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Introduction 
Over the last fifty years gas-solids fluidized beds have played a very important role in 
many areas in the process industry, especially in chemical and petroleum industries. The 
existence of different flow regimes in fluidized beds at different operating conditions 
has been known for a long time and numerous studies have been carried out to define 
the flow regimes [1-6]. It is well accepted that with increasing gas velocity, the bed goes 
through particulate fluidization, bubbling fluidization, turbulent fluidization, fast 
fluidization and pneumatic transport [7]. According to the experimental evidence 
available in the literature so far, a common way to classify the flow regimes is to 
determine the transition velocities by means of different measurement techniques and 
interpretation methods [6, 8-9]. The transition velocities have been found to be 
influenced by many factors such as solids properties [10-12], solids inventory [13], 
column diameter [14], distributor design [15-16], operating temperature and pressure 
[17-18], the measuring techniques and data analysis methods [19]. Therefore it should 
be very careful to compare the regimes transition velocities obtained with different flow 
systems and different data analysis methods.  
 
Although lots of fluidized beds are operated in turbulent flow regime where minimizing 
entrainment and maximizing gas throughput are needed, e.g., FCC regeneration, silicon 
chloridization and particle drying, the hydrodynamic properties of this special flow 
regime are still not well understood, and the regime transition from bubbling to turbulent 
fluidization are not completely clear. One of the earliest works on quantitatively 
studying the turbulent fluidization was performed by Lanneau (1960) [20] using a 
capacitance probe. The local bed densities were measured, and with increasing gas 
velocity, there was a sudden drop in the average bed density, accompanied with a 
decrease in amplitude and increase in frequency of fluctuation a local voidage. In 1971, 
Kehoe and Davidson [21] extended their work in a slugging to higher velocity fluidized 
beds with capacitance probe, X-ray and cine photography, and first introduced the 
turbulent fluidization regime into the flow regime diagram. Yerushalmi et al. [22] first 
clearly proposed and measured the transition criterion to identify the transition from 
bubbling/slugging to turbulent fluidization. They defined two gas velocities to demark 
the transition: Uc (at which the standard deviation of pressure fluctuations reached a 
maximum) demarcating the beginning of the transition to turbulent fluidization, and Uk 
(at which the standard deviation of the pressure fluctuations levels off) indicating the 
end of the transition and the onset of turbulent fluidization. Since early work of 
Yerushalmi, extensive studies have been carried out to quantify the two transition 
velocities and also raised controversies in the literature on the definition of the transition. 
Some researchers found that there was no existence of Uk according to their 



experimental results and even question the existence of turbulent fluidization as a 
distinct flow regime [23-25]. Rhodes and Geldart [24] even pointed out that the 
transition characterized by Uk is actually a transfer of solids from the fluid bed to the 
freeboard instead of a fundamental change in the flow structures in the bed. Some other 
researchers suggested that the turbulent regime starts at Uc [10, 26-27].  
 
Numerous studies have been carried out to define the flow transition from bubbling to 
turbulent fluidization and interpreted what was occurring during this regime transition, 
however few of them have ever investigated this subject from a localized point of view. 
The objectives of this work are: 1) to further investigate the transition from bubbling to 
turbulent fluidization based the measurements of transient solids concentrations (local) 
and differential pressure drops (global); 2) to compare the global and local regime 
transition phenomena and velocities; 3) to study the effects of static bed height and 
interval distance between pressure measurement ports on the regime transition velocities. 
 
Experiments setup 
Experiments were carried out in a gas-solid fluidized bed (0.267m i.d. × 2.5m high) at 
ambient temperature and pressure, as shown in Fig.1. The solid material was spent fluid 
catalytic cracking (FCC) catalyst with a particle density of 1800 kg/m3 and a Sauter 
mean diameter of 62 µm.  The turbulent fluidized bed mainly consists of three parts: 1) a 
Plexiglas column (with an i.d. of 267 mm and a height between distributor and top of 
2.464 m) where particles are fluidized upwards; 2) a disengaging section at the top of 
the fluidizing column with a diameter of 667 mm and a total height of 1.745 m; 3) a 
recycle loop including three cyclones in series and a bag filter to capture the entrained 
particles and return them to the bottom of the column, and a small fluidized bed in the 
loop, fluidized at a superficial velocity just above Umf, to prevent possible plugging in 
the return pipes. To minimize the buildup electrostatic effects, the whole system was 
electrically grounded. Air was fed to the bed through a porous material distributor and 
its flow rate was measured by an orifice plate connected to a water manometer.  
 
