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Abstract: Solid circulation rate (Gs) represents the mass flux of circulating particles in circulating
fluidized bed (CFB) systems and is a significant parameter for the design and operation of CFB
reactors. Many measuring technologies for Gs have been proposed, though few of them can be
applied in industrial units. This paper presents a comprehensive study on measuring technologies,
and the results indicate that though the accumulation method is most widely applied, it is constrained
by the disturbance of normal particle circulation. Some publications have proposed mathematic
models based on pressure drop or other parameters to establish Gs measurement models; these
necessitate the accurate modeling of complicated gas-solid flows in industrial devices. Methods
based on certain measurement devices to specify parameters like velocity require device endurance in
the industrial operation environment and stable local gas-solid flow. The Gs measuring technologies
are strongly influenced by local gas-solid flow states, and the packed bed flow in standpipes make
the bottom of standpipes an ideal place to realize Gs measurement.

Keywords: solid circulation rate; circulating fluidized bed; accumulation method; pressure drop;
velocity measurement

1. Introduction

Circulating fluidized bed (CFB) systems have been widely applied in the fields of
energy, chemical engineering, metallurgy, etc. As a type of complex industrial equipment,
many parameters will influence the design and operation of CFBs, including the solid
circulation rate (Gs). The solid circulation rate for CFB represents the mass flux of circulating
bed materials (kg/(m2·s)) and has a different meaning for various CFB equipment.

For a CFB boiler, the solid circulation rate is the ash circulation rate, which is an
important design parameter, and along with gas velocity determines the fluidization state in
the CFB boiler [1]. The gas-solid flow in furnaces of CFB boilers can reach a fast fluidization
state only if the circulation rate exceeds the saturated carrying capacity, and different values
of solid circulation rate represent different flow states of fast beds [2]. Meanwhile, the
ash circulation rate determines the heat transfer capacity of external heat exchangers [3].
During the development process of CFB boilers, higher parameters and higher capacity are
used. Thus, CFB boilers with multi-cyclone design are more common, and the deviation of
solid flux among different cyclone loops will threaten the safe operation of the boiler [4].
The ash circulation rate in different cyclone loops can quantitatively characterize flow
deviation to provide a criterion for design improvement.

For chemical looping combustion (CLC) systems, the solid circulation rate determines
the transportation of metal oxide particles, energy transfer between two reactors and the
solid inventory of CLC systems [5]. The accurate measurement of the solid circulation
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rate has become a key problem during the development of CLC systems [6]. For a dual
fluidized bed (DFB) system, which is widely applied in the gasification field, the solid
circulation rate will strongly influence the mass and energy balances of both the individual
fluidized bed reactor and the whole system [7].

As mentioned above, the solid circulation rate is a key parameter for all kinds of CFB
equipment and will strongly influence the design and operation. Therefore, scholars have
developed various measuring technologies for the solid circulation rate in CFBs; however,
few of them can be applied in industrial equipment [8,9].

In this paper, the measuring technologies for CFB solid circulation rate, focusing on
the measuring principle and the limitations of its application in industrial equipment, are
reviewed. An understanding of future perspectives of measuring technology and some
areas of future research are also presented.

2. The Most Widely Applied Way—The Accumulation Method

The method of accumulation is to suddenly stop particles flowing through some part
of CFBs and measure the following accumulation velocity of bed material to calculate the
solid circulation rate. This method is the most basic and easiest way to measure the solid
circulation rate because it can directly measure the solid mass flux and is easy to operate;
thus, it has been widely applied in cold flow model experiments. Usually, certain new
proposed measuring technology or a method needing parameter fitting is calibrated by this
method [10,11].

There are many ways to shut off particle circulation, and a common one is to arrange
a porous valve or butterfly valve in a standpipe and close it suddenly [12]. With the valve
closed, the circulating bed material will accumulate above it, and the solid circulation
rate can be calculated using the solid accumulating height and time needed (as shown in
Figure 1).

Gs =
ρbulkhref

τac
(1)

where ρbulk is the bulk density of the bed material (kg/m3), href is the reference accumu-
lating height (m) and τac is the time for the bed material to reach href (s). In addition to
methods for mechanical valves, cutting off the fluidizing air in the loop seal abruptly can
also achieve particle accumulation [13].

Figure 1. Schematic diagram of accumulation method.

