterfly valve technique’s success rate was 100% for both hot
and cold runs. In comparison, the thermal-tracing technique’s success rate was 68%, considering both
hot and cold tests, i.e. 68% of the data generated by injecting cold tracer particles during these tests
were able to satisfy the criteria developed to filter out unjustifiable data.
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The error bars shown in the figures of this chapter reflect 90% confidence interval of the reported data.
The error bars are applied to those solid circulation rates which are directly measured. Figure 4.2 shows
the fluxes obtained in the cold tests with the application of two direct measurement techniques and an
indirect technique at four different aeration rates in the U-bend located between the bubbling bed and
the riser. All other operating parameters including volumetric flow rates of air into the bubbling bed and
the riser were not changed during the cold experiments.

In general, the fluxes based on pressure balance technique are found to be closer to those resulting
from the butterfly valve technique than to the fluxes of thermal-tracing technique. Most of the fluxes
estimated by the pressure balance technique are in good agreement with those measured by the
thermal-tracing technique. However, some fluxes show minor deviations, especially at higher aeration
rates. It should be noted that none of the techniques is devoid of source of error.
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Figure 4.2: Comparison of solid circulation fluxes in the cold tests estimated at different aeration rates
in the U-bend using 3 independent techniques with a constant superficial gas velocity of 3.4 m/s in the
riser.
Figure 4.2 does not reveal any strong correlation between changes in the aeration rate at the U-bend
and the solids circulation flux. The aeration at the U-bend facilitates the flow of solids from bubbling bed
to the riser. A more important parameter is the difference in pressure between the bottoms of the
bubbling bed and the riser which provide the driving force for solids leaving the bubbling bed to flow to
the riser through the U-bend. Figure 4.3 presents the cold test results at constant superficial gas velocity
in the riser with the pressure difference plotted on the horizontal axis. This figure does not suggest any
significant impact of the change of pressure difference on the solids circulation flux. This may be
because the range of pressure difference in these tests was narrow.
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Figure 4.3: Impact of pressure difference between BFB and riser on solids circulation flux in cold tests
obtained from using 3 independent techniques at a fixed superficial gas velocity of 3.4 m/s in the
riser.
In the hot tests, it was possible to apply all four techniques at the same time for the determination of
solids circulation flux. Figure 4.4 shows the fluxes at five temperatures with the same aeration rate at
the U-bend. The fluxes differ from one another to some extent at each temperature, with the butterfly
valve technique producing the lowest flux at four of the five temperatures. The combination of the
limitations of these techniques are likely to cause these differences. However, the agreements can be
considered reasonable, since there is no accurate technique for determining solids circulation rates at
high temperatures.
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Figure 4.4: Comparison of solids circulation fluxes in the hot tests estimated at different temperatures
in the riser using 4 independent techniques with a constant aeration rate of 0.08 m3/h at the U-bend.
(Inlet flow rate of air at riser’s NG burner for the test at 358°C was 12.5% lower than for the other
tests.)
According to Figure 4.4, the change in temperature appears to have little effect on the solids circulation
flux. Figure 4.5 explores the effect of the change of pressure difference between the bottoms of the
bubbling bed and the riser on the solid circulation flux in the hot tests. Note that the range of pressure
difference is too small to expect any appreciable change in the solids circulation flux.

117

70

Riser solids flux (kg/m²-s)

60
50
40
30
20
10
0
10.2

10.3

10.4

10.5

10.6

10.7

Pressure difference between bottom of BFB and bottom of riser (kPa)
Thermal-tracing technique

Butterfly valve technique

Pressure balance technique

Energy balance technique

Figure 4.5: Impact of pressure difference between BFB and riser on solids circulation flux in the hot
tests obtained from using 4 independent techniques at a fixed aeration rate of 0.08 m3/h at the Ubend.
When the volumetric flow rate of inlet air to the NG burner for CFB riser was fixed, an increase in the
riser temperature made the volumetric flow rate of flue gas there to rise, which in turn caused the
superficial gas velocity to increase. Four hot tests were conducted at the same volumetric flow rate of
the inlet air. The solids circulation fluxes from these four hot tests are plotted against the riser
superficial gas velocity in Figure 4.6. The flux did not change significantly with superficial gas velocity for
the limited velocity range covered. This has happened due to the limitation imposed by two operating
parameters, the aeration at the U-bend and the pressure difference between the bottoms of the
bubbling bed and riser, on the arrival of solids at the entrance of riser. Since the first parameter
remained unchanged and the second parameter varied little, the supply of solids at the bottom of riser
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did not change appreciably. An increase in superficial gas velocity cannot increase solids circulation rate
in the riser when the supply of solids is limited.

The operating envelopes in which the cold and hot tests were performed were not large enough to
permit any meaningful investigation of the impact of change in the aeration rate at U-bend, the pressure
difference between the bottoms of the bubbling bed and the riser, and the superficial gas velocity in
riser on the solids circulation flux. However, they were sufficient to compare the solids circulation fluxes
obtained from applying four independent techniques.
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Figure 4.6: Effect of riser superficial gas velocity on solids circulation flux in the hot tests obtained
from using 4 independent techniques with a fixed air flow rate of 1.3 m3/min at the inlet of riser’s NG
burner and a fixed aeration rate of 0.08 m3/h at the U-bend.
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The accuracy of the pressure balance technique is affected by the utilization of several empirical
correlations which were originally developed using different particles. During the estimation of the flow
rates of inlet air and natural gas streams and heat loss from the system, a room temperature of 20°C has
been used. However, it could not be strictly maintained at all times due to the poor ventilation system
of the laboratory.

One of the assumptions for the heat loss calculation is the natural movement of room air around the
bubbling bed reactor vessel. However, the vessel is surrounded by other components which made the
flow pattern of air too complicated to determine accurately for the purpose of this work. In addition,
several fans blew air to keep nearby areas free from the build-up of any leaked gas. Their use might have
induced a small proportion of forced convection of air around the bubbling bed reactor vessel. The heat
losses through flanges, pressure and temperature measurements ports, nitrogen purging connections
and bubbling bed’s support structures have also been overlooked as their contributions are likely to be
small. There are minor deviations in the insulation thickness at places like pipe bends and flange
connections. Such a deviation from uniform thickness at a section is not reflected in the calculation. If it
were possible to accurately determine the impacts of these factors, it would have resulted a slightly
higher value of total heat loss from the system. This could make the solid circulation rates estimated by
using energy balance technique to decrease marginally. However, their agreement with the rates
determined using the other three techniques would not have been changed significantly. This is because
some data points in the Figures 4.4-4.6 which were obtained from using energy balance technique
would have gone farther from those obtained from using other techniques, while some other would
have done the opposite.
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5 Conclusions and Recommendations
The overall goal of this project is to advance the technology for direct measurement of solids circulation
rates in dual fluidized bed systems, helping to develop such systems for large-scale industrial
applications in the future. Since the solids circulation rate is a critical hydrodynamic parameter affecting
the system performance, its accurate determination has important implications for the scale-up, design
and operation of a dual fluidized bed gasification plant. Search in the literature did not reveal any
reported techniques suitable for this job.

In this thesis, the development and application of a novel thermal-tracing technique for measuring the
solids circulating rate between the two fluidized beds of the pilot plant have been described. The
development of a novel butterfly valve technique to validate the thermal-tracing technique at high
temperature is also described. In addition, estimation of the solids circulation rates based on extensive
operating data of the pilot plant using a pressure balance method and an energy balance method are
outlined. The solids circulation rates obtained from these three techniques generally supports the rates
measured by the thermal-tracing technique.

Beyond the dual fluidized bed gasification process, the thermal-tracing technique can be applied to
measure the solids circulation rate in other circulating fluidized bed processes such as fluid catalytic
cracking (FCC) and carbon capture through calcination and carbonation in parallel reactors. The greatest
strength of this technique lies in its ability to provide measurements at high temperatures where
alternative techniques are unsuitable or impractical.
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5.1


Conclusions
In preliminary experiments, solids circulation rates were measured by two independent
techniques at room temperature. The results obtained from these techniques agreed well with
each other, and this agreement provided a strong basis for the development of a novel thermaltracing technique for application at high temperatures.



The heat transfer between the moving bulk hot solids (either catalyst or sand) and injected cold
tracer particles was modeled. The model confirmed that the cold tracer particles did not attain
the temperature of bulk solids before leaving the thermal-tracing test section. The findings
helped to justify the chosen dimensions in the design and construction of the high-temperature
test section.



The pressure balance across the solids circulation loop confirmed the presence of sufficient
solids in the thermal-tracing test section. It was included in a set of criteria developed to filter
out physically unexplainable data.



A number of tests were conducted without the injection of cold tracer particles to determine
whether or not the fluctuations in temperature signal are sufficient for the measurement of
solids circulation rate. The poor outcome demonstrated that there is no substitute for cold
tracer injection.



The solids circulation rate between the two fluidized beds of the pilot plant was successfully
measured by applying the novel thermal-tracing technique during high-temperature operation
of the gasifier. It was possible to conduct a significant number of these tests at temperatures
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higher than 800°C. Both Geldart A and B type particles were tested. The highest temperature at
which the rate was measured was 856°C.


Despite some differences between the solid circulation fluxes measured by using the butterfly
valve and the thermal-tracing techniques, these fluxes were generally found to be in reasonable
agreement with each other. If an experimentally measured voidage is applied to the data
obtained from the use of the thermal-tracing technique, the overall difference is decreased.



Given the difficulty of determining the solids circulation rates, the fluxes from all four methods
described in this thesis are considered to show reasonable agreement.



Each of the four methods has its limitations. The combined effects of their limitations are
thought to be responsible for the differences among the fluxes determined by these techniques.



With a fixed air flow rate at the inlet of natural gas burner and a fixed rate of aeration at the Ubend, the solids circulation flux did not change appreciably with changes in riser superficial gas
velocity in the range of operating conditions covered by the hot tests. In the cold tests, no
strong relation was observed between the changes in the aeration rate of the U-bend and the
solids circulation flux. The change in the pressure difference between the bottoms of bubbling
bed and circulating bed riser did not significantly impact the solids circulation flux for both hot
and cold tests in the operating range used in this project.
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5.2

Recommendations for future work

The following recommendations are made for further development of the thermal-tracing technique:



The solids transfer pipe of any new dual fluidized bed plant should have a sufficiently long
vertical section where the solids descend in moving packed bed flow, without any bend in the
transfer pipe close to the thermal-tracing test section.



The process of injecting cold tracer particles should be automated so that the total time needed
to complete three consecutive injections can be minimized. This automatic injection process can
be integrated with the data acquisition and processing programs. This will allow virtually realtime monitoring of the solids circulation rate in the plant.



Efforts should be made to fabricate multipoint thermocouples with each junction exposed to the
measurement environment. Replacing the existing single-point thermocouple with a multipoint
one will increase the number of data points at a cross-sectional area.