Pressure ports are installed vertically along the column wall, connecting to the 
differential pressure transducers, which are interfaced with a personal computer via a 16-
bits A/D converter for real-time data acquisition. The transducer output signals are 
linearly proportional to the pressure drop in the range of 0 to 10 kPa. The pressure ports 
are installed at five bed heights, 0.3, 0.5, 0.7, 0.9, 1.3 m above the gas distributor, which 
are above the primary bubble formation and coalescence controlled region [13]. The 
fluctuations of the differential pressure signals were measured over distances of 0.2, 0.2, 
0.2, and 0.4 m. The signals of the differential pressure fluctuations are sampled with a 
frequency of 1000 Hz and stored temporally on disks. The total acquisition time is 30s 
and thus the maximum length of the time series is 30,000 points. 
 
Reflective-type optical fiber probes are effective tools for measuring the local voidage in 
fluidized beds [15, 29-32]. Their small size does not considerably disturb the overall 
flow structure. More importantly, they are nearly free of interference by temperature, 
humidity, electrostatics and electromagnetic fields [33]. 
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Fig.1.   Schematic drawing of the turbulent fluidized bed 

 
The optical fiber probes used for our experiments as shown in Fig.2 are model PV-5, 
produced by the Institute of Process Engineering, Chinese Academy of Sciences, which 
can measure solids concentration at four different positions simultaneously. The 
diameter of the probes is 4 mm, consisting of both light emitting and receiving quartz 
fibers, arranged in an alternating array, corresponding to emitting and receiving layers of 
fibers. The diameter of the fibers is 25 um. In order to prevent particles from occupying 
the blind zone, a glass cover was placed over the probe tip. The received light reflected 
by the particles is multiplied by the photo-multiplier and converted into voltage signals. 
The voltage signals are further amplified and fed into a PC. Because the relationship 
between the output signals of the optical fiber probe and the solids concentrations is 
nonlinear, a reliable calibration is required to ensure that the output correctly represents 
the measurement. The calibration was carried out in a stable gas-solid downer system 
with a small enough diameter (1/2 inch) so that a local measurement could yield a cross-
sectionally averaged value. Details of the calibration system have been described by 
Zhang et al. [33]. The solids volume concentration values range from 0 to 0.56 which 
corresponding to the solids concentration in a loosely packed bed.  
 
In order to obtain more accurate representation of radial solids concentration profiles, 
three measurement ports are installed around the periphery of the column to measure the 
solids concentration. To ensure the validity and repeatability of sampled signals, for 

1. Air distributor 
2. Fluidizing column 
3. Disengaging column 
4. Inner cyclone 
5. Second cyclone 
6. Third cyclone 
7. Bag filter 
8. Collecting fluidized 

bed 
9. Flowrate control valve 
10. Orifice meter



each run the sampling time is 30s with a frequency of 1 kHz, and at least three samples 
are taken at each measuring position.  
 

To receiver

To receiver

From light source

Probe 2

Probe 3Probe 1
 

Fig. 2 Schematic of the solids concentration-velocity fiber optic probe 
 
Regime transition velocities based on the measurements of pressure 
fluctuations 
Pressure fluctuations are one of the most commonly measured parameters to study the 
global hydrodynamic behaviors of fluidized beds, and can be used to determine the 
regime transition velocities, and to validate hydrodynamic models of fluidized beds [8, 
34-36]. Differential pressure measurements filter out the signals arising from pressure 
waves originating outside the measurement volume and provide more information about 
the localized measuring volume [37].  
 
