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A B S T R A C T   

Draft tube spout-fluid beds (DTSFB) are widely used in industry for processes that require intense mixing and 
high heat transfer between fluids and solid particles. The insertion of a draft tube compartmentalizes a slow- 
moving annular region from a high velocity flow in the draft tube, and thereby allowing for accurate control 
of the particle circulation rate and the gas contacting time. Due to these characteristics DTSFBs are a popular 
subject of experimental studies. However, the opaque nature of granular materials impedes the visual mea
surement of the solid flow inside DTSFB. The present study uses magnetic resonance imaging to measure non- 
invasively the hydrodynamics of the particulate phase in a three-dimensional DTSFB under various opera
tional conditions at steady state. The obtained particle velocity maps provide with a previously unreported 
spatial resolution detailed insight into the flow dynamics of particles. From these maps, we characterize the 
particle entrainment from the annular region into the draft tube and we observe a vena contracta flow for low 
gap heights, as well as a linear dependence between the particle velocity in the draft tube and the spouting gas 
velocity. Moreover, the spouting gas flow can induce a suction effect that channels gas from the annulus to the 
draft tube and suppresses gas bubbling in the annular region. The experimental data is made available to serve as 
validation test cases for numerical simulations.   

1. Introduction 

Spout-fluid beds (SFBs) are an important class of reactors used in 
many industrial settings. SFBs are known to combine the advantages of a 
spouted and a fluidized bed by introducing a controlled region of fast 
fluid–solid flow to a fluidized bed, and by reducing the dead zones and 
increasing solid particle mixing in the annular region of a spouted bed 
[1–3]. As such, SFBs have been utilized in industrial applications in 
which superior heat and mass transfer between solids and fluids and 
stable solid circulation pattern are required, e.g., in particle drying [4], 
coating [5,6], combustion [7], gasification [8] and mixing [9]. 

The incorporation of a draft tube into a SFB results in a so-called draft 
tube spout-fluid bed (DTSFB). Studies have shown that DTSFBs require a 
lower spouting gas flow rate and a higher bed height for the spout to 

occur compared to a SFB, thereby increasing the energetic and material 
efficiencies of the operation [10–12]. Additionally, the insertion of a 
draft tube allows for a significantly more accurate control over the solid 
circulation rate and the gas contacting time [10,13–15], both of which 
are crucial to control better large scale units. 

Previous studies have focused on the key global parameters that 
determine the effectiveness of DTSFBs. Empirical correlations have been 
given for the determination of the minimum spouting velocity [11], the 
solid circulation rate [10,13,14,16,17], the gas flow [10,18,19] and the 
pressure drop in the draft tube and the annulus [10,17,20,21]. 

However, the detailed hydrodynamics of DTSFBs are extremely 
difficult to study for two main reasons. First, there is a large variation in 
particle concentration and particle velocity between the annular region 
and the draft tube, often spanning up to two orders of magnitude. But 
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more importantly, due the opaque nature of granular materials, the in
ternal processes of a full three-dimensional DTSFB are not accessible by 
visual techniques from the outside. Instead, DTSFBs have been studied 
by means of pseudo-2D beds [22,23] or semi-circular columns 
[10,13,14,18,19,24–26], yet with the consequence, that wall effects will 
influence the particle packing and the particle velocity fields close to the 
wall [25,27–30]. Alternatively, optical probes [28,29,31,32] can be 
inserted locally into the bed probing the particle flow yet being intrusive 
to the process. 

Tomographic techniques using X-rays [33,34,35 ], positron emission 
[33,36–39], magnetic tracers [40,41], electrical capacitance [42], and 
magnetic resonance [43–46] have been proven very useful for the non- 
invasive study of spouted and spout-fluid beds. However, to the best of 
the authors’ knowledge, few tomographic studies have been performed 
on a DTSFB quantifying the hydrodynamics of the particle phase. Yet, 
this insight into the process is crucial for the identification of dead zones. 