The cold tracer injection system (hopper, flow meter, pressure relief valve, gauge and regulator)
should be installed as close to the thermal-tracing test section as permitted by safety
considerations. This will reduce the travel time of tracer particles from the hopper to the test
section, increasing accuracy.



Research should be performed on the mixing pattern of the cold tracer particles with the bulk
hot solids inside the solids transfer pipe. An improved way of dispersing the tracer particles
uniformly over the pipe’s cross-sectional area would enhance the performance of the thermaltracing technique.
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The individual and/or combined impacts of the following parameters on the solids circulation
rate should be investigated over a wide range of each parameter:



−

Superficial gas velocity in the riser,

−

Total aeration rate at the U-bend, and

−

Difference in pressure between the bottoms of the riser and bubbling bed.

The possibility of using cold gas as tracer should be investigated. This could be useful for any
future processes which would not allow the addition of particles during operation.



A single type of particles was used as the bed material in each test of this project. The
performance of the thermal-tracing technique should be investigated using a bed material
composed of two or more types of particles. This would be relevant for any future processes
where the primary solids in the bed would not attain desired mobility on its own, and therefore
would have to be mixed with another type of solids.
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Appendices
Appendix A: Analysis of thermocouple’s response time and cross-correlation
technique
The key design information of the thermocouples is given in Table A.1.

Table A.1: Key specifications of thermocouples.

Manufacturer

Omega Engineering Inc., Laval, Quebec, Canada

Model

KQXL-18E-18

Type

K

Junction type

Exposed

Junction (head) diameter

1.6 mm (1/16”)

Length

457.2 mm (18”)

Sheath Diameter

3.2 mm (1/8”)

The temperature measured by a thermocouple installed in the thermal-tracing test section remains
almost constant, with negligible fluctuations before the injection of cold tracer particles. When the
tracer particles are injected, they form clusters, as described in Section 2.4. When one of these clusters
comes in contact with a thermocouple, it causes an instantaneous change in temperature there. If the
Biot number is less than 0.1, the thermocouple follows a simple “lumped capacitance model”, and the
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dynamic response of a temperature sensor such as thermocouple (TC), subject to an instantaneous
temperature change, can be modeled as a first-order system. The ‘response time’ or ‘time constant’ is
then defined as the time needed to reach 63.2% of final temperature change.

Since it would be difficult and hazardous to create the exact measurement environment of temperature
900°C outside the pilot plant, the results of a time response study conducted by the manufacturer are
utilized to calculate the response time of the thermocouple used in the thermal-tracing test section. The
manufacturer found the response time of a thermocouple of the type used in our study to be 0.19 s
when plunged into hot or cold water.

If the thermocouple is dipped into quiescent water, heat transfer between them changes the internal
energy of the thermocouple:

𝑚 𝑇𝐶,ℎ𝑒𝑎𝑑 𝐶𝑝,𝑇𝐶,ℎ𝑒𝑎𝑑

𝑑
(𝑇
) = ℎ𝑐𝑜𝑛𝑣,𝑤𝑎𝑡𝑒𝑟 𝐴 𝑇𝐶,ℎ𝑒𝑎𝑑 (𝑇∞,𝑤𝑎𝑡𝑒𝑟 − 𝑇𝑇𝐶,ℎ𝑒𝑎𝑑 )
𝑑𝑡 𝑇𝐶,ℎ𝑒𝑎𝑑

(A.1)

Rearrangement of this equation gives,

𝑚 𝑇𝐶,ℎ𝑒𝑎𝑑 𝐶𝑝,𝑇𝐶,ℎ𝑒𝑎𝑑 𝑑
(𝑇
) + 𝑇𝑇𝐶,ℎ𝑒𝑎𝑑 = 𝑇∞,𝑤𝑎𝑡𝑒𝑟
ℎ𝑐𝑜𝑛𝑣,𝑤𝑎𝑡𝑒𝑟 𝐴 𝑇𝐶,ℎ𝑒𝑎𝑑 𝑑𝑡 𝑇𝐶,ℎ𝑒𝑎𝑑

(A.2)

The response time of the thermocouple when immersed into the water,
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𝜏 𝑇𝐶,𝑤𝑎𝑡𝑒𝑟 =

𝑚 𝑇𝐶,ℎ𝑒𝑎𝑑 𝐶𝑝,𝑇𝐶,ℎ𝑒𝑎𝑑
ℎ𝑐𝑜𝑛𝑣,𝑤𝑎𝑡𝑒𝑟 𝐴 𝑇𝐶,ℎ𝑒𝑎𝑑

Then,

𝑚 𝑇𝐶,ℎ𝑒𝑎𝑑 𝐶𝑝,𝑇𝐶,ℎ𝑒𝑎𝑑 = 𝜏 𝑇𝐶,𝑤𝑎𝑡𝑒𝑟 ℎ𝑐𝑜𝑛𝑣,𝑤𝑎𝑡𝑒𝑟 𝐴 𝑇𝐶,ℎ𝑒𝑎𝑑

(A.3)

Here, the heat transfer coefficient due to natural convection in water at room temperature is taken as
500 W/m2-K [62].

When a cluster of cold particles passes a thermocouple, it can be considered that the thermocouple is
immersed into that cluster instantaneously. The change in the internal energy of the thermocouple’s
junction during differential time (dt) is equal to the sum of:

a) Heat transfer between the thermocouple’s junction and the interstitial gases of the cluster
through natural convection and radiation during dt, and
b) Heat transfer between the thermocouple’s junction and the cluster through conduction

i.e.
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𝑚 𝑇𝐶,ℎ𝑒𝑎𝑑 𝐶𝑝,𝑇𝐶,ℎ𝑒𝑎𝑑

𝑑
(𝑇
)
𝑑𝑡 𝑇𝐶,ℎ𝑒𝑎𝑑

(A.4)

= ℎ𝑛𝑐+𝑟𝑎𝑑 𝐴 𝑇𝐶,ℎ𝑒𝑎𝑑 (𝑇𝑐𝑙𝑢𝑠𝑡𝑒𝑟 − 𝑇𝑇𝐶,ℎ𝑒𝑎𝑑 ) + 𝑘𝑐𝑙𝑢𝑠𝑡𝑒𝑟 𝐿𝑐 (𝑇𝑐𝑙𝑢𝑠𝑡𝑒𝑟 − 𝑇𝑇𝐶,ℎ𝑒𝑎𝑑 )

However, this lumped capacitance model of heat transfer is applicable when the Biot number, Bi, is less
than 0.1, where

𝐵𝑖 =

ℎ𝑛𝑐+𝑟𝑎𝑑 𝐿𝑐
𝑘 𝑇𝐶,ℎ𝑒𝑎𝑑

The thermal conductivity of the thermocouple’s junction, kTC,head, is 24.47 W/m-K. This value is supplied
by the manufacturer. The characteristic length (Lc) of the thermocouple’s junction or head is its
diameter, assuming spherical shape.

Rearranging Equation (A.4) yields,

𝑚 𝑇𝐶,ℎ𝑒𝑎𝑑 𝐶𝑝,𝑇𝐶,ℎ𝑒𝑎𝑑
𝑑
(𝑇
) + 𝑇𝑇𝐶,ℎ𝑒𝑎𝑑 = 𝑇𝑐𝑙𝑢𝑠𝑡𝑒𝑟
ℎ𝑛𝑐+𝑟𝑎𝑑 𝐴 𝑇𝐶,ℎ𝑒𝑎𝑑 + 𝑘𝑐𝑙𝑢𝑠𝑡𝑒𝑟 𝐿𝑐 𝑑𝑡 𝑇𝐶,ℎ𝑒𝑎𝑑

(A.5)

The response time of the thermocouple for its contact with a cluster,

𝜏 𝑇𝐶,𝑐𝑙𝑢𝑠𝑡𝑒𝑟 =

𝑚 𝑇𝐶,ℎ𝑒𝑎𝑑 𝐶𝑝,𝑇𝐶,ℎ𝑒𝑎𝑑
ℎ𝑛𝑐+𝑟𝑎𝑑 𝐴 𝑇𝐶,ℎ𝑒𝑎𝑑 + 𝑘𝑐𝑙𝑢𝑠𝑡𝑒𝑟 𝐿𝑐
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The values of the thermal conductivity of the cluster, the combined convective and radiative heat
transfer coefficient and mTC,headCp,TC,Head are obtained using Equations (2.4), (2.5) and (A.3), respectively.

A response time is estimated for different numbers of sand particles per cluster considered in Section
2.4. The corresponding response times are provided in Table A.2.

Table A.2: Response times of the thermocouple in the cluster.

Number of clusters formed when
100 g of cold particles are injected

Response time (s)

Biot number (-)

1

0.74

0.0068

5

0.73

0.0070

10

0.72

0.0071

50

0.69

0.0074

100

0.68

0.0076

500

0.63

0.0082

1000

0.61

0.0085

Each of these response times is smaller than a typical travel time between thermocouples of 2.34 s
(Section 2.1) and Bi < 0.1 in all cases. Since a cluster may spread a little when travelling between two
successive thermocouples, the difference between the impacts of response times on these
thermocouples’ outputs can be considered negligible. However, one of the criteria to accept a value of
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solids circulation flux obtained from a pair of thermocouple is that the maximum cross-correlation
coefficient be higher than 0.6.

According to Chatfield [63] and Caldwell and Li [64], the cross-correlation coefficient of two time series x
and y with an identical number of data points, N, is defined as

𝑐𝑥𝑦 (𝑘)

𝑟𝑥𝑦 (𝑘) =

√𝑐𝑥𝑥 (0)𝑐𝑦𝑦 (0)

(A.6)

where,

𝑁−𝑘

𝑐𝑥𝑦 (𝑘) = ∑ (𝑥𝑡 − 𝑥̅ ) (𝑦𝑡+𝑘 − 𝑦̅) +
𝑡=1

𝑁

∑

(𝑥𝑡 − 𝑥̅ ) (𝑦𝑡−𝑁+𝑘 − 𝑦̅), 𝑖𝑓 𝑘 = 1,2, … , 𝑁

𝑡=𝑁−𝑘+1

𝑁

𝑐𝑥𝑦 (𝑘) = ∑(𝑥𝑡 − 𝑥̅ ) (𝑦𝑡 − 𝑦̅), 𝑖𝑓 𝑘 = 0
𝑡=1

𝑁

𝑐𝑥𝑥 (0) = ∑(𝑥𝑡 − 𝑥̅ )2
𝑡=1

𝑁

𝑐𝑦𝑦 (0) = ∑(𝑦𝑡 − 𝑦̅)2
𝑡=1
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A coefficient is obtained by shifting one signal with respect to the other. This time shift is represented by
‘k’ in the correlations provided above. When the patterns of these two signals obtain their best possible
match in the process of changing the time shift (k), the cross-correlation coefficient (rxy) attains the
maximum value.