However, this method will disturb normal solid circulation in CFB loops and needs
direct observation of the accumulation height, which is only possible with a transparent
wall. The former shortcoming is inherent, but the latter one can be addressed.

Karlsson et al. [14] applied a pneumatically controlled butterfly valve to fluidize the
solids column formed on the valve when the valve is closed. Through a pressure transducer
to monitor the increase of pressure drop ∆psp after the valve is closed, Equation (1) can be
rewritten as

Gs =
1
g

dpsp

dτ
(2)
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where psp is the pressure of the standpipe (Pa), and dpsp
dτ is pressure change rate (Pa/s).

This method changes information of accumulation height to information of pressure drop
through fluidization and avoids direct observation of the accumulation height. Similarly,
Göransson et al. [15] used pressure measurement to avoid direct observation. In their
experiment, two pressure transducers connected to purge gas nozzles were set on top of the
recycle valve. When fluidization air from the recycle valve is turned off and bed materials
accumulate in the standpipe, the pressure transducers can capture the dynamic pressure
when the solids reach them, and the time delay of pressure changes between the two
transducers represents accumulation time τac. The distance between the two transducers
is href, and the solid circulation rate can be calculated by Equation (1). Rahman et al. [8]
applied a similar method, but pressure transducers were substituted by capacitance sensors,
which can measure local solids concentration. In Fuchs’s [16] experiment with a metallic
test plant, the fluidization of the loop seal was turned off abruptly, and the air of the riser
was also turned off 30 s later. A vacuum cleaner was placed in the standpipe to collect the
bed material stacking in the standpipe. The collected mass divided by 30 s is viewed as
the circulation rate. This method is based on the assumption that the filling height of the
bed material in the standpipe is stable, and measuring position is set at this height; the
change in filling height of the standpipe during operation will strongly affect the measuring
accuracy.

Another way to stop particle flow is to lead it into the bypass channel. This is done
by placing a switch valve at the standpipe top and switching the particle flow to a bypass
collecting chamber suddenly [17]. The accumulation rate in the bypass chamber can
represent Gs. It has also been shown practical to install two windows with a hole in the riser
to transfer particles from the riser to nearby columns [18]. In these two methods, the particle
accumulation rate in the bypass chamber is captured simply through the visualization
method.

As mentioned above, this accumulation method can predict the solid circulation rate
in all kinds of environments, whereas the problem of this method strongly affecting the
steady operation of systems make it limited in cold flow experiments. Therefore, scholars
have sought an alternative method that is applicable in industrial equipment.

3. Mathematical Modelling Methods

Except for the accumulation method, the measuring method for the solid circulation
rate can be divided in two main types: methods establishing a mathematical calculation
model of Gs and methods applying specific instruments for measurement. For the method
of mathematical modelling, scholars prefer to use operating parameters like pressure drop
to establish mathematical correlation because they are easy to obtain. For most of these
methods, pressure drop is considered the main parameter; the methods differ only in the
part selected for the pressure drop measurement. In addition, few mathematical models
have been proposed.

3.1. Correlations Based on Pressure Drop of Riser

The correlation formula based on the pressure drop of the top zone of a riser is
widely applied in CFB boilers and CLC systems. In this method, circulation rate Gs can be
represented by Equation (3):

Gs = ρmvp (3)

where ρm is the density of the gas-solid mixture (kg/m3) and vp is the average velocity of
the solid particle (m/s). Through Equation (3), measurement of the solid circulation rate is
split into calculation of density and velocity. The principle of applying pressure drop on
the top zone of the riser to estimate ρm is to ignore other pressure drops and only consider
gravity pressure drop. Thus, ρm can be calculated by Equation (4):

∆pr = ρmg∆hr (4)
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where ∆pr is the pressure drop of the top zone of the riser (Pa) and ∆hr is the vertical
distance of two pressure transducers (m).