On the other hand, numerical simulations are widely used to study 
spouted beds with [22,47–51] and without [32,52–54] draft tubes. 
However, these systems contain a complex multiphase flow with large 
gradients in fluid velocity and void fraction and are thus often used as 
validation test cases for force models, e.g., drag models. To this end, 
high-quality experimental data are needed as validation reference to 
ensure accurateness of the simulations [38,42,55]. 

In this study, magnetic resonance imaging (MRI) was utilized to non- 
invasively measure time-averaged particle velocity and voidage data in 
steady-state, full three-dimensional DTSFBs as a function of draft tube 
positions, background fluidization gas flow and spouting gas flow. 
Specifically, qualitative solid distribution maps and quantitative particle 
velocity maps in a DTSFB were obtained. The maps resolve in detail the 
prevailing particle flow features including a previously unobserved vena 
contracta at the draft tube inlet when operated at low gap height. 
Additionally, a linear scaling of the particle velocity profile in the draft 
tube as a function of the spouting gas flow is derived. Also, increasing 
the spouting gas flow and lowering the gap height of the draft tube 
suppresses the formation of gas bubbles in the annular region, which 
was further supplemented by a computational fluid dynamics and 
discrete element method (CFD-DEM) simulation that investigates the gas 
flow and pressure gradient in the DTSFB. The particle velocity maps 
acquired for various operation conditions are made available [56] to 
help the validation and advancement of the numerical modelling of two- 
phase granular systems. 

2. Materials and method 

The cylindrical lab-scale DTSFB used in this work has an inner 
diameter of Db = 190 mm and a height of H = 277 mm. A L = 150 mm 
long draft tube with an inner diameter of Di = 30 mm was mounted in 

the center of the system such that the gap height Hg was adjustable from 
5 mm to 20 mm (measured from the bottom of the bed). Two separate 
lines of pressurized air were used to introduce a background fluidization 
gas flow into the entire system and an additional spouting gas flow via 
an orifice with a diameter of Do = 8 mm at the center of the bottom plate. 
The flow in each gas line was controlled with a separate mass flow 
controller (Bronkhorst Mass Stream D-6383-DR/BJ2.8 for the back
ground fluidization gas flow and F-203AV for the spouting flow). The 
background fluidization gas flow was homogeneously distributed into 
the bed through a 10 mm thick acrylic distributor plate with evenly 
spaced holes of 0.5 mm in diameter arranged in a hexagonal pattern 
with a 2.25 mm spacing between the individual holes, see Fig. 1. The 
hole pattern covers the entire distributor plate except for a circular area 
of 13 mm in diameter, in which the orifice for the spouting gas flow is 
placed. For the values of the background fluidization gas flow used here, 
the pressure drop across the distributor ranges between 300 and 390 Pa 
(measured using a KAL 84, Halstrup-Walcher GmbH). The temperature 
and humidity of the background fluidization gas ~ 20 ◦C and 15 % r.h., 
respectively (measured using a GFTB 200, GMH Messtechnik GmbH). 
The humidity was kept low to avoid swelling of the particles used in the 
DTSFB. The background fluidization velocity Ubg was varied between 1 
and 1.2 times the minimum fluidization velocity Umf of the particles 
used, whereas the spouting gas velocity US was varied between 50 and 
250 × Umf to achieve a dispersed spouting behavior. Here, US refers to 
the discharge velocity of the spouting gas flow directly at the orifice of 
the diameter D0. The pressure drop across the orifice ranges between 1.5 
and 27.2 kPa. The ranges of flow rates were chosen such that a stable 
particle circulation at the lowest Ubg and US settings was guaranteed, i. 
e., a circulation pattern in which the particles enter the draft tube from 
the annular region via the gap between the draft tube and the bottom of 
the bed and are subsequently spouted out of the draft tube to replenish 
the particles in the annular region. The top of the DTSFB is covered with 
a thin, fine mesh that is penetrable for gas flow and retains particles 
inside the fluidized bed. For US/ Umf > 50, particles spouting out of the 
draft tube can hit the mesh and fall back to the annular region, i.e., the 
mesh affects the trajectories of the particles in the particle-lean head 
space of the DTSFB. However, the mesh has only marginal effect on the 
hydrodynamics in the annular region and the dynamics inside the draft 
tube. A steady-state operation was usually achieved within a few sec
onds. Hence, all the measurements were acquired at steady state 
conditions. 