An exposed junction thermocouple produces sharper pattern in its time vs. temperature signal due to
the addition of cold tracer particles when compared to the pattern obtained from a grounded or
ungrounded junction thermocouple. This sharp pattern enhances the probability of obtaining a higher
value of maximum cross-correlation coefficient. This is important since the maximum value of crosscorrelation coefficient in this project was required to be 0.6 or higher. There are some values found by
cross-correlating thermocouple signals which were slightly higher than 0.6. If ordinary thermocouples
were used, those values might have become smaller than 0.6, and therefore, not considered for
subsequent analysis to estimate the solids circulation flux. This argument shows the usefulness of using
the exposed-junction thermocouple instead of an ordinary thermocouple with slower response time.
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Appendix B: MATLAB code for processing thermocouples’ data
The code was written to process the temperature data collected from twelve thermocouples installed at
the thermal-tracing test section. Cross-correlation is performed between the data of two adjacent
thermocouples. The maximum cross-correlation coefficient is identified for this pair. The time shift at
this coefficient is used to estimate the solids circulation rate. The code is given below:

clc
% Bulk density, kg/m3
rho_b = 1450;
% Input Frequency
f = 50;
% Distance between levels, meter
L12 = 2/39.37;
L23 = 4/39.37;
L34 = 4/39.37;
% ID of Pipe and Riser, inch
Dp = 3.068;
Dr = 3.438;
% Number of rows
N = size (data,1);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%
%TC01 & TC02
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%
% Mean of T1 & T2
T1M = mean (data(:,2));
T2M = mean (data(:,3));
% Calculate C_xx & C_yy
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C_xx = 0;
C_yy = 0;
for i = 1:N
C_xx_1 = (data(i,2)-T1M)^2;
C_yy_1 = (data(i,3)-T2M)^2;
C_xx = C_xx + C_xx_1;
C_yy = C_yy + C_yy_1;
end
% Calculate C_xy_0
C_xy_0 = 0;
for i = 1:N
C_xy_0_1 = (data(i,2)-T1M)*(data(i,3)-T2M);
C_xy_0 = C_xy_0 + C_xy_0_1;
end
% Calculate r_xy_0
r_xy_0_12 = C_xy_0/(C_xx*C_yy)^0.5;
% Calculate r_xy as a function of k values
j = 0;
for k12 = 0.02:0.02:5;
% For storing the k values
j = j+1;
N1 = data(end,1)-data(1,1);
C_xy_1 = 0;
C_xy_2 = 0;
% To deal with jitter, 1/f is used in stead of actual time
for t = 0:(1/f):(N1-k12);
% Read x_t
i1 = 1:N;
temp1 = abs((data(1,1)+t)-data(i1,1));
[index1 index1] = min(temp1);
x_t = data(index1,2);
% Read y_t_k
i2 = 1:N;
temp2 = abs((data(1,1)+t+k12)-data(i2,1));
[index2 index2] = min(temp2);
y_t_k = data(index2,3);
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C_xy_1_1 = (x_t-T1M)*(y_t_k-T2M);
C_xy_1 = C_xy_1 + C_xy_1_1;
end
for t = (N1-k12+(1/f)):(1/f):N1;
% Read x_t
i3 = 1:N;
temp3 = abs((data(1,1)+t)-data(i3,1));
[index3 index3] = min(temp3);
x_t = data(index3,2);
% Read y_t_k_N
i4 = 1:N;
temp4 = abs((data(1,1)+t+k12-N)-data(i4,1));
[index4 index4] = min(temp4);
y_t_k_N = data(index4,3);
C_xy_2_1 = (x_t-T1M)*(y_t_k_N-T2M);
C_xy_2 = C_xy_2 + C_xy_2_1;
end
C_xy = C_xy_1 + C_xy_2;
% Generate r_xy vs k values
r_xy_12(j) = C_xy/(C_xx*C_yy)^0.5;
k12_1(j) = k12;
end
% Display the values for maximum cross correlation coefficient and
% corresponsing value for time shift
R_max_12 = max(r_xy_12);
index_desired = find(max(r_xy_12)==r_xy_12(1,:));
K_R_max_12 = k12_1(1,index_desired);
desired_line_x = [K_R_max_12 K_R_max_12];
desired_line_y = [0 R_max_12];
subplot(3,3,1),plot(0,r_xy_0_12,k12_1,r_xy_12,desired_line_x,desired_line_y,'--')
xlabel('Time shift (Sec)');
ylabel('Cross correlation coefficient');
title('T1-T2');
text(K_R_max_12,R_max_12,(num2str([K_R_max_12 R_max_12])),'VerticalAlignment','bottom');
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%
%TC02 & TC03
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%
% Mean of T1 & T2
T1M = mean (data(:,3));
T2M = mean (data(:,4));
% Calculate C_xx & C_yy
C_xx = 0;
C_yy = 0;
for i = 1:N
C_xx_1 = (data(i,3)-T1M)^2;
C_yy_1 = (data(i,4)-T2M)^2;
C_xx = C_xx + C_xx_1;
C_yy = C_yy + C_yy_1;
end
% Calculate C_xy_0
C_xy_0 = 0;
for i = 1:N
C_xy_0_1 = (data(i,3)-T1M)*(data(i,4)-T2M);
C_xy_0 = C_xy_0 + C_xy_0_1;
end
% Calculate r_xy_0
r_xy_0_23 = C_xy_0/(C_xx*C_yy)^0.5;
% Calculate r_xy as a function of k values
j = 0;
for k23 = 0.02:0.02:5;
% For storing the k values
j = j+1;
N1 = data(end,1)-data(1,1);
C_xy_1 = 0;
C_xy_2 = 0;
% To deal with jitter, 1/f is used in stead of actual time
for t = 0:(1/f):(N1-k23);
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% Read x_t
i1 = 1:N;
temp1 = abs((data(1,1)+t)-data(i1,1));
[index1 index1] = min(temp1);
x_t = data(index1,3);
% Read y_t_k
i2 = 1:N;
temp2 = abs((data(1,1)+t+k23)-data(i2,1));
[index2 index2] = min(temp2);
y_t_k = data(index2,4);
C_xy_1_1 = (x_t-T1M)*(y_t_k-T2M);
C_xy_1 = C_xy_1 + C_xy_1_1;
end
for t = (N1-k23+(1/f)):(1/f):N1;
% Read x_t
i3 = 1:N;
temp3 = abs((data(1,1)+t)-data(i3,1));
[index3 index3] = min(temp3);
x_t = data(index3,3);
% Read y_t_k_N
i4 = 1:N;
temp4 = abs((data(1,1)+t+k23-N)-data(i4,1));
[index4 index4] = min(temp4);
y_t_k_N = data(index4,4);
C_xy_2_1 = (x_t-T1M)*(y_t_k_N-T2M);
C_xy_2 = C_xy_2 + C_xy_2_1;
end
C_xy = C_xy_1 + C_xy_2;
% Generate r_xy vs k values
r_xy_23(j) = C_xy/(C_xx*C_yy)^0.5;
k23_1(j) = k23;
end
% Display the values for maximum cross correlation coefficient and
% corresponsing value for time shift
R_max_23 = max(r_xy_23);
index_desired = find(max(r_xy_23)==r_xy_23(1,:));
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K_R_max_23 = k23_1(1,index_desired);
desired_line_x = [K_R_max_23 K_R_max_23];
desired_line_y = [0 R_max_23];
subplot(3,3,2),plot(0,r_xy_0_23,k23_1,r_xy_23,desired_line_x,desired_line_y,'--')
xlabel('Time shift (Sec)');
ylabel('Cross correlation coefficient');
title('T2-T3');
text(K_R_max_23,R_max_23,(num2str([K_R_max_23 R_max_23])),'VerticalAlignment','bottom');
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%
%TC03 & TC04
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%
% Mean of T1 & T2
T1M = mean (data(:,4));
T2M = mean (data(:,5));
% Calculate C_xx & C_yy
C_xx = 0;
C_yy = 0;
for i = 1:N
C_xx_1 = (data(i,4)-T1M)^2;
C_yy_1 = (data(i,5)-T2M)^2;
C_xx = C_xx + C_xx_1;
C_yy = C_yy + C_yy_1;
end
% Calculate C_xy_0
C_xy_0 = 0;
for i = 1:N
C_xy_0_1 = (data(i,4)-T1M)*(data(i,5)-T2M);
C_xy_0 = C_xy_0 + C_xy_0_1;
end
% Calculate r_xy_0
r_xy_0_34 = C_xy_0/(C_xx*C_yy)^0.5;
% Calculate r_xy as a function of k values
j = 0;
for k34 = 0.02:0.02:5;
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% For storing the k values
j = j+1;
N1 = data(end,1)-data(1,1);
C_xy_1 = 0;
C_xy_2 = 0;
% To deal with jitter, 1/f is used in stead of actual time
for t = 0:(1/f):(N1-k34);
% Read x_t
i1 = 1:N;
temp1 = abs((data(1,1)+t)-data(i1,1));
[index1 index1] = min(temp1);
x_t = data(index1,4);
% Read y_t_k
i2 = 1:N;
temp2 = abs((data(1,1)+t+k34)-data(i2,1));
[index2 index2] = min(temp2);
y_t_k = data(index2,5);
C_xy_1_1 = (x_t-T1M)*(y_t_k-T2M);
C_xy_1 = C_xy_1 + C_xy_1_1;
end
for t = (N1-k34+(1/f)):(1/f):N1;
% Read x_t
i3 = 1:N;
temp3 = abs((data(1,1)+t)-data(i3,1));
[index3 index3] = min(temp3);
x_t = data(index3,4);
% Read y_t_k_N
i4 = 1:N;
temp4 = abs((data(1,1)+t+k34-N)-data(i4,1));
[index4 index4] = min(temp4);
y_t_k_N = data(index4,5);
C_xy_2_1 = (x_t-T1M)*(y_t_k_N-T2M);
C_xy_2 = C_xy_2 + C_xy_2_1;
end
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C_xy = C_xy_1 + C_xy_2;
% Generate r_xy vs k values
r_xy_34(j) = C_xy/(C_xx*C_yy)^0.5;
k34_1(j) = k34;
end
% Display the values for maximum cross correlation coefficient and
% corresponsing value for time shift
R_max_34 = max(r_xy_34);
index_desired = find(max(r_xy_34)==r_xy_34(1,:));
K_R_max_34 = k34_1(1,index_desired);
desired_line_x = [K_R_max_34 K_R_max_34];
desired_line_y = [0 R_max_34];
subplot(3,3,3),plot(0,r_xy_0_34,k34_1,r_xy_34,desired_line_x,desired_line_y,'--')
xlabel('Time shift (Sec)');
ylabel('Cross correlation coefficient');