The estimation of solid velocity in the riser (vpr) is usually based on gas velocity and
particle properties. The simplest way is to assume that the flow state in the top zone of the
riser is pneumatic conveying, and thus velocity can be obtained by

vpr = vgr − vt (5)

where vgr is the superficial gas velocity of the riser (m/s), which is calculated by measuring
the mass of the gas rate into the riser, and vt is the terminal velocity of solid particles (m/s),
which can be predicted by Equation (6) [19]:

vt =
g(ρp−ρf)d2

p
18µ Ret < 2

vt = 0.153
g0.71(ρp−ρf)

0.7d1.14
p

ρ0.29
f µ0.43 Ret = 2 ∼ 500

vt = 1.74[ g(ρp−ρf)dp
18µ ]

0.5
Ret = 500 ∼ 15000

(6)

where ρp, dp are the density and average diameter of solid particles (kg/m3, m), ρf, µ are
the density and viscosity of the fluid (kg/m3, Pa·s) and Ret is the Reynolds number of the
particle in terminal velocity. Combined with Equations (3)–(5), the solid circulation rate
can be represented Equation (7):

Gs =
∆pr

g∆hr
(vgr − vt) (7)

This method is usually applied in the estimation of the ash circulation rate for CFB
boilers because of its simplicity. Sun et al. [20] applied this method to estimate the ash
circulation rate of Baima’s 600 MW supercritical CFB boiler under 60% load, with a simpler
assumption that particle velocity vpr is directly equal to gas velocity vgr.

However, this assumption limits the accuracy of this method. The main reason causing
the deviation is that the flow state of the top gas-solid flow in the riser is complicated,
and for CFB boilers, it is a fast bed flow state [21]. Therefore, for the fast bed flow state,
solid velocity cannot be calculated by Equation (5). The core-annulus flow structure in
the CFB boiler riser (as shown in Figure 2) will also cause the deviation from Equation (5).
Concerning these deviations, some published works have proposed revised correlations.

Figure 2. Schematic diagram of core-annulus flow in riser.

Some scholars have proposed a theoretical revision based on a more detailed con-
sideration of the gas-solid flow. Medrano et al. [18] added frictional pressure drop in the
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momentum equation (Equation (4)) and also revised Equation (5) by substituting vt with
vt(1 − ϕpr)n−1, where ϕpr is the particle volume fraction in the riser and n is an empirical
factor. The influence of non-spherical particles was also considered in the calculation of dp
and vt. In the interconnected fluidized bed, the flow state in the riser is pneumatic convey-
ing, so no revision of the flow state of fast bed will lead to deviation. Alghamdi et al. [22]
revised the influence of the core-annulus flow by considering that there is solid flux dis-
tribution in cross-section, and only some of the particles flow upward. A semi-empirical
model developed by Rhodes et al. [23] was applied to evaluate solid flux distribution.

Gr

Gs
= a1[1 − (

r
R
)

c1
] + b1 (8)

where r is the radial distance from the riser axis (m), R is the riser radius (m) and a1, b1, c1
are coefficients proposed by Rhodes [23]. Through the integral of Equation (8), the revision
coefficient can be obtained to revise Gs as calculated by Equation (7).

Stollhof et al. [24] researched Gs in four different fluidized bed systems, including two
cold flow models and two pilot plants, and they found the exit configuration of the riser
will influence the accuracy of this formula, because the rebounded particles from the exit
will affect the pressure drop of the top of the riser. For risers with abrupt exit configurations
(like L-shape exits), they applied an exit Froude number FrR [25] to revise the particle
velocity vp.

In addition to theoretical revisions, some scholars have chosen to revise the above
relation by experimental fitting. Markström and Lyngfelt [11] applied an empirical coeffi-
cient k to consider deviations. They established a lab-scale cold test rig, scaled down from
a 100 kW chemical-looping combustor, and proposed an empirical formula that simply
multiplies Equation (7) by factor k:

Gs = k
∆pr

g∆hr
(vgr − vt) (9)

However, this empirical coefficient is limited to experimental conditions of the test
rig. In their follow-up research on 100 kW chemical-looping combustors [26], a different
correlation formula was obtained through the same experiment fitting process.

Gs = k1 + k2Gs,cal (10)

where Gs,cal is the solid circulation rate calculated by Equation (7) (kg/(m2·s)) and k1 and
k2 are the new empirical coefficients for the 100 kW combustor. Other researchers have
shown that factor k is different in single particle systems and binary mixture systems [27],
which also indicates its limitation.