The axial differential pressure profiles along the column are displayed in Fig.3 (a) for 
various superficial gas velocities (Ug = 0.02 ~ 1.4 m/s). The corresponding standard 
deviations of pressure fluctuations, σ, are given in Fig.3 (b). During the experiments, the 
static bed height was kept at 0.9 m (around 3 times of the column diameter). The 
superficial gas velocities shown in this figure correspond to operating conditions from 
bubbling fluidization to turbulent fluidization. 
 
It can be seen in Fig.3 (a) that with increasing Ug, the pressure gradient profiles at all 
three heights initially decrease quickly and then reach a stable value, with further 
increasing superficial gas velocity, it decreases again, but in a much slower rate. Fig.3 (a) 
also shows that at the same Ug, the differential pressure values decrease with increasing 
bed height. This may be attributed to the bubble growth, which growing with the height, 
and the large mount of particle entrainment near the top of the dense bed. And for the 
lower axial positions, there is a delay for the first decrease point: e.g., for H = 0.6 m, the 
pressure begins to decrease after the Ug reaches 0.3 m/s; and for H = 0.4m, Ug rises to 
0.5 m/s. 
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Fig. 3. Determination of the transition velocity 

by analysis of the standard deviation of 
differential pressure fluctuations 

 
Fig. 3(b) shows that for all axial positions, the standard deviation, σ, reaches its peak 
with increasing Ug around 0.6-0.8 m/s and then decreases with further increasing gas 
velocity. And, the standard deviation does not level off until Ug is beyond 1.2 m/s. 
According to the definition introduced by Yerushalmi and Cankurt [23], the gas velocity 
at which σ reaches its maximum is referred to as the transition velocity Uc from bubbling 
to turbulent regime. It is interesting to note that σ at upper levels is higher than that at 
lower position until gas velocity reaches Uc, after that point, the highest value for σ 
always appears at lowest positions. Another important observation is that with 
increasing bed height the transition velocity Uc shrifts to lower value. It can be 
contributed to the fact that the generation of the bubbles mainly happens just above the 
gas distributor [36], and the bubbles grow with the bed height. With increasing Ug, the 
bubbles reach their maximum size at the upper section of the fluidized bed first, then the 
flow regime at this section transits into turbulent fluidization first. These results imply 
that under lower gas velocities the main pressure fluctuations are generated by the 
passage and burst of bubbles. As a result, the pressure fluctuations become less than the 
lower sections, under lower gas velocity. 
 
Effects of static bed height Ho on flow regime transition 



The differential pressure fluctuations obtained at two different static bed heights (Ho = 
0.9 m and 1.2 m) as a function of superficial gas velocity at different axial positions are 
compared in Fig.4. 
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 Fig. 4 Effects of static bed height H0 on 
pressure fluctuations 

 
Significant variations in σ are clearly seen in this figure. With increasing the static bed 
height, Ho, from 0.9 m to 1.2 m, the standard deviations, σ, at all operating conditions 
and at all measuring positions are increased, indicating that with increasing Ho the 
hydrodynamic behaviors in the fluidized bed become more complex. Furthermore, it 
was also found that with increasing Ho the flow regime evolves more gradually from 
bubbling to turbulent fluidization. Instead of a step change when Ho is at 0.9 m, the rate 
of increase and decrease of σ in all positions becomes very slow around the transition 
point Uc when Ho is raised to 1.2 m. 
 
The transition velocities Uc obtained with the two different Ho at different bed heights 
are plotted in Fig.5. It shows more clearly that with increasing Ho, Uc shifts to higher 
velocity at the same axial level, but the differences become smaller with increasing axial 
level, it implies that the effects of increasing Ho on regime transition is larger in lower 
section of the bed. At the same time, it is also worth noting that the transition velocity 
Uc appears to remain the same if the relative distance from the measuring point to the 
initial static bed height is similar. For example, comparing the case when Ho is 0.9 m 
and the measurement point is at H = 0.6 m, with the case when Ho is 1.2 m and with the 



measurement point at H = 0.8 m, the transition velocity, Uc, is about 0.7 m/s for both 
cases. This result is reasonable; because the regime transition from bubbling to turbulent 
fluidization corresponds with the rapid solids entrainment and bubbles’ burst, which 
happen first at the upper bed surface, then transfer downwards with increasing Ug. This 
means that the relative distance from the investigated position to upper bed surface has 
greater influence on the corresponding transition velocity, Uc, than the absolute distance 
above gas distributor. 
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Fig. 5 Effects of static bed height H0 on 
regime transition velocity 