title('T3-T4');
text(K_R_max_34,R_max_34,(num2str([K_R_max_34 R_max_34])),'VerticalAlignment','bottom');
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%
%TC05 & TC06
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%
% Mean of T1 & T2
T1M = mean (data(:,6));
T2M = mean (data(:,7));
% Calculate C_xx & C_yy
C_xx = 0;
C_yy = 0;
for i = 1:N
C_xx_1 = (data(i,6)-T1M)^2;
C_yy_1 = (data(i,7)-T2M)^2;
C_xx = C_xx + C_xx_1;
C_yy = C_yy + C_yy_1;
end
% Calculate C_xy_0
C_xy_0 = 0;
for i = 1:N
C_xy_0_1 = (data(i,6)-T1M)*(data(i,7)-T2M);
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C_xy_0 = C_xy_0 + C_xy_0_1;
end
% Calculate r_xy_0
r_xy_0_56 = C_xy_0/(C_xx*C_yy)^0.5;
% Calculate r_xy as a function of k values
j = 0;
for k56 = 0.02:0.02:5;
% For storing the k values
j = j+1;
N1 = data(end,1)-data(1,1);
C_xy_1 = 0;
C_xy_2 = 0;
% To deal with jitter, 1/f is used in stead of actual time
for t = 0:(1/f):(N1-k56);
% Read x_t
i1 = 1:N;
temp1 = abs((data(1,1)+t)-data(i1,1));
[index1 index1] = min(temp1);
x_t = data(index1,6);
% Read y_t_k
i2 = 1:N;
temp2 = abs((data(1,1)+t+k56)-data(i2,1));
[index2 index2] = min(temp2);
y_t_k = data(index2,7);
C_xy_1_1 = (x_t-T1M)*(y_t_k-T2M);
C_xy_1 = C_xy_1 + C_xy_1_1;
end
for t = (N1-k56+(1/f)):(1/f):N1;
% Read x_t
i3 = 1:N;
temp3 = abs((data(1,1)+t)-data(i3,1));
[index3 index3] = min(temp3);
x_t = data(index3,6);
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% Read y_t_k_N
i4 = 1:N;
temp4 = abs((data(1,1)+t+k56-N)-data(i4,1));
[index4 index4] = min(temp4);
y_t_k_N = data(index4,7);
C_xy_2_1 = (x_t-T1M)*(y_t_k_N-T2M);
C_xy_2 = C_xy_2 + C_xy_2_1;
end
C_xy = C_xy_1 + C_xy_2;
% Generate r_xy vs k values
r_xy_56(j) = C_xy/(C_xx*C_yy)^0.5;
k56_1(j) = k56;
end
% Display the values for maximum cross correlation coefficient and
% corresponsing value for time shift
R_max_56 = max(r_xy_56);
index_desired = find(max(r_xy_56)==r_xy_56(1,:));
K_R_max_56 = k56_1(1,index_desired);
desired_line_x = [K_R_max_56 K_R_max_56];
desired_line_y = [0 R_max_56];
subplot(3,3,4),plot(0,r_xy_0_56,k56_1,r_xy_56,desired_line_x,desired_line_y,'--')
xlabel('Time shift (Sec)');
ylabel('Cross correlation coefficient');
title('T5-T6');
text(K_R_max_56,R_max_56,(num2str([K_R_max_56 R_max_56])),'VerticalAlignment','bottom');
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%
%TC06 & TC07
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%
% Mean of T1 & T2
T1M = mean (data(:,7));
T2M = mean (data(:,8));
% Calculate C_xx & C_yy
C_xx = 0;
C_yy = 0;
for i = 1:N
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C_xx_1 = (data(i,7)-T1M)^2;
C_yy_1 = (data(i,8)-T2M)^2;
C_xx = C_xx + C_xx_1;
C_yy = C_yy + C_yy_1;
end
% Calculate C_xy_0
C_xy_0 = 0;
for i = 1:N
C_xy_0_1 = (data(i,7)-T1M)*(data(i,8)-T2M);
C_xy_0 = C_xy_0 + C_xy_0_1;
end
% Calculate r_xy_0
r_xy_0_67 = C_xy_0/(C_xx*C_yy)^0.5;
% Calculate r_xy as a function of k values
j = 0;
for k67 = 0.02:0.02:5;
% For storing the k values
j = j+1;
N1 = data(end,1)-data(1,1);
C_xy_1 = 0;
C_xy_2 = 0;
% To deal with jitter, 1/f is used in stead of actual time
for t = 0:(1/f):(N1-k67);
% Read x_t
i1 = 1:N;
temp1 = abs((data(1,1)+t)-data(i1,1));
[index1 index1] = min(temp1);
x_t = data(index1,7);
% Read y_t_k
i2 = 1:N;
temp2 = abs((data(1,1)+t+k67)-data(i2,1));
[index2 index2] = min(temp2);
y_t_k = data(index2,8);
C_xy_1_1 = (x_t-T1M)*(y_t_k-T2M);
C_xy_1 = C_xy_1 + C_xy_1_1;
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end
for t = (N1-k67+(1/f)):(1/f):N1;
% Read x_t
i3 = 1:N;
temp3 = abs((data(1,1)+t)-data(i3,1));
[index3 index3] = min(temp3);
x_t = data(index3,7);
% Read y_t_k_N
i4 = 1:N;
temp4 = abs((data(1,1)+t+k67-N)-data(i4,1));
[index4 index4] = min(temp4);
y_t_k_N = data(index4,8);
C_xy_2_1 = (x_t-T1M)*(y_t_k_N-T2M);
C_xy_2 = C_xy_2 + C_xy_2_1;
end
C_xy = C_xy_1 + C_xy_2;
% Generate r_xy vs k values
r_xy_67(j) = C_xy/(C_xx*C_yy)^0.5;
k67_1(j) = k67;
end
% Display the values for maximum cross correlation coefficient and
% corresponsing value for time shift
R_max_67 = max(r_xy_67);
index_desired = find(max(r_xy_67)==r_xy_67(1,:));
K_R_max_67 = k67_1(1,index_desired);
desired_line_x = [K_R_max_67 K_R_max_67];
desired_line_y = [0 R_max_67];
subplot(3,3,5),plot(0,r_xy_0_67,k67_1,r_xy_67,desired_line_x,desired_line_y,'--')
xlabel('Time shift (Sec)');
ylabel('Cross correlation coefficient');
title('T6-T7');
text(K_R_max_67,R_max_67,(num2str([K_R_max_67 R_max_67])),'VerticalAlignment','bottom');
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%
%TC07 & TC08
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%
% Mean of T1 & T2
T1M = mean (data(:,8));
T2M = mean (data(:,9));
% Calculate C_xx & C_yy
C_xx = 0;
C_yy = 0;
for i = 1:N
C_xx_1 = (data(i,8)-T1M)^2;
C_yy_1 = (data(i,9)-T2M)^2;
C_xx = C_xx + C_xx_1;
C_yy = C_yy + C_yy_1;
end
% Calculate C_xy_0
C_xy_0 = 0;
for i = 1:N
C_xy_0_1 = (data(i,8)-T1M)*(data(i,9)-T2M);
C_xy_0 = C_xy_0 + C_xy_0_1;
end
% Calculate r_xy_0
r_xy_0_78 = C_xy_0/(C_xx*C_yy)^0.5;
% Calculate r_xy as a function of k values
j = 0;
for k78 = 0.02:0.02:5;
% For storing the k values
j = j+1;
N1 = data(end,1)-data(1,1);
C_xy_1 = 0;
C_xy_2 = 0;
% To deal with jitter, 1/f is used in stead of actual time
for t = 0:(1/f):(N1-k78);
% Read x_t
i1 = 1:N;
temp1 = abs((data(1,1)+t)-data(i1,1));
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[index1 index1] = min(temp1);
x_t = data(index1,8);
% Read y_t_k
i2 = 1:N;
temp2 = abs((data(1,1)+t+k78)-data(i2,1));
[index2 index2] = min(temp2);
y_t_k = data(index2,9);
C_xy_1_1 = (x_t-T1M)*(y_t_k-T2M);
C_xy_1 = C_xy_1 + C_xy_1_1;
end
for t = (N1-k78+(1/f)):(1/f):N1;
% Read x_t
i3 = 1:N;
temp3 = abs((data(1,1)+t)-data(i3,1));
[index3 index3] = min(temp3);
x_t = data(index3,8);
% Read y_t_k_N
i4 = 1:N;
temp4 = abs((data(1,1)+t+k67-N)-data(i4,1));
[index4 index4] = min(temp4);
y_t_k_N = data(index4,9);
C_xy_2_1 = (x_t-T1M)*(y_t_k_N-T2M);
C_xy_2 = C_xy_2 + C_xy_2_1;
end
C_xy = C_xy_1 + C_xy_2;
% Generate r_xy vs k values
r_xy_78(j) = C_xy/(C_xx*C_yy)^0.5;
k78_1(j) = k78;
end
% Display the values for maximum cross correlation coefficient and
% corresponsing value for time shift
R_max_78 = max(r_xy_78);
index_desired = find(max(r_xy_78)==r_xy_78(1,:));
K_R_max_78 = k78_1(1,index_desired);
desired_line_x = [K_R_max_78 K_R_max_78];
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desired_line_y = [0 R_max_78];
subplot(3,3,6),plot(0,r_xy_0_78,k78_1,r_xy_78,desired_line_x,desired_line_y,'--')
xlabel('Time shift (Sec)');
ylabel('Cross correlation coefficient');
title('T7-T8');
text(K_R_max_78,R_max_78,(num2str([K_R_max_78 R_max_78])),'VerticalAlignment','bottom');
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%
%TC09 & TC10
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%
% Mean of T1 & T2
T1M = mean (data(:,10));
T2M = mean (data(:,11));
% Calculate C_xx & C_yy
C_xx = 0;
C_yy = 0;
for i = 1:N
C_xx_1 = (data(i,10)-T1M)^2;
C_yy_1 = (data(i,11)-T2M)^2;
C_xx = C_xx + C_xx_1;
C_yy = C_yy + C_yy_1;
end
% Calculate C_xy_0
C_xy_0 = 0;
for i = 1:N
C_xy_0_1 = (data(i,10)-T1M)*(data(i,11)-T2M);
C_xy_0 = C_xy_0 + C_xy_0_1;
end
% Calculate r_xy_0
r_xy_0_0910 = C_xy_0/(C_xx*C_yy)^0.5;
% Calculate r_xy as a function of k values
j = 0;
for k0910 = 0.02:0.02:5;
% For storing the k values
j = j+1;
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N1 = data(end,1)-data(1,1);
C_xy_1 = 0;
C_xy_2 = 0;
% To deal with jitter, 1/f is used in stead of actual time
for t = 0:(1/f):(N1-k0910);
% Read x_t
i1 = 1:N;
temp1 = abs((data(1,1)+t)-data(i1,1));
[index1 index1] = min(temp1);
x_t = data(index1,10);
% Read y_t_k
i2 = 1:N;
temp2 = abs((data(1,1)+t+k0910)-data(i2,1));
[index2 index2] = min(temp2);
y_t_k = data(index2,11);
C_xy_1_1 = (x_t-T1M)*(y_t_k-T2M);
C_xy_1 = C_xy_1 + C_xy_1_1;
end
for t = (N1-k0910+(1/f)):(1/f):N1;
% Read x_t
i3 = 1:N;
temp3 = abs((data(1,1)+t)-data(i3,1));
[index3 index3] = min(temp3);
x_t = data(index3,10);
% Read y_t_k_N
i4 = 1:N;
temp4 = abs((data(1,1)+t+k0910-N)-data(i4,1));
[index4 index4] = min(temp4);
y_t_k_N = data(index4,11);
C_xy_2_1 = (x_t-T1M)*(y_t_k_N-T2M);