3.2. Correlations Based on Pressure Drop of Other Places

Patience et al. [28] first proposed an empirical formula to predict Gs based on the
pressure drop in horizontal sections between risers and cyclones. The principle of this
method is to assume that the gas-solid flow in this horizontal section is fully a suspension
flow, so the pressure drop, ∆ph, can be depicted by the momentum balance equation:

∆ph = 2ρg( fg + fp)
∆Lh
Dh

v2
gh + Gg(vgh,2 − vgh,1) + Gs(vph,2 − vph,1) (11)

The first term on the right side is a simplified expression of frictional pressure drop,
where f g, f p are the friction factors of the gas and particle phase, ∆Lh is the horizontal
distance of the two pressure transducers (m), Dh is the diameter of the horizontal section
(m) and vgh is the superficial gas velocity in the horizontal section (m/s). The other two
terms on the right side are the acceleration pressure drops of the gas and particle phase,
where vgh1, vgh2, vph2, vph2 are the superficial velocity of the gas and particle at the position
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of the two pressure transducers (m/s). With the assumption that the superficial velocity of
the gas and particle phase is equal, Equation (11) can be simplified as

∆ph = Gs(a2 + b2v2
gh) + c2v2

gh (12)

where a2, b2 and c2 are parameters derived from Equation (11). With this physical basis,
experiment data were applied to fit the coefficient from Equation (12), and a different
correlation was obtained with different materials of the horizontal section. This method still
faces the problem of promotion. In Yang’s experiment [29], the pressure drop between the
riser exit and the inlet of the cyclone was fitted to the solid circulation rate, and a different
formula from Patience was obtained.

Monazam et al. [30] tried to use a dimensionless quantity for revising the formula. The
authors showed a more detailed consideration of parameters in same momentum balance
equation and proposed a formula associating dimensionless solid flux Gs

ρgvgh
with the Euler

number Eu:
Gs

ρgvgh
= a3Eu + b3 (13)

Eu =
2∆ph

ρgv2
gh

(14)

where a3 and b3 are their fitting coefficients, based on experiment data.
This method is simple and can lead to online prediction of the circulation rate, but

the gas-solid flow in the horizontal section is not a fully developed flow, which may cause
deviation. In addition, this method needs pre-calibration, which is difficult for industrial
equipment, and the fitting coefficient for the different test rig also limits promotion.

Pressure drop in the standpipe is also applied in the Gs prediction model. Huang
et al. [31] predicted the solid circulation rate using the pressure drop in the bottom of the
standpipe, based on the Ergun equation [32]:

∆psp

∆Lsp
= 150

µ(1 − ε)

ε3d2 vs + 1.75
ρg(1 − ε)

ε3d
v2

s (15)

vs = vgsp − vpsp (16)

where ∆Lsp is the distance between the two pressure transducers in the standpipe (m), d is
the particle diameter (m), ε is the voidage and vgsp and vpsp are the superficial velocities
of the gas and particle phase in the standpipe (m/s). In Equation (15), the pressure drop
is linked with voidage ε and gas-solid slide velocity vs (m/s). With the assumption that
voidage can be expressed as a linear function of vs, and there is also a linear relation between
the gas and particle velocity, the pressure drop is exclusively determined by particle velocity
vpsp. Therefore, vpsp can be obtained from Equation (15). With density determined by
voidage (Equation (17)), the solid circulation rate can be calculated by Equation (3).

ρm = ρp(1 − ε) (17)

In this method, the relation between voidage and vpsp and the relation between vgsp
and vpsp are assumed to be linear, through analysis of the experimental data; however, this
lacks a physical basis.

There have also been attempts to apply the standard deviation of pressure fluctuations
in an inclined standpipe [33] and the pressure drop between the riser inlet and top of
the surrounding annular feeding mechanism [34] to predict the solid circulation rate. The
differences between experimental models and common CFB systems make this less suitable.

3.3. Other Mathematical Correlations

Rahman et al. [35] proposed a Gs calculation method based on system mass and energy
balance. They established mass and heat balance equations for a DFB system and estimated
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heat loss by two methods, including calculation based on a heat transfer model and direct
measurement of the surface temperature. With the heat loss estimation and a detailed
measurement of pressure, temperature, composition and flow rate of all input and output
streams, the solid circulation rate can be calculated by the mass and energy balance of DFB
systems and individual reactors. The accuracy of this method depends on the accuracy of
the balance equations and parameter measurements. For their pilot experimental system,
the chemical reactions occurring in reactor are very clear, and many measurement points
are set to guarantee data accuracy. For large-scale industrial equipment, more complicated
reactions, more uneven flow structures and fewer measurement points limit the accuracy
of this method.