 
Effects of distance between pressure tubes on flow regime transition 
The effects of distance between differential pressure tubes on flow regime transition 
were examined with two spacings, 0.2 m (from Z = 0.5 to 0.7 m) and 0.6 m (from Z = 
0.3 to 0.9 m), and at two different static bed heights (H0 = 0.9 and 1.2 m). The measured 
pressure fluctuations as a function of superficial gas velocity are plotted in Fig. 6.  
 
For the same measuring level ( H  = 0.6 m) and initial static bed height (H0 = 0.9/1.2 m), 
with increasing the spacing of the pressure probes, the intensity of the differential 
pressure fluctuations decreases and the degree of the difference increases first with 
superficial gas velocity and, after reaching a maximum, levels off with increasing gas 
velocity further. It implies that, although pressure fluctuations from other locations can 
be filtered out by reducing the tube spaces, more inner pressure fluctuations tend to be 
damped out by increasing the spacing. Therefore, caution should be exercised when 
choosing the pressure tube spacings. This result is in contrast with that reported by Bi 
and Grace [20], who claim that the intensity of pressure fluctuations is lower for the 
smaller spacing and the spacing between the pressure ports does not affect the transition 
velocity. This may be caused by the fact that for their larger spacing which is from Z = 
0.03 to 0.41 m, the location of the lower pressure tube (Z = 0.03 m) was too close to the 
gas distributor, where larger pressure fluctuations have been generated by gas distributor 
effect, as observed by Chen et al. [13] and Fan et al. [39]. It is also worth noting that 
with increasing the spacing between the pressure tubes, there appears a long plateau in 
the standard deviation profiles for the larger spacing, indicating that for the larger 



spacing, which represents a larger measuring volume, the regime transition from 
bubbling to turbulent fluidization becomes a more gradual process. From Fig. 6, we can 
see that with increasing static bed height from 0.9 to 1.2 m, the effect of spacing of 
pressure tubes on regime transition velocity becomes larger and the process of the 
transition also last longer. 
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Fig. 6 Effects of spacing of pressure tubes on flow 
regime transition (H = 0.6 m)  

 
Local regime transition 
Very little attention has been given to investigating the flow regime transition with 
respect to local flow structures, this is hindering a better understanding of the evolution 
process of the flow regime transition happened in the fluidized beds. Here the local 
transient solids concentration were carefully measured with optical fiber probes, and the 
analyses on the fluctuations of the local solids concentration have revealed how local 
flow structure transits from bubbling to turbulent fluidization regime. Fig. 7 presents the 
time-averaged solids concentration (a) and its corresponding standard deviation (b) 
profiles as a function of gas velocity (Ug = 0.06 ~ 1.4 m/s), taken at 5 radial positions 
(r/R = 0, 0.5, 0.74, 0.87, 0.98). As mentioned before, the solids concentrations are 
measured from three different radial directions, and the final result for each radial 
position is calculated by averaging the measurements obtained by these three solids 
concentration fiber probes. 
 
As shown in the Fig.7 (a), with increasing superficial gas velocity, Ug, significant 
differences among the results are observed at five radial positions. For the central region 
(0 < r/R < 0.74): the solids concentration decreases quickly with increasing Ug, reaches a 
relatively stable level, and then decreases again. For the wall region (0.87 < r/R <1), the 
changes in the time-averaged solids concentration with respect to Ug are relatively slow. 
It is can be seen from the Fig.7 (a) that with increasing Ug from 0.02 to 1.4 m/s, the solid 
concentration is decreased by ~ 70% at the center (r/R = 0), but ~ 4% at the wall (r/R = 
0.98).  
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Fig. 7 (a) Solids concentration profiles as a function 
of Ug at different radial positions, (b) corresponding 
standard deviation profiles (H0  = 0.9 m, H = 0.6m) 