C_xy_2 = C_xy_2 + C_xy_2_1;
end
C_xy = C_xy_1 + C_xy_2;
% Generate r_xy vs k values
r_xy_0910(j) = C_xy/(C_xx*C_yy)^0.5;
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k0910_1(j) = k0910;
end
% Display the values for maximum cross correlation coefficient and
% corresponsing value for time shift
R_max_0910 = max(r_xy_0910);
index_desired = find(max(r_xy_0910)==r_xy_0910(1,:));
K_R_max_0910 = k0910_1(1,index_desired);
desired_line_x = [K_R_max_0910 K_R_max_0910];
desired_line_y = [0 R_max_0910];
subplot(3,3,7),plot(0,r_xy_0_0910,k0910_1,r_xy_0910,desired_line_x,desired_line_y,'--')
xlabel('Time shift (Sec)');
ylabel('Cross correlation coefficient');
title('T09-T10');
text(K_R_max_0910,R_max_0910,(num2str([K_R_max_0910
R_max_0910])),'VerticalAlignment','bottom');
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%
%TC10 & TC11
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%
% Mean of T1 & T2
T1M = mean (data(:,11));
T2M = mean (data(:,12));
% Calculate C_xx & C_yy
C_xx = 0;
C_yy = 0;
for i = 1:N
C_xx_1 = (data(i,11)-T1M)^2;
C_yy_1 = (data(i,12)-T2M)^2;
C_xx = C_xx + C_xx_1;
C_yy = C_yy + C_yy_1;
end
% Calculate C_xy_0
C_xy_0 = 0;
for i = 1:N
C_xy_0_1 = (data(i,11)-T1M)*(data(i,12)-T2M);
C_xy_0 = C_xy_0 + C_xy_0_1;
end
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% Calculate r_xy_0
r_xy_0_1011 = C_xy_0/(C_xx*C_yy)^0.5;
% Calculate r_xy as a function of k values
j = 0;
for k1011 = 0.02:0.02:5;
% For storing the k values
j = j+1;
N1 = data(end,1)-data(1,1);
C_xy_1 = 0;
C_xy_2 = 0;
% To deal with jitter, 1/f is used in stead of actual time
for t = 0:(1/f):(N1-k1011);
% Read x_t
i1 = 1:N;
temp1 = abs((data(1,1)+t)-data(i1,1));
[index1 index1] = min(temp1);
x_t = data(index1,11);
% Read y_t_k
i2 = 1:N;
temp2 = abs((data(1,1)+t+k1011)-data(i2,1));
[index2 index2] = min(temp2);
y_t_k = data(index2,12);
C_xy_1_1 = (x_t-T1M)*(y_t_k-T2M);
C_xy_1 = C_xy_1 + C_xy_1_1;
end
for t = (N1-k1011+(1/f)):(1/f):N1;
% Read x_t
i3 = 1:N;
temp3 = abs((data(1,1)+t)-data(i3,1));
[index3 index3] = min(temp3);
x_t = data(index3,11);
% Read y_t_k_N
i4 = 1:N;
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temp4 = abs((data(1,1)+t+k1011-N)-data(i4,1));
[index4 index4] = min(temp4);
y_t_k_N = data(index4,12);
C_xy_2_1 = (x_t-T1M)*(y_t_k_N-T2M);
C_xy_2 = C_xy_2 + C_xy_2_1;
end
C_xy = C_xy_1 + C_xy_2;
% Generate r_xy vs k values
r_xy_1011(j) = C_xy/(C_xx*C_yy)^0.5;
k1011_1(j) = k1011;
end
% Display the values for maximum cross correlation coefficient and
% corresponsing value for time shift
R_max_1011 = max(r_xy_1011);
index_desired = find(max(r_xy_1011)==r_xy_1011(1,:));
K_R_max_1011 = k1011_1(1,index_desired);
desired_line_x = [K_R_max_1011 K_R_max_1011];
desired_line_y = [0 R_max_1011];
subplot(3,3,8),plot(0,r_xy_0_1011,k1011_1,r_xy_1011,desired_line_x,desired_line_y,'--')
xlabel('Time shift (Sec)');
ylabel('Cross correlation coefficient');
title('T10-T11');
text(K_R_max_1011,R_max_1011,(num2str([K_R_max_1011
R_max_1011])),'VerticalAlignment','bottom');
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%
%TC11 & TC12
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%
% Mean of T1 & T2
T1M = mean (data(:,12));
T2M = mean (data(:,13));
% Calculate C_xx & C_yy
C_xx = 0;
C_yy = 0;
for i = 1:N
C_xx_1 = (data(i,12)-T1M)^2;
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C_yy_1 = (data(i,13)-T2M)^2;
C_xx = C_xx + C_xx_1;
C_yy = C_yy + C_yy_1;
end
% Calculate C_xy_0
C_xy_0 = 0;
for i = 1:N
C_xy_0_1 = (data(i,12)-T1M)*(data(i,13)-T2M);
C_xy_0 = C_xy_0 + C_xy_0_1;
end
% Calculate r_xy_0
r_xy_0_1112 = C_xy_0/(C_xx*C_yy)^0.5;
% Calculate r_xy as a function of k values
j = 0;
for k1112 = 0.02:0.02:5;
% For storing the k values
j = j+1;
N1 = data(end,1)-data(1,1);
C_xy_1 = 0;
C_xy_2 = 0;
% To deal with jitter, 1/f is used in stead of actual time
for t = 0:(1/f):(N1-k1112);
% Read x_t
i1 = 1:N;
temp1 = abs((data(1,1)+t)-data(i1,1));
[index1 index1] = min(temp1);
x_t = data(index1,12);
% Read y_t_k
i2 = 1:N;
temp2 = abs((data(1,1)+t+k1112)-data(i2,1));
[index2 index2] = min(temp2);
y_t_k = data(index2,13);
C_xy_1_1 = (x_t-T1M)*(y_t_k-T2M);
C_xy_1 = C_xy_1 + C_xy_1_1;
end
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for t = (N1-k1112+(1/f)):(1/f):N1;
% Read x_t
i3 = 1:N;
temp3 = abs((data(1,1)+t)-data(i3,1));
[index3 index3] = min(temp3);
x_t = data(index3,12);
% Read y_t_k_N
i4 = 1:N;
temp4 = abs((data(1,1)+t+k1112-N)-data(i4,1));
[index4 index4] = min(temp4);
y_t_k_N = data(index4,13);
C_xy_2_1 = (x_t-T1M)*(y_t_k_N-T2M);
C_xy_2 = C_xy_2 + C_xy_2_1;
end
C_xy = C_xy_1 + C_xy_2;
% Generate r_xy vs k values
r_xy_1112(j) = C_xy/(C_xx*C_yy)^0.5;
k1112_1(j) = k1112;
end
% Display the values for maximum cross correlation coefficient and
% corresponsing value for time shift
R_max_1112 = max(r_xy_1112);
index_desired = find(max(r_xy_1112)==r_xy_1112(1,:));
K_R_max_1112 = k1112_1(1,index_desired);
desired_line_x = [K_R_max_1112 K_R_max_1112];
desired_line_y = [0 R_max_1112];
subplot(3,3,9),plot(0,r_xy_0_1112,k1112_1,r_xy_1112,desired_line_x,desired_line_y,'--')
xlabel('Time shift (Sec)');
ylabel('Cross correlation coefficient');
title('T11-T12');
text(K_R_max_1112,R_max_1112,(num2str([K_R_max_1112
R_max_1112])),'VerticalAlignment','bottom');
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%
%Calculation of Solid Circulation Rate
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%
%Calculation of velocities, m/s
V12 = L12/K_R_max_12;
V23 = L23/K_R_max_23;
V34 = L34/K_R_max_34;
V56 = L12/K_R_max_56;
V67 = L23/K_R_max_67;
V78 = L34/K_R_max_78;
V0910 = L12/K_R_max_0910;
V1011 = L23/K_R_max_1011;
V1112 = L34/K_R_max_1112;
%Calculation of Gs in pipe, kg/m2-s
GsP12 = V12*rho_b;
GsP23 = V23*rho_b;
GsP34 = V34*rho_b;
GsP56 = V56*rho_b;
GsP67 = V67*rho_b;
GsP78 = V78*rho_b;
GsP0910 = V0910*rho_b;
GsP1011 = V1011*rho_b;
GsP1112 = V1112*rho_b;
%Calculation of Gs in riser, kg/m2-s
GsR12 = GsP12*(Dp/Dr)^2;
GsR23 = GsP23*(Dp/Dr)^2;
GsR34 = GsP34*(Dp/Dr)^2;
GsR56 = GsP56*(Dp/Dr)^2;
GsR67 = GsP67*(Dp/Dr)^2;
GsR78 = GsP78*(Dp/Dr)^2;
GsR0910 = GsP0910*(Dp/Dr)^2;
GsR1011 = GsP1011*(Dp/Dr)^2;
GsR1112 = GsP1112*(Dp/Dr)^2;
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% Collection of all result values in a table
Table = [12 R_max_12 K_R_max_12 V12 GsP12 GsR12;23 R_max_23 K_R_max_23 V23 GsP23 GsR23;34
R_max_34 K_R_max_34 V34 GsP34 GsR34;56 R_max_56 K_R_max_56 V56 GsP56 GsR56;67 R_max_67
K_R_max_67 V67 GsP67 GsR67;78 R_max_78 K_R_max_78 V78 GsP78 GsR78;910 R_max_0910
K_R_max_0910 V0910 GsP0910 GsR0910;1011 R_max_1011 K_R_max_1011 V1011 GsP1011
GsR1011;1112 R_max_1112 K_R_max_1112 V1112 GsP1112 GsR1112];
% Use current time and date in the file
date_time = datestr(now);
% Save all result values in a file
fid = fopen('Gs.txt','at');
fprintf(fid,date_time);
fprintf(fid,'\n');
fprintf(fid,'\n');
fprintf(fid,'TC\t Max XC coeff\t Time Shift(s)\t Velocity(m/s)\t Pipe Gs(kg/m2-s)\t Riser Gs(kg/m2-s)\n');
fprintf(fid,'%4.0f\t %12.4f\t %12.2f\t %12.4f\t %12.1f\t %12.1f\n',Table(1,1:6));
fprintf(fid,'%4.0f\t %12.4f\t %12.2f\t %12.4f\t %12.1f\t %12.1f\n',Table(2,1:6));
fprintf(fid,'%4.0f\t %12.4f\t %12.2f\t %12.4f\t %12.1f\t %12.1f\n',Table(3,1:6));
fprintf(fid,'%4.0f\t %12.4f\t %12.2f\t %12.4f\t %12.1f\t %12.1f\n',Table(4,1:6));
fprintf(fid,'%4.0f\t %12.4f\t %12.2f\t %12.4f\t %12.1f\t %12.1f\n',Table(5,1:6));
fprintf(fid,'%4.0f\t %12.4f\t %12.2f\t %12.4f\t %12.1f\t %12.1f\n',Table(6,1:6));
fprintf(fid,'%4.0f\t %12.4f\t %12.2f\t %12.4f\t %12.1f\t %12.1f\n',Table(7,1:6));
fprintf(fid,'%4.0f\t %12.4f\t %12.2f\t %12.4f\t %12.1f\t %12.1f\n',Table(8,1:6));
fprintf(fid,'%4.0f\t %12.4f\t %12.2f\t %12.4f\t %12.1f\t %12.1f\n',Table(9,1:6));
fprintf(fid,'\n');
fprintf(fid,'\n');
fprintf(fid,'\n');
fprintf(fid,'\n');
fclose(fid);
% Save figure into a file
formatout = 'yyyy_mm_dd_HH_MM_SS';
fname = datestr(now,formatout);
saveas(gcf,fname,'fig');
% Display the results in commande window
disp(' TC Max XC coeff Time shift(s) Velocity(m/s) Pipe Gs(kg/m2-s) Riser Gs(kg/m2-s)')
disp('')
disp(num2str(Table))