Some fitting methods have been proposed. Through analysis of the influence factors
for solid circulation rate, Lim et al. [36] provided a dimensionless correlation, associating
dimensionless solid circulation rate Gs

ρgvgr
with Froude number, particle Reynolds number,

the ratio of superficial gas velocity to particle terminal velocity vgr
vt

and the ratio of particle
density to gas density ρp

ρg
. The state space model has also been applied to predict Gs, and

Park et al. [37] applied the Kalman filter algorithm to estimate the state of the standpipe,
including solid circulation rate, with the input of air flow, riser aeration flow and riser total
pressure drop. These two methods are strongly influenced by their training data and thus
have limitations.

4. Methods Based on Device Measurement

In addition to establishing mathematical calculation models for solid circulation rate,
there are methods that apply specific devices for direct measurement. Considering Gs is
determined by the density and velocity of gas-solid flow (shown in Equation (3)), density
is comparatively easy to estimate, especially for dense flow, while velocity is difficult
to measure. Therefore, most of methods in this section involve direct measurement of
gas-solid velocity and apply other ways to estimate density.

4.1. Tracer Methods

Tracer methods apply specific tracers into the gas-solid flow, assuming they have the
same velocity as the bulk velocity.

Among the different kinds of tracers, the fluorescent tracer particle is commonly used.
Kuramoto et al. [38] introduced micro-spherical particles covered with fluorescent dyes as
tracers into the bed material of an inner circulating fluidized bed and applied two optical
fiber probes to capture signals from the tracer. The gas-solid velocity can be assumed to be
equal to the tracer velocity calculated by

vp =
∆htr

τtr
(18)

where ∆htr is the distance between two transducers (m) and τtr is the time-lag of the signals
detected by the two fibers (s). The density is estimated from the bed density at minimum
fluidization state, and thus the solid circulation rate can be calculated through Equation (3).
In addition to fibers, a camera can also be used to measure velocity through detection of the
trajectories of the fluorescent tracers [39]. However, the photographing method may face
the problem that tracers are hidden by other bed material because of the 3D flow channel.
To solve this problem, Mitrofanov et al. [40] applied a quasi-2D flow section to photograph
the gas-solid flow to prevent the tracer from being hidden; however, this introduces a new
problem of disturbance of the gas-solid flow of the whole system. The measurement section
of these methods are in the dense phase of the bottom of the standpipe, and thus density is
assumed to be that in the packed bed.

In addition to fluorescent tracer particles, there also are some examples of magnetic,
radioactive or cold particles. For a magnetic tracer, a coil surrounding the tube is applied
to detect the tracer [41]. For a cold tracer, thermocouples can detect temperature signals [9].
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In this research, density is calculated through pressure drop gradient (Equation (4)) or
assumed to be bulk density. For the radioactive tracer in Al-Dahhan’s research [42,43],
detectors were arranged to detect the gamma rays emitted by tracers. The density mea-
surement was based on measuring the light intensity attenuation of a beam of radiant light
after passing through the dense phase area of the standpipe.

The tracer methods specified above are strongly influenced by the gas-solid flow
state, and they can accurately predict particle velocity only in a stable and unidirectional
flow. The back-mixing and lateral move of particles and tracers as created by different
velocities due to velocity unevenness will affect the measuring accuracy. Meanwhile, many
tracer detecting devices cannot endure high-temperature environments, which limits their
application in industrial environments.

4.2. Optical Method

In addition to methods directly observing a tracer’s motion, there are some optical
methods used to measure particle velocity. Matsuda [44] developed an optical mouse
sensor to monitor local particle velocity, with the density assumed to be bulk density. This
method can give a convincing result of local particle velocity but not average velocity,
which depends on velocity distribution. In the method established by Yang et al. [45],
the local density is measured along with velocity in an optical fiber probe, which makes
it applicable in dilute phase areas. For industrial equipment, the velocity distribution
becomes more uneven because of larger size, which leads to larger error. To overcome this
problem, Sun et al. [20] arranged 3 × 5 measuring points in cross-section for fiber-optic
probes to measure local velocity and particle concentration. Based on the mathematical
form of the velocity and concentration field [46], the experimental data in cross-section
can be applied to fit the relative equation, and the total circulation rate is particle density
multiplied by the integral of the product of concentration times the velocity in cross-section.