 
Fig.7 (b) shows that the magnitude of the fluctuations in the center is much higher 
compared to the wall region, indicating that the flow is more chaotic at the central 
region and relatively uniform near the wall. The standard deviation profiles also clearly 
present two new discoveries corresponding to an incipient turbulent fluidization velocity 
(U1) and complete turbulent fluidization velocity (U2).  It can be concluded that the local 
flow transition happens at different times at different radial positions and cover a range 
of operating conditions. It is worth noting that the transition occurs quite sharply at r/R = 
0 and then the transition process becomes more and more gradually outwards to the wall. 
For the near wall region (0.87< r/R < 0.98), although the variation trend of solids 
concentration profiles is similar to that in the central region, the corresponding 
fluctuations profiles are different: it remain almost constant after reach their maximum 
values at Ug = 0.6 m/s, implying that there is no further regime transition happening in 
this region after Ug = 0.6 m/s. But we have to mention that this result is just got from 
measured velocities within the range 0.02 <Ug < 1.4 m/s. 
 
In order to give a clearer picture about regime transition process for a whole cross 
section of fluidized bed, typical solids concentration profiles as a function of gas 
velocity from three different radial directions are shown in Fig.8 measured at radial 



position r/R = 0.16 and axial level of H = 0.6 m above gas distributor (a), also included 
in this figure are plots of standard deviation distribution corresponding to the 
instantaneous solids concentration (b).  
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Fig. 8 (a) Solids concentration profiles as a function 
of Ug measured by three probes from three different 

radial directions, (b) corresponding standard 
deviation profiles (H0  = 0.9 m, H = 0.6m, r/R = 0.59) 

 
The results show that, under all operating conditions (gas velocities), there are always 
differences among the measurements obtained from three radial directions, especially 
under lower gas velocity (< Uc ~ 0.7 m/s), indicating a non-radial symmetric flow 
structure. The degree of the non-radial symmetry increases with the gas velocity until the 
velocity reaches Uc. Further increasing the gas velocity, the non-radial symmetric flow 
structure becomes not obvious, although there still exist small differences. Similar flow 
structures are reported by Du et al. [40] measured with Electrical Capacitance 
Tomography (ECT) techniques. However, the developing trends along the three radial 
directions with gas velocity are similar. With increasing Ug, solids concentration at all 
radial positions decreases, and three evolution stages can be identified. First, there is a 
quick decrease in the solids concentration, and reaches a stable value at velocity value 
around 0.7 m/s until the gas velocity reaches 1.0 m/s, then it continue decreasing again. 
The similar transition points are also found at the standard deviation profiles.  



 
Comparison between the local and global flow regime transition 
velocities 
As discussed before, pressure fluctuations can be used to characterize global transition, 
while the fiber optic probes give more local information.  Fig.9 shows the comparison 
between the transition velocities obtained from standard deviation analysis of local solid 
concentration measured at the axial level H = 0.6 m (H0 = 0.9 m), but at 11 different 
radial positions and that obtained from differential pressure fluctuation analysis at the 
same section (from H = 0.5 to 0.7 m).  
 
In Fig. 9, the difference in the transition velocities defined by the two methods is clearly 
revealed. It is shown that at each radial position the local flow regime transition from 
bubbling to turbulent fluidization is a gradual process that lasts over a range of gas 
velocity. The local transition velocity strongly depends on the radial position, with 
moving outwards towards the wall, we find an increase in the transition velocity. For 
example, it ranges from 0.6 to 0.7 m/s at r/R = 0, and 0.7 to 1.2 at r/R = 0.87, suggesting 
that the transition takes place first at the center region and develops outwards towards 
the wall. Furthermore, when closing to the wall, there only exists the first transition 
velocity. This result is in agree with the findings of previous studies on local voidage 
fluctuations measured by electrical capacitance tomography system [41]. This local 
transition process is different than the global process, which is based on the 
measurements of differential pressure fluctuations. As shown in Figure 3(b), the 
transition velocity is around 0.7 m/s for this whole cross-section ( H = 0.6 m), and this 
transition happens relatively abrupt instead of a gradual process. 
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Fig. 9. Comparison of transition velocity from 

fluctuations analysis of local solids concentration 
and differential pressure (H = 0.6 m; H0 = 0.9 m) 