Tailored spherical particles as described in Ref. [57] were used 
owing to their favorable mechanical and magnetic resonance properties. 
The particles consist of a middle-chain triglyceride oil core that takes up 
73 wt% of the total particle mass encapsulated by a 100-μm-thick agar 
shell. The resulting particles have a diameter of dp = 1.02 ± 0.12 mm, 
density ρp = 1040 kg m− 3, dynamic angle of repose ϴr = 28 ± 2◦, 

FIG.1. Experimental setup of the draft tube spout-fluid bed (DTSFB) and its placing in the magnetic resonance scanner.  
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friction coefficient µ = 0.54 ± 0.05, and a coefficient of restitution e =
0.70 ± 0.03 [57]. The particles were designed to have a relatively large 
T2 of 1.75 ms in a 3-T magnetic resonance imaging (MRI) system and a 
high spin density to increase the signal-to-noise ratio (SNR) for better 
imaging. The measured minimum fluidization velocity of the particles is 
Umf = 0.25 m/s and hence fall in between Group B and D of Geldart’s 
classification [57,58]. 

Before each set of measurement, the DTSFB was fully packed with 
particles to establish a baseline that is used to correct for background 
phase offsets as well as non-uniform coil sensitivity. Subsequently, the 
experiments were performed on a bed filled with particles to a height of 
Hb = 100 mm before the insertion of the draft tube, such that a constant 
amount of particles was used in each experiment (ca. 1.75 kg). The 
pressure drop across the bed at minimum fluidization is 600 Pa, i.e., 
twice the pressure drop of the distributor. 

For the imaging of the system, a medical-grade human MRI device 
was used (Achieva 3.0 T, Philips Healthcare). The bed was placed into a 
custom-built 16-channel radio frequency (RF) receive coil as reported in 
Ref. [57]. Turbo field echo (TFE) sequences were applied with 40–80 
signal averaging steps and a repetition time (TR) of 11 ms to acquire the 
signal intensity and phase-contrast velocimetry data of the particles in 
the DTSFB. The employed TFE sequence has a flip angle of 15◦, an echo 
time of 2.93 ms and performs phase and frequency encoding in the 
horizontal and vertical direction, respectively. The use of TFE allowed 
for a user defined waiting time during which spins could recover prior to 
a subsequent RF excitation allowing for a high signal-to-noise ratio. 

For all settings of the DTSFB studied, four scans of the central, ver
tical slice of the DTSFB were acquired with 2 mm × 2 mm in-plane 
spatial resolution and 10 mm slice thickness. Due to the high spatial 
variation of particle velocity in this vertical slice with low particle ve
locities in the annular region (ca. 5 cm/s) and high velocities in the draft 
tube (ca. 300 cm/s), four different phase-encoding velocities (VENC) 
were required to resolve adequately the velocity components in the 
vertical and horizontal directions in the annular and in the draft tube 
regions. The applied VENC values were in the range between 7.5 cm/s 
and 500 cm/s and were adapted based on the expected prevailing 
maximum velocity in the respective region. 

The acquired phase-contrast images first underwent a phase- 
unwrapping procedure to correct for velocity aliasing in the high- 
velocity regions. The four images with high and low VENCs can be 
combined to create a high-resolution velocity map for the entire system, 

as shown in Fig. 2. For a limited number of DTSFB settings, additional 
horizontal slices (2 mm × 2 mm spatial resolution and 10 mm thickness) 
were acquired to probe the distribution of particle velocities in the cross- 
section of the bed. 