Particle image velocimetry (PIV) is another kind of optical method. Medrano et al. [18]
directly photographed particle motion without any tracer in a pseudo-2D internally circu-
lating fluidized bed and applied cross-correlation methods to analyze the particle velocity
field. As an improvement, Atxutegi et al. [47] applied a borescope in a spouted fluidized
bed to directly measure particle velocity and did not need a 2D flow channel. Further, Xie
et al. [48] applied it in CFB boiler, using optical imaging equipment in horizontal sections
between the furnace and cyclone. In their research, flight trajectory could be captured
by camera, and particle velocity could be calculated by image processing. The density
depends on ash concentration, which is estimated using the mass balance in the boiler.
Although this method did not apply a tracer, it could capture obvious photos of particle
trajectory through in industrial tests. However, this method takes photos in a 3D channel,
and it can only capture particles flowing in focal plane. The gas-solid flow in horizontal
sections is not a plug flow, so the obtained velocity does not represent the average velocity
in the flow channel.

The main factor constraining the optical method’s application in heated industrial
equipment is that it can only capture flow in a plane, and thus it requires a 2D flow; the
complicated gas-solid flow in large scale equipment cannot fulfill this requirement.

4.3. Impact Method

Any subject in a gas-solid flow channel will be impacted by particles. The impact
force can be linked with particle impact velocity, which is the principle of the impact
method. Ludlow et al. [49] developed a probe consisting of a pair of piezoelectric pressure
transducers that produce a voltage spike when impacted by particles. This probe can
measure local mass flux, with the assumption that the standard deviation of voltage
outputs is proportional to the local solid flux. Twelve radial positions are set for different
heights of risers to obtain the average solid circulation rate. Such probes can predict local
solid flux, but it is difficult to measure velocity at so many different positions in industrial
equipment. With few measuring points, the complicated core-annulus flow in risers will
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cause large deviations. Therefore, more scholars choose to arrange impact devices in the
standpipe.

Heertjes et al. [50] proposed a particle velocity meter consisting of a needle arranged
in the standpipe and the connected piezo-electric crystal to output a pulse signal for each
collision between the needle and particle. The Gs calculation model assumes that the
amplitude of the pulse is proportional to particle momentum and is applied to calculate vp,
and a porosity meter is used to obtain local voidage to calculate density through Equation
(17). This method correlates impact signal with particle momentum, but some methods
directly correlate it with the solid circulation rate. Burkell et al. [12] arranged an inverted-V-
shaped pan below the cyclone and proposed positive correlation between impact force and
solid circulation rate. Through Kim’s research [51], impact pressure and Gs are quadratic,
based on the momentum balance on the impact probe.

F
At

= ξGsvp = ξ
G2

s
ρm

(19)

where F is the impact force on the target (N), At is the area of the target (m2) and ξ is the
momentum transfer coefficient determined through experiment.

These impact methods can only capture certain point information, which may lead to
deviation, and thus some scholars have changed part of the standpipe structure to make
all the particles impact on a forced target to directly measure total mass flux (as shown
in Figure 3). Different from Equation (19), there is a linear relation between impact force
and solid circulation rate through conservation of the momentum of the forced plate [52].
This model is calibrated through feeding of a silo, but this result is further proven in CFB
systems [53]. This impact method can capture impact information on all particles and thus
can give a more convincing result, while the large change in the CFB structure makes it
difficult to apply to industrial equipment.

Figure 3. The change in standpipe to make all particles impact the force target (1. Cyclone; 2.
Standpipe; 3. Measurement box; 4. Force target; 5. Signal capture and treatment system).

There is another kind of impact element with rotation. Liu et al. [54] proposed a
turbine with several blades and set it in the bottom of the standpipe. According to the force
balance of turbine blades, the rotation rate is linked with solid velocity rather than solid
circulation rate. The assumption that the gas-solid flow in the measurement position is
dense plug flow is added to obtain density as bulk density. In contrast, Ludlow et al. [10]
installed a vertically placed rotating spiral vane in the standpipe, and its rotation rate was
similarly correlated with particle velocity. The density was estimated by Equation (17),
where the voidage was between the value for a packed bed and a fluidized bed and was
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chosen as 0.47. The common shortcoming of these two methods is that the equipment needs
to occupy a large part of the cross-section in order to measure the average velocity, thus
affecting normal operation of the industrial equipment. If these instruments are scaled up
for real industrial devices, it is unknown whether such large mechanical devices can endure
the long-term erosion of high temperature particles as well as the jamming of rotation parts.