162

Appendix C: Manuscript of paper authored by Daniel et al.2

ESTIMATION OF SOLID CIRCULATION RATE AND CHAR TRANSFER RATE FROM
GASIFIER TO COMBUSTOR IN A DUAL FLUIDIZED BED PILOT PLANT FOR
BIOMASS STEAM GASIFICATION

Daniel, L., Shah, U.D., Rahman, M.H., Bi, X.T., Grace, J.R. and Lim, C.J., Department of Chemical and
Biological Engineering, University of British Columbia, 2360 East Mall, Vancouver, Canada V6T 1Z3.

Abstract

The operation of a dual fluidized bed (DFB) plant, consisting of a riser as combustor and a bubbling bed
as gasifier, for synthesis gas production from solid fuel such as biomass requires the determination of
solid circulation rate and char transfer rate from the gasifier to the combustor. The system performance
relies on supplying sufficient heat from the combustor to the gasifier via solids circulation between
these two reactors. The flow rate of char from gasifier to combustor also needs to be determined to
track the heat generated in the combustor which supports endothermic reactions in the gasifier. Direct

2

The author wrote the manuscript of the paper provided in Appendix C, and also acted as the co-

supervisor of Mr. Lius Daniel’s Masters research project.
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measurements of these two critical parameters are difficult, with the number of reported techniques
capable of working at high temperatures extremely small.

A novel method of using mass and energy balances to estimate both solid circulation rate and char
transfer rate was developed. These balances are performed over the entire DFB system and over
individual reactors. Heat losses to the surrounding are estimated both from energy balance calculations
and from direct measurement of the outer surface temperature of the reactor wall and insulation
assembly. General agreement has been found between these two methods. Under typical gasification
conditions, the solid circulation fluxes were estimated to be 45.2 and 55.6 kg/m2-s in two independent
tests, in good agreement with values obtained from experiments using a thermal-tracing technique. The
char transfer rates from the gasifier to combustor were calculated to be 1.2 and 0.6 kg/h, respectively,
in reasonable agreement with average biomass feed rates. The new method can be applied to dual
gasification systems at any temperature or flow rate.

Introduction

The depletion of fossil fuel resources, rising energy demand, and environmental concerns related to
increasing greenhouse gas emissions demand cleaner and sustainable energy sources. Biomass is a
promising energy source for the future since it is abundantly available as waste and produces almost
zero net carbon emissions. In 2010, the utilization of woody biomass contributed approximately 9% to
world energy production and 65% of renewable energy production. It is estimated that biomass could
meet 10-40% of the world’s primary energy consumption demand if all the resources were utilized [1].
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The potential of biomass, however, depends not only on the availability of the biomass resources, but
also on its efficient utilization. Therefore, finding the most efficient way to convert biomass into useful
energy products is very important.

Biomass particles can be gasified with steam instead of air to avoid nitrogen in the product gas and
consequently to ensure a high heating value of the syngas, which can be used in combined heat and
power (CHP) production plants or for the synthesis of fuels or value-added chemicals. In addition,
injection of a metal oxide sorbent could capture carbon-dioxide to produce high-quality syngas with high
hydrogen concentration and negative CO2 emission, with tar minimized or even eliminated.

Gasification of biomass with steam involves a number of endothermic reactions occurring at
temperatures above 700°C. The required heat can be obtained from combustion of part of the char
produced in the gasifier. This can be accomplished in two ways – by injecting oxygen to directly burn
these char particles in the gasifier or, by burning the char in a separate combustor and circulating an
inert heat carrier such as sand to transfer heat to the gasifier from the combustor [2]. The latter is
preferred, as the injection of air or oxygen into the gasifier lowers the heating value and purity of the
syngas [3], preventing it from direct use for synthesis of biofuels and bio-products. Consequently, the
gasification system requires not only a biomass steam gasifier, but also a char combustor. Fluidized bed
reactors are appropriate because of their ability to circulate particles between vessels. One promising
option is to combine a bubbling fluidized bed (BFB) as the gasifier and a circulating fluidized bed (CFB)
riser as the combustor to create a so-called “dual fluidized bed” (DFB) system [4].
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The circulation rate of inert heat-carrying bed material (generally known as solid circulation rate)
between the two fluidized beds is one of the critical operating parameters of the DFB system as it
directly affects hydrodynamics, heat and mass balance in both reactors and thereby strongly influences
their performances. The transfer rate of biomass char from BFB gasifier to CFB combustor controls the
amount of heat generated in the combustor that is transferred to the gasifier which in turn controls the
production of syngas in the gasifier. The determination of these two parameters is essential for design,
scale-up and operation of commercial-scale DFB gasification systems.

Techniques for direct measurement of solid circulation rate have been under development for several
decades [5–12]. These and other potential techniques were reviewed by Rahman et al. [13], who
introduced a thermal-tracing technique which was able to measure solid circulation rates over a wide
range of temperatures and flow rates, with the method applied at temperatures up to 856°C.

In this paper, an overall energy balance analysis is applied to commercial reactor systems to estimate
the solids circulation rate between reactors, such as in a fluid catalytic cracking reactor and catalyst
regenerator or a fluid coking reactor and coke combustor. To our knowledge, there has been no
previously reported attempt to estimate both solids circulation rate and char burning rate in a dual
fluidized bed reactor system. This paper proposes an indirect method of estimating both the solids
circulation rate and char transfer rate using mass and energy balances over the gasifier and combustor.
The results are compared with those derived from the thermal-tracing technique developed by Rahman
et al. [13]. The application of this method is not limited to particular ranges of circulation, transfer rates
or temperatures.
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General description of system

A dual fluidized bed reactor system for steam gasification of biomass was built at the University of
British Columbia. Figure provides a schematic diagram. An inert bed material continuously circulates
between the CFB combustor and BFB gasifier. Sand of average diameter 170 μm and bulk density 1450
kg/m3 is the inert bed material. When biomass particles are fed into the gasifier and exposed to
temperatures as high as 700°C, the moisture of the particles is evaporated. With steam fed to the
gasifier, the dry particles decompose and react to produce char and volatile components including tars.
The initial devolatilization gases are carbon monoxide (CO), carbon dioxide (CO2), hydrogen (H2) and
methane (CH4) [14]. The char constituents are mainly carbon and small amount of ash. Some of the char
undergoes heterogeneous gas-solid reactions with steam, producing CO, CO2, H2 and CH4. However,
most of the char from the gasifier is transferred to the combustor where it is burned with excess air. The
heat generated raises the temperature of sand particles in the combustor. These sand particles carry
heat back to the gasifier, and release heat to sustain gasification reactions whose net effects are
endothermic. The syngas produced in the gasifier mainly consists of CO, CO2, H2, H2O and CH4.

Because of heat loss from the pilot system, the combustion of char alone is insufficient to maintain the
desired operating temperature of the riser combustor. Natural gas (NG) is therefore combusted in a
separate burner and the resulting hot gas is fed to the combustor through the air inlet. The air flow is
selected in such a way that it provides adequate oxygen for the complete combustion of not only the
natural gas, but also the char. Combustion gases from both these fuels are separated from bed material
in the cyclone and leave the system. This flue gas mixture contains CO, CO2, inert N2, O2 and H2O.
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The flow rates of biomass, steam, air and natural gas are metered before entering the system. A number
of temperature and pressure sensors are installed across the system. An online flue gas analyzer
measures the concentrations of its non-condensable components; whereas the dry composition of
syngas is obtained by an online gas chromatograph. A small number of sand particles escape from the
closed loop with the flue gas at the cyclone. The rate of sand loss from the system is determined by
collecting the sands downstream and an equal amount of fresh sand is continuously added to the
system to make up for the loss.

Mass and energy balance

Mass and energy balance analyses are performed over each reactor and over the entire DFB system.
These calculations allow the determination of solid circulation in the system and char transfer rate from
BFB gasifier to CFB combustor. Figure shows block diagrams for mass and energy balances over the
system with information of key operating conditions included for the first test reported below. Figure
provides the block diagrams for the second test.

Since the solid circulation rate is the same all over the system because of continuous sand addition to
make up for the loss and all sand particles are inert to combustion and gasification reactions, their flow
rates are the same at the inlet and outlet of each reactor. Hence, the changes in flow rates are not
considered for mass balances over the CFB combustor and BFB gasifier.
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For simplicity, the functions of the CFB riser and its supporting natural gas burner are lumped together
and shown as a single unit labelled CFB in the diagrams. This makes sense as all the gases produced in
the burner must pass through the CFB riser. The typical composition of natural gas is 95% methane, 3%
other alkanes such as ethane, propane, butane and pentane, and 2% nitrogen [15]. Since the amounts of
other alkanes in total are very small compared to that of methane, they are lumped together with
methane for ease of calculation. Therefore, natural gas is considered to contain 98% methane and 2%
nitrogen. It is assumed that the natural gas is completely combusted in the unit according to

𝐶𝐻4 + 2𝑂2 → 𝐶𝑂2 + 2𝐻2 𝑂

(1)

The other fuel which undergoes combustion in the CFB riser is char. To simplify the calculation, it is
assumed that char particles entering CFB riser carry negligible ash with them. In the calculation, char is
considered as pure carbon. Its combustion is given by:

𝐶(𝑐ℎ𝑎𝑟) + 𝑂2 → 𝐶𝑂2

(2)

Sufficient air is provided to allow complete combustion of char particles. Compressed air is pre-heated
to temperatures above 275°C and then fed to the NG burner as sources of O2 there and for the
downstream CFB riser. Air also acts as fluidizing agent in the CFB riser. Ignoring trace elements, the air is
treated as a mixture of N2 and O2. The pre-heating of air helps the NG burner maintain a high operating
temperature in the CFB riser combustor. Properties of air and natural gas at the CFB riser inlet are
provided in Table 1. Superheated steam at about 550°C enters the BFB gasifier to supply O2 for biomass
gasification and to fluidize the bed.
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Softwood pellets were used as the biomass feed in the experiments; their composition is assumed to be
constant. The ultimate analysis of wood pellets is given in Table 2. Since the amounts of nitrogen and
sulfur are small, they are not considered in the calculations. The higher heating value (HHV) of the
woody biomass is estimated from the correlation reported by Zainal et al. [16]:

𝑴𝑱
𝑯𝑯𝑽 ( ) = 𝟎. 𝟐𝟑(𝟏𝟒𝟔. 𝟓𝟖 × 𝑪 + 𝟓𝟔. 𝟖𝟕𝟖 × 𝑯 − 𝟓𝟏. 𝟓𝟑 × 𝑶 + 𝟐𝟗. 𝟐𝟑)
𝒌𝒈

(3)

where C, H and O are mass fractions of carbon, hydrogen and oxygen in the biomass on a dry basis.