In addition to the experimental measurements, numerical simula
tions using the discrete element method combined with computational 
fluid dynamics (CFD-DEM) were performed to investigate the gas flow 
pattern in the annular region of the DTSFB. To this end, a three- 
dimensional model of the DTSFB resembling the experimental setup 
was modelled in cfdemCoupling [55]. A k-ω-SST turbulence model [59] 
was chosen to account for the turbulent nature of the gas flow in the 
draft tube. The Koch-Hill-model [60] was used to model the drag force 
between the gas and particle phase. The simulations were run until 
steady-state conditions were established. The resulting gas and particle 
fields were time averaged for 3 s. A detailed list of the simulation set
tings can be found in the Supplementary Material S1. 

3. Results and discussions 

3.1. Flow visualization from MRI velocimetry measurements 

MRI data from four separate velocity measurements (owing to the 
large velocity gradient in the DTSFB) were acquired and used to 
reconstruct a single particle flow map in the vertical plane. Each MRI 
scan yields two data sets: a signal intensity map and a phase-contrast 
velocity map. 

Fig. 2 (a) showcases the signal intensity data for the setting: Ubg⁄Umf 
= 1, US⁄Umf = 250, and Hg = 5 mm. The signal intensity data is taken 
from the scan with the highest VENC settings (500 cm/s) as it suffers 
only negligibly from dephasing due to the VENC gradients [61]. The 
intensity map is normalized by the signal intensity map of a stationary 
bed fully packed with particles. The normalization of the signal intensity 
data with the packed bed data reduces coil sensitivity artifacts and B1 
heterogeneities allowing to provide a qualitative representation of the 
time-averaged particle concentration inside a steady-state DTSFB. The 
lighter regions in the image correspond to a higher particle concentra
tion and the darker regions correspond to lower concentrations. From 
Fig. 2 (a), a draft tube region with low signal intensity and an annular 
region surrounding the draft tube with a high signal intensity are 
immediately discernable. The segmentation of the velocity maps is 
based on this distinction. For example, the velocity measurement that 

FIG.2. Visualization of the signal intensity and particle velocity profile using magnetic resonance imaging for a DTSFB operating at Ubg⁄Umf = 1 US⁄Umf = 250, and 
Hg = 5 mm. (a) Normalized signal intensity map. The brightness of the image correlates with the particle concentration. (b-e) Particle velocity maps encoding the 
horizontal velocity vx (b, c) and vertical velocity vz (d, e) cropped in accordance with (a) to only show the annular region of the bed (b, c) or the draft tube (d, e), 
respectively. (f) Composite velocity map combining the maps from (b-e). The background color shows the magnitude of the particle velocity (left colorbar for the 
annular region, right colorbar for the draft tube region), and the arrows indicate the flow direction (arrow length is at unit scale). All data is acquired from a 10 mm 
thick vertical slice through the center of the DTSFB and averaged over 40 – 80 acquisitions, i.e., 55 – 110 s acquisition time. 
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encodes the horizontal velocity with a maximum velocity of 40 cm/s 
captures the horizontal velocity in the annular region only, hence only 
the data that overlaps with the annular regions in Fig. 2 (a) is kept in 
Fig. 2 (b). The segmented velocity components in the draft tube and the 
annular regions (Fig. 2 (b-e)) are subsequently combined to produce a 
composite velocity map as shown in Fig. 2 (f). 

It is worth noting that the signal intensity of a TFE sequence is prone 
to attenuation due to flow artifacts and T2*-decay impeding a quanti
tative measurement of particle concentration. Specialized MRI se
quences [62,63] are required to counteract these artifacts; however, 
such sequences are very time-consuming (in the order of one hour per 
scan) and not performable on the hardware used in this study. In the 
following, particle concentration measurements are regarded as quali
tative. Nevertheless, the velocity measurements are not subject to the 
aforementioned