4.4. Other Measurment Equipment

In addition to the measurement equipment mentioned above, some publications have
specified other technologies. Lu et al. [55] proposed a heat transfer method that fixed a set
of water-cooling tubes in the standpipe of a CFB boiler and calculated ash mass flux by
heat balance:

Gs As =
cwQw(t2 − t1)

cash(T1 − T2)
(20)

where cw and cash are the specific heat capacities of cooling water and circulating ash
(J/kg·K), Qw is mass flow rate of cooling water (kg/s), t1 and t2 are the inlet and outlet
temperature of the water-cooling tube (s) and T1 and T2 are the ash temperatures above and
below the tube (K). This method involves a set of tubes inside the standpipe, which affects
normal ash circulation. Comparatively, Zhang et al.’s method [56] applying a cooling jacket
outside the standpipe rather than cooling tubes inside the boiler can avoid disturbance of
the solid flow. However, the core problem of this cooling method is heat loss. The flow rate
of the cooling medium Qw has to be adequate to make the temperature difference of ash T1
− T2 large enough to measure, whereas the equipment has to be large enough to provide
the cooling medium; the corresponding heat loss in CFB under this Qw is unsustainable.

Harris et al. [57] proposed a slot flow meter consisting of a hopper and some vertical
slots on the side. This device was installed in the standpipe, and the hopper was fed
with bed material continuously. Particles flowed out of hopper through the side slots,
with the flow rate depending on the depth of the upstream particles. The hopper was
mounted on a load cell to measure inventory. The inventory was measured, and outflow
rate depended on inventory; therefore, the bed material inventory was uniquely determined
by the upstream feed rate, i.e., solid circulation rate. However, this method is based on
the correlation between outflow rate and particle packing height, which changes under
different temperature conditions and particle properties. In addition, applying a load cell
to measure the weight of the hopper in a heated industrial device is difficult.

5. Future Perspectives

Through the review of Gs measurement methods, the gas-solid flow state of the target
measuring section is a key factor influencing measurement accuracy. For mathematic
modeling methods, the establishment of the model relies on accurately describing the
physical process in the target section. The complicated gas-solid flow structure will make
establishment of equations difficult, and more empirical coefficients may also be added,
which may limit their use. For the method of device measurement, most measuring devices
measure local velocity and require a unidirectional, even and non-lateral velocity distribu-
tion to reduce measurement error. All the requirements above are strongly influenced by
the gas-solid flow state.

Considering the importance of the local gas-solid flow state, a review of the flow state
in CFBs was conducted to find the best place as a potential measuring section. The gas-solid
flow state in the bottom of the riser is a bubbling fluidization state [58]. The formation
and breakage of bubbles will cause the disorderly movement of particles, which makes it
difficult for equation establishment and device measurement. The top of the riser, with
a core-annulus flow structure, has characteristics of downward flow near the wall and
particle back-mixing [2]. Many published works have proposed Gs measurement methods
at the top of the riser, but these encounter obstacles when considering the influence of
complicated gas-solid flow. The cyclone has a strong swirl flow and is thus difficult to
use to establish a mathematic model; any insert equipment will strongly influence its flow
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field and separation efficiency, which makes it a poor choice for the measurement of solid
circulation rate.

To understand the flow state in the standpipe, many scholars have proposed various
methods. Jones and Leung [59] divided the gas-solid flow state in the standpipe into
four types, characterized by gas-solid slide velocity and the ratio of minimum fluidization
velocity to minimum fluidization voidage umf

εmf
. The detailed characterization is listed in

Table 1. In their research, the flow state in the standpipe is also strongly influenced by the
geometric structure of the inlet and outlet parts.

Table 1. Characterization of gas-solid flow state in standpipe.

Flow Regime Flow State Characterization Criterion

Fluidized regime

Dense phase fluidized solids
flow

(DENFLO)

(
∂vg
∂ε )vp

> 0

vs >
umf
εmf

Lean phase fluidized solids
flow

(LEANFLO)

(
∂vg
∂ε )vp

< 0

vs >
umf
εmf

Non-fluidized regime

Transition packed bed flow
(TRANPACFLO)

vs ≤ umf
εmf

ε = ε(vs)
Packed bed flow

(PACFLO)
vs ≤ umf

εmf

ε = constant

For a full-loop CFB system, the gas-solid flow in the bottom of the standpipe is
usually viewed as a packed bed flow or minimum fluidization state, which depends on the
geometric structure and operation parameters. Scholars have defined the flow state of the
standpipe as different states in their models or experiments (as listed in Table 2).