The heat capacities of the pure compounds which make up the flue gas and the syngas are estimated as
functions of temperature from

𝐶𝑝 = 𝑎 + 𝑏𝑇 + 𝑐𝑇 2 + 𝑑𝑇 3

(4)

with the values of the coefficients were taken from Felder & Rousseau [17]. The heat capacity of sand is
considered to be independent of temperature and is taken as 700 J/kg-K for all calculations.

It is assumed that all char particles generated in the BFB gasifier are transferred to the CFB combustor
where they react completely with excess O2. Hence the char transfer rate is taken as equal to the char
burn-out rate in the CFB combustor. This rate (m7) can be calculated by solving molar balances over the
CFB riser. The balances for nitrogen, methane, char, oxygen, carbon-di-oxide and water are given by
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𝑥3,𝑁2 𝑚3 + 𝑥4,𝑁2 𝑚4 = 𝑥6,𝑁2 𝑚6

(5)

𝑥3,𝐶𝐻4 𝑚3 = 𝑛𝑟1 × 16

(6)

𝑚7 = 𝑛𝑟2 × 12

(7)

𝑥4,𝑂2 𝑚4 − (2𝑛𝑟1 + 𝑛𝑟2 ) × 32 = 𝑥6,𝑂2 𝑚6

(8)

𝑥6,𝐶𝑂2 𝑚6 = (𝑛𝑟1 + 𝑛𝑟2 ) × 44

(9)

𝑥6,𝐻2 𝑂 𝑚6 = 2𝑛𝑟1 × 18

(10)

where nr1 and nr2 are the extents of reactions given by Equations (1) and (2), respectively. xi,j denotes
mole fraction of component j in stream i. mi stands for the mass flow rate of stream i.

An energy balance over the BFB gasifier, as shown in Figure , is used to calculate the circulation rate of
inert bed material between the two reactors:

𝐻𝐵𝑖𝑜𝑚𝑎𝑠𝑠 + 𝐻𝑆𝑡𝑒𝑎𝑚 − 𝐻𝑆𝑦𝑛𝑔𝑎𝑠 − 𝐻𝐶ℎ𝑎𝑟 − 𝑄𝐵𝐹𝐵+𝑈−𝐵𝑒𝑛𝑑

(11)

= 𝑚𝑠𝑎𝑛𝑑 × 𝐶𝑝,𝑠𝑎𝑛𝑑 × (𝑇𝑜𝑢𝑡,𝐵𝐹𝐵 − 𝑇𝑖𝑛,𝐵𝐹𝐵 )
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The only unknown parameter is the mass flow rate of inert solids (msand) through the reactor. The
change in inert solids’ enthalpy is represented by the right side of the above equation. The enthalpy of
the biomass feed is estimated using Equation (3). The enthalpy of steam is taken at its inlet temperature
of 550°C. The composition of syngas is given by an online gas chromatograph, and its enthalpy is found
by adding the enthalpies of the constituent gases. The flow rate of char (m7) determined above allows
one to calculate its enthalpy at the gasifier exit. The enthalpies of syngas and char are estimated using
their standard heats of formation at 25°C and the sensible heat needed to raise their temperature to the
reactor’s temperature. The solids circulation flux (Gs) in terms of riser cross-sectional area (ACFB) is
obtained using

𝐺𝑠 =

𝑚𝑠𝑎𝑛𝑑
𝐴𝐶𝐹𝐵

(12)

Heat loss

The estimates of solid circulation rate and char transfer rate depend on energy balances for the
combustor, the gasifier and other components of the system such as cyclones and connecting pipes.
With all input and output streams accounted for, the only item in the energy balance that needs to be
determined is the heat loss. It is estimated by two different methods: (a) heat transfer model for heat
loss through the reactor wall; and (b) direct measurement of wall surface temperature.

Due to the small inside diameters of the reactors and other sections of the DFB system, it is assumed
that the resistance to heat transfer from the interior of bubbling bed to the inner wall is negligible
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compared to the resistance of the inner and the outer walls and losses from the outside to ambient air.
Except for the gasifier, all other sections can be treated as two concentric cylinders where a metal pipe
is surrounded by a layer of insulation. In the gasifier, there are two layers of insulation inside the metal
pipe resulting in three concentric cylinders. The top cover of the BFB also has three layers. They are to
be treated as circular flat plates or disks. The material of construction is a high-temperature alloy 800HT
for all sections, except the gasifier, whose material is carbon steel. Table 3 presents the material of
construction, length, wall thickness, insulation material and thickness for each section.

The change of temperature in the axial direction inside any section of the system is found to be very
small compared to the temperature difference between that section and its surroundings. Hence, the
temperatures measured along the axial direction are averaged to obtain a representative temperature
of that reactor and this average temperature is then used to represent the inside wall temperature.
Since the difference between temperatures of the inside wall and the ambient atmosphere is quite
large, significant heat transfer by radial conduction occurs through multi-layer assembly of section’s wall
and insulation material. As a result, the outer wall of that section and insulation assembly attain a
temperature much higher than the ambient air temperature. At this temperature, heat is dissipated to
the surroundings by natural convection and radiation.

In the model, heat transfer from the outer surfaces is considered to occur only by natural convection.
The average heat transfer coefficient due to natural convection at the outermost layer is expressed by
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𝑞

ℎ𝐿
𝐿3 𝜌2 𝑔𝛽Δ𝑇 𝐶𝑝 𝜇
𝑁𝑢 =
= 𝑝(
.
) = 𝑝(𝐺𝑟. 𝑃𝑟)𝑞
𝑘
𝜇2
𝑘

(13)

The coefficients p and q were obtained from Geankoplis [18]. The correlations for calculating wall
temperature and total heat loss from the BFB gasifier are given by

𝑄𝑡𝑜𝑡,𝐵𝐹𝐵 =

𝑇𝐵𝐹𝐵 − 298
4
+ 𝜖𝜎𝐴𝑜𝑙 (𝑇𝑤𝑎𝑙𝑙
− 2984 )
∆𝑥𝑖
1
∑
+
𝑘𝑖 𝐴𝑖 ℎ𝑜𝑙 𝐴𝑜𝑙

𝑇𝑤𝑎𝑙𝑙 = 𝑇𝐵𝐹𝐵 − 𝑄𝑡𝑜𝑡 (

1
𝑟2 − 𝑟1
𝑟3 − 𝑟2
+
+
)
ℎ𝑜𝑙 𝐴𝑜𝑙 𝑘1 𝐴𝑙𝑚,21 𝑘2 𝐴𝑙𝑚,32

(14)

(15)

where ∆xi, ki and Ai are the thickness, thermal conductivity and surface area of layer i, respectively; hol is
the convective heat transfer coefficient at the outermost surface of area Aol; subscript 1 denotes the
innermost layer, 2 the middle layer and 3 the outermost later; Alm stands for the log-mean crosssectional area of adjacent layers.

For all other sections including the CFB riser, radiation heat loss is neglected in Equation (14) although
each has one less layer of insulation. It is shown below that most heat loss from the system occurs in the
BFB gasifier as its surface area is quite large. Hence, neglecting radiation heat losses for all other
sections does not significantly affect the distribution of heat loss across the system.

Given the importance of heat loss for the heat balance over each section of the DFB system, heat losses
were also estimated from direct measurement of surface temperatures in the system using an infrared
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thermometer in combination with a K-type thermocouple connected to a hand-held calibrator. The
infrared device provided the convenience of measuring temperatures of hot surfaces without actually
going very close to them, whereas the hand-held calibrator was used to tune the infrared device.

Wall surface temperatures were obtained from 9 points in the BFB gasifier, 4 in the CFB riser, 2 in the
downcomer, 2 at the U-bend and 2 points on the inclined part of the solid transfer pipe. The number of
measurement points was limited, as operators were not allowed to enter some locations during the
tests for safety reasons. The locations of measurement points are indicated on Figure . Note that not all
the 9 points in the BFB gasifier were chosen along the axial direction. 5 out of 7 axial locations had a
single point, whereas the rest had more than one point distributed tangentially on the outer surface.
This was done to make sure that non-uniform temperature distribution on the outer surface, possible in
a large-diameter vessel such as the BFB gasifier, was taken into account. In the CFB riser, there are 2
points at different angles in the tangential direction at both axial positions. Each axial location had a
thermocouple installed to log the inside temperature of that section. With temperatures of both inner
layer and outer layer directly measured, the total heat that transfers across all layers (metal plus
insulation) were easily calculated by combining the thermal resistances of each layer. In this manner,
heat loss due to a combination of forced and natural convection could be determined.

Small amount of heat was transferred by forced convection as several fans were directed toward the
DFB system to prevent local build-up of CO or CO2 if there should be accidental leakage of syngas. The
model ignored this heat transfer as the location of reactors and other units very close to each other
made the flow pattern of external air too complicated to explore for the purpose of this paper.
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However, the measured temperature of the outer surface included the impact of this heat transfer. In
the model, the heat losses through flanges, pressure and temperature measurement ports, nitrogen
purging connections and reactors’ support structures were overlooked as their contributions were likely
to be small.

Results and discussion

Heat loss from each section of DFB system obtained from the two independent methods outlined above
are compared in Figure . Heat losses are estimated by applying the model to the data from two test
runs. The measurements of surface temperature were conducted at a later date by operating the
system at a temperature similar to the two earlier tests. In the case of the BFB gasifier, CFB riser,
downcomer and U-bend, the heat loss found from measurement of surface temperature was similar to
those from the model. It was not possible to measure surface temperatures of the CFB cyclone and the
exit pipe of CFB NG burner. However, the model shows that the combined heat loss from these sections
was only 4.2% of the total heat loss and therefore is considered not large enough to affect the overall
heat loss appreciably. According to the model, the heat losses were 28.1% and 25.0% of the total energy
inputs into the system by biomass, steam and natural gas in the two test runs.