 
It can be noted that the transition velocity, Uc, determined from the differential pressure 
fluctuations is always higher than U1 and lower than U2 at almost all radial positions and 
the local flow regime transition velocities are strong functions of radial position. When 
comparing the regime transition identified by local solids concentration and differential 



pressure, we can conclude that the standard deviation obtained with the differential 
pressure fluctuations represent the overall hydrodynamic behaviour, while the direct 
solid concentration measurements provide more hydrodynamic information about the 
localized measuring point. These results indicate that there exists an intermediate 
transition between the bubbling and turbulent fluidization marked with two transition 
velocities when we localized our investigating volume. 
 
Conclusions 
For better understanding of the flow behaviors and for fundamental modeling of the 
multiphase fluidization systems, it is of prime importance to have a complete and 
reliable knowledge of the regime transition taking place in these systems. In this paper, 
extensive experiments are performed to investigate the transition from bubbling to 
turbulent fluidization in the fluidized bed using differential pressure transducers and 
optical fiber probes. It presents detailed local and global flow regime transition process, 
and special efforts are made to extend the knowledge of the transition velocity, Uc, 
based on the standard deviation analysis of local solid concentration and differential 
pressure measurements. 
 
The transition velocity, Uc, determined from differential pressure fluctuations, was 
found to increasing with decreasing axial locations, suggesting that regime transition 
from bubbling to turbulent fluidization occurs first at upper region of the fluidized bed 
and develops downward. The effect of initial static bed height H0 on Uc is also reported, 
with increasing H0 from 0.9 to 1.2 m, Uc increased from 0.6 to 0.7 m/s at H = 0.8 m and 
from 0.8 to 1.0 m/s at H = 0.4 m. The results also show that the relative distance from 
the investigated position to upper bed surface has greater influence on the corresponding 
transition velocity, Uc, than the absolute distance above gas distributor. For the same H0, 
increasing the spacing between two pressure tubes let to lower pressure fluctuations and 
the appearance of two transition velocities. 
 
The local flow regime transition was studied with standard deviation analysis of local 
solids concentrations, measured at 11 different radial positions from three radial 
directions. Two transition points are clearly found and they shift to higher velocity with 
moving outward towards wall region. Furthermore, the range between these two point 
also increases with moving outwards, and in near wall region (r/R = 0.92 ~ 0.98), the 
second transition point is no longer found.  
 
The experimental results suggest that marking the regime transition from bubbling to 
turbulent fluidization with just one transition velocity is not adequate. Our analysis 
reveals that the transition velocity strongly depends on both axial and radial positions, 
and it is important to study the flow system in details to properly characterize how the 
regime transition occurs. The standard deviation analysis of local solid concentration 
measured provides a good understanding of the local regime transition. Comparison of 
the transition velocity results determined by local solid concentration fluctuations (U1 
and U2) and differential pressure fluctuations (Uc) reveals that Uc is always higher than 
U1 and lower than U2 at all radial positions, indicating that the differential pressure 



measurements represent averaged flow behaviour of the measuring section between two 
pressure tubes. 
 
The measurements present a non-radial symmetric flow structure. The degree of the 
non-radial symmetry increases with the gas velocity until the velocity reaches Uc. 
Further increasing the gas velocity, the non-radial symmetric flow structure becomes not 
obvious, although there still exist small differences among the three measurements. 



Notation 
 
dP = pressure drop, Pa 
H = bed height, m 
Ho = initial static bed height, m 

H  = average bed height, m 
r = radial distance from column axis, m 
R = radius of column, m 

U1 = transition velocity at which standard deviation of local solids concentration 
reaches a maximum, m/s 

U2 = transition velocity at which standard deviation of local solids concentration 
begin to decrease, m/s 

Uc = transition velocity at which standard deviation of pressure fluctuations 
reaches a maximum, m/s 

Ug = superficial velocity of gas in bed, m/s 

Uk = superficial gas velocity corresponding to leveling out of pressure fluctuation 
amplitude as Ug is increased, m/s 

Umf = superficial gas velocity at minimum fluidization, m/s 
   
ε = voidage 
σ = standard deviation 
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