Table 2. Flow state of standpipe defined in literatures’ model.

Literature Flow State Form of Recycle Valve

Basu [60] Packed bed flow (gas flow
upward) Loop seal

Rhodes [61] Packed bed flow Mechanical valve
Ludlow [62] Packed bed flow Loop seal

Dong [63] Packed bed flow/minimum
fluidization state N valve

Kim [64] Minimum fluidization state Loop seal

To clarify the flow state, Yao [65] conducted comprehensive work on the gas-solid
flow in standpipes. Based on CO2 tracers and optical fibers, the gas flow direction was
determined. The gas velocity was obtained through gas flux measurement, and particle
velocity was obtained through the accumulation method. Thus, the gas-solid slide velocity
could be quantitatively determined. Combined with measurement of the pressure gradient,
the gas-solid flow state could be considered. It was found that the moving packed bed flow
theory could well predict the experimental data, which also clarified the gas-solid flow
state.

In such a packed bed flow in the standpipe, the gas-solid flow is unidirectional, and
the particle volume fraction is nearly uniform [66], which avoids deviation from uneven
particle distribution. The particle flow is unidirectional, and the velocity distribution
is comparatively flat [67]. These flow structures [68,69] make it suitable not only for
mathematical modeling but also for using local measured velocity as average velocity.

As seen in the literature review above, the packed bed flow in the bottom of the
standpipe is a comparatively better measurement section. In this view, we have attempted
to apply the impact method to achieve Gs measurement in the standpipe (shown in Figure 4).
Through mechanical structure design, the fragile sensor can be arranged far from the
industrial high temperature environment but can still detect the inner impact force through
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mechanical transmission. This structural design of measurement devices protects sensors
to ensure long-term operation and flow state in the standpipe, ensuring measurement
accuracy [69].

Figure 4. Gs measurement system in an industrial CFB boiler; (a) Measurement position; (b) Measur-
ing principle; (c) Diagram of measurement device; (d) Picture of read device.

6. Conclusions

For a CFB system, solid circulation rate Gs is a key parameter for the design and
operation of CFB boilers, chemical looping combustors, dual fluidized bed systems, etc.
However, there are few ways to measure Gs in industrial equipment among all existing
measuring technologies.

The accumulation method cuts off particle circulation suddenly and measures the
particle accumulation rate, which can be obtained by visualization or transducers detecting
particle position. This method can directly measure the solid circulation rate, but the
disturbance of normal circulation in the CFB systems limits its application in industrial
equipment.

Mathematical models usually divide Gs calculation into separate calculations of gas-
solid density and velocity. The models can be roughly divided into three categories. The
first includes those based on the pressure drop in the top of the riser, where density is
calculated using pressure drop, based on the assumption that the pressure drop is provided
only by gravity pressure drop, and velocity is calculated using gas velocity and predicted
gas-solid slide velocity. The deviation of the flow state from pneumatic conveying may lead
to inaccuracy of the velocity calculation; this is the main direction area of revision for this
method. The second group of models is based on pressure drop in other parts, including
that in the horizontal section between riser and cyclone, and applies the momentum
equation in the horizontal section to correlate pressure drop with Gs. The gas-solid flow in
this section is not fully developed, which leads to deviation. In addition to methods based
on pressure drop, there are some other mathematical models that include energy balance,
limited by the difficulty in modeling on industrial equipment, and empirical dimensionless
equations, limited by dependence on training data.

Methods using measurement devices usually arrange measuring subjects in positions
with dense phase flow; these have the advantage of an easy estimation of density. Through
a specific device, the local or average velocity can be obtained. The tracer method arranges
fluorescent/magnetic/radioactive/cold tracers in the bed material and detects the tracer
velocity to represent the bulk velocity; this is limited by the endurance of equipment at
high temperatures. Optical methods usually apply optical fibers or PIV to obtain local
velocity and are mainly constrained by high temperature and the requirement of a 2D flow.
The impact method arranges a force target in the standpipe and transfers the force signal
to the local mass flux; however, this may affect the gas-solid flow in the standpipe. Other
measuring methods include the heat transfer method; however, the heat loss as a result of
this method is quite large.
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Accurate measurement of the solid circulation rate is strongly influenced by the local
gas-solid flow state. As a general view on the gas-solid flow in CFB systems, the packed
bed flow in the bottom of the standpipe is unidirectional and evenly distributed, which
makes it an ideal measurement position.
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