The model produces overall heat losses of 36.7 kW and 29.6 kW for the two tests whereas surface
temperature measurement gave a heat loss of 37.9 kW. From Figures 2 and 3, it can be seen that the
operating temperatures of the CFB combustor and BFB gasifier were much higher in Test 1 than in Test
2. This explains why the overall heat loss during Test 1 was higher than during Test 2. A higher operating
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temperature in a reactor creates a larger difference between the temperature inside and the ambient
temperature outside, and this temperature difference causes greater heat loss from the reactor. Each of
the heat losses from the model is found to be lower than that from the measurement of surface
temperatures. That the model delivers lower values can be explained by the fact that it did not consider
heat transfer by radiation from any section except BFB and by forced convection from any of the
sections. Moreover, the model overlooked the heat losses through flanges, measurement ports,
thermocouples and reactor support structures.

Both methods found that most of the overall heat loss from the DFB system occurs from the BFB
gasifier. The heat loss from the BFB gasifier is three times of that from all other sections combined,
because of its large surface area. Both methods considered heat transfer by radiation from the BFB
gasifier. However, the model did not take into account heat transfer due to fan-induced forced
convection on the outer surface because of the difficulty in estimating the air velocity near the outer
surface of the unit.

With heat loss estimated from the two different methods, the solid circulation rate and the char transfer
rate from the BFB gasifier to CFB combustor can be estimated because all other heat balance input and
output parameters to the DFB system as a whole were measured and are therefore known.

The solid circulation fluxes are estimated to be 45.2 and 55.6 kg/m2-s in Tests 1 and 2, respectively.
Although this energy balance was conducted over the BFB gasifier, the flux is reported using the crosssectional area of the CFB riser to enable comparison with information available in the literature. Based
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on a thermal-tracing method, Rahman et al. (2017) measured these fluxes to be 36.3 and 46.4 kg/m2-s
under process conditions. Although similar in magnitude to those of Tests 1 and 2, respectively, in each
case, the flux estimated in this work is higher than the measured flux. This finding cannot be taken as a
general trend as the number of data point is very small. Nevertheless, the general agreement between
the rates obtained from these two independent methods is quite encouraging as direct measurement of
solid circulation rate at high temperature is very difficult. From Figures 2 and 3, the difference between
the temperatures of the CFB combustor and BFB gasifier are calculated to be 110°C and 85°C for Tests 1
and 2, respectively. The smaller temperature difference in the second test occurred due to its higher
solids circulation rate compared to the first test.

An oxygen balance over the CFB riser shows 1.2 and 0.6 kg/h burn-out rate of char for the Tests 1 and 2,
respectively. Since all char particles that enter the CFB riser are fully combusted in the presence of
excess O2, the char transfer rates from BFB gasifier to the CFB combustor are therefore 1.2 and 0.6 kg/h
in these tests. This corresponds to char constituting 12% and 6% of the feed biomass by weight in the
respective tests. The lower rate in the second test can be attributed to the lower operating temperature
in the gasifier which promotes formation of tar which includes some carbon. However, it was not
possible to determine the char transfer rate from another method. No relevant information was found
from the literature for comparison.

This determination of solid circulation rate in the overall DFB system and char transfer rate from gasifier
to combustor using mass and energy balance calculations required accurate measurement of pressures,
temperatures, compositions and flow rates of all input and output streams, and process conditions in
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the reactors. In the case of the solid circulation rate, there are few direct methods which can be
conveniently applied to large-scale systems being operated at high temperatures. There is no reported
technique which can directly measure the char transfer rate from the BFB gasifier to the CFB combustor.
Although the indirect method presented in this paper requires considerable background information, it
is very useful given the difficulties associated with the direct method. Moreover, the application of this
indirect method is not limited to any particular range of flow rate or temperature.

Conclusion

A novel method of estimating solid circulation rate in a dual fluidized bed reactor system and char
transfer rate from gasification reactor to combustion reactor is presented. This relies on performing
mass and energy balances over the entire system and over individual reactors. As an essential
component of the energy balance, heat loss was determined in two ways – a heat balance model and
measurement of outer surface temperatures. The values were similar to one another. The solid
circulation fluxes were found to be 45.2 and 55.6 kg/m2-s, both values comparing quite well with the
fluxes obtained from a novel thermal-tracing technique. This method is not limited to any particular
range of flow rate or temperature. The char transfer rates from the gasifier to the combustor were
estimated to be 1.2 and 0.6 kg/h, respectively.
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Nomenclature

a, b, c & d

Coefficients for calculating heat capacity (-)

A

Area (m2)

Cp

Heat capacity (kJ/mol-K)

g

Gravitational acceleration (m/s2)

Gr

Grashof number (-)

Gs

Solid circulation flux (kg/m2-s)

h

Convective heat transfer coefficient (W/m2-K)

H

Energy content (kW)

∆Hc

Heat of combustion (kJ/mol)

HHV

Higher heating value (kW)

k

Thermal conductivity (W/m-K)

L

Characteristic length (m)
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m

Mass flow rate (kg/h)

ms

Solid circulation rate (kg/h)

n

Extent of reaction (kmol/h)

Nu

Nusselt number (-)

p&q

Constants for calculating heat transfer coefficients (-)

Pr

Prandtl number (-)

Q

Heat loss (kW)

r

Radius (m)

T

Temperature (K)

x

Mole fraction (-)

∆x

Thickness of a layer (m)

β

Volumetric coefficient of expansion of fluid (1/K)

ϵ

Surface emissivity (-)

μ

Viscosity (kg/m-s)

ρ

Density (kg/m3)

σ

Stefan–Boltzmann constant (W/m2-K4)

Subscripts

i

Input/output stream

in

Inlet

j

Gas component
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lm

Log mean

ol

Outer layer

out

Outlet
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Table 1: Properties of air and natural gas [15] at CFB riser inlet

Natural gas

Air

Temperature (°C)

25

280 (Test 1) & 300 (Test 2)

Pressure (atm)

1

1

Composition (% mole)

98% CH4, 2% N2

79% N2, 21% O2

Table 2: Ultimate analysis of wood pellets [19]

Content (% wt.)

Normalized Content (% wt.) – N & S free

Carbon (C)

47.8

48.4

Hydrogen (H)

6.4

6.5

Oxygen (O)

44.6

45.1

Nitrogen (N)

0.3

-

Sulphur (S)

0.9

-

Total

100

100
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Table 3: Material of construction, length, wall thickness, insulation material and thickness for each
section

BFB gasifier

Material of

Wall thickness

construction

(mm)

Carbon steel

9.5

Length (mm)

2720

Insulation

Insulation

material

thickness (mm)

60% alumina

88.9

brick

U-bend

800 HT

5.5

1225

Board insulator

25.4

Ceramic & glass

88.9

fibre
CFB riser

800 HT

13.5

6800

Ceramic & glass

88.9

fibre
NG Burner pipe

800 HT

6.1

660

Ceramic & glass

88.9

fibre
CFB Cyclone

800 HT

15.8

768

Ceramic & glass

88.9

fibre
Downcomer
sections: Upper

800 HT

7.6 & 5.5

2132 & 2337

Ceramic & glass

88.9

fibre

& lower
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Combustion flue gas

CFB cyclone

CFB riser
combustor

Downcomer
Product syngas

BFB gasifier

Biomass

Burner

U-bend

Natural gas

Air for combustion

Steam for gasification

Figure 1: Schematic of DFB pilot plant at the University of British Columbia. Locations of surface
temperature measurements are indicated by arrows.
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Figure 2: Overall balance over DFB system for Test 1: (a) mass balance; (b) energy balance.
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Figure 3: Overall balance over DFB system for Test 2: (a) mass balance; (b) energy balance.
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H5: Syngas

Sand from riser

H1: Biomass
BFB
U-bend

Char to riser
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H2: Steam

Heat loss from BFB
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Figure 4: Isolated energy balance over BFB and U-bend to calculate solid circulation rate. (Heat of
reactions are included in the estimation of the enthalpies of char and syngas.)
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Figure 5: Relative heat losses from different sections of DFB pilot plant using two independent methods.
(During surface temperature measurements, the key inside temperatures are TCFB: 890°C, TBFB: 850°C.)
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Appendix D: Engineering drawings of butterfly valve
The detained engineering drawings for the construction of butterfly valve and its accessories are
provided in this appendix. The imperial units (e.g. length in inch) were used as it was a requirement for
construction in the departmental workshop.
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Appendix E: Conversion of rotameter reading to actual flow rate
The flow rate indicated by the rotameter needed to be corrected to obtain the actual flow rate. Since
the design pressure of the rotameter is different from the operating pressure shown at the gauge, a
pressure correction factor is required:

𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 (𝐺𝑎𝑢𝑔𝑒 𝑟𝑒𝑎𝑑𝑖𝑛𝑔 𝑖𝑛 𝑝𝑠𝑖𝑔 + 14.7)
𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 = √
𝐷𝑒𝑠𝑖𝑔𝑛 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 (14.7)

A density correction factor is needed for measuring flow rates of natural gas as the rotameters
employed for this purpose were designed based on air flow. This factor is estimated as

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑔𝑎𝑠 𝑢𝑠𝑒𝑑 𝑖𝑛 𝑑𝑒𝑠𝑖𝑔𝑛 (𝑎𝑖𝑟)
𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 = √
𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑔𝑎𝑠 𝑏𝑒𝑖𝑛𝑔 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 (𝑁𝐺)

Finally, the actual flow rate is obtained by multiplying the indicated flow rate by one or two of these
factors depending on the gas used.
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Appendix F: Values of coefficients for estimation of gas properties
Table E1: Values of coefficients for viscosity estimation [40].
a1 x 10-8
a2 x 10-5

a3 x 10-2

a4

N2

1.89690

-4.99074

7.22905

0.16613

O2

1.39088

-4.49772

7.72693

0.98526

CO2

0.48702

-2.34095

6.11504

-1.33587

H2O

-0.59916

1.15667

3.37086

-1.67766

Table E2: Values of coefficients for heat capacity estimation [42].
b1 x 103
b2 x 105

b3 x 108

b4 x 1012

H2

28.84

0.00765

0.3288

-0.8698

CH4

34.31

5.469

0.3661

-11

CO

28.95

0.411

0.3548

-2.22

N2

29

0.2199

0.5723

-2.871

O2

29.1

1.158

-0.6076

1.311

CO2

36.11

4.233

-2.887

7.464

H2O

33.46

0.688

0.7604

-3.593

Table E3: Values of coefficients for thermal conductivity estimation [43].
1
2
3
4
5
m

0.239503

0.00649768

1

-1.92615

2.00383

n

0.402287

0.356603

-0.163159

0.138059

-0.0201725

6

7

-1.07553

0.229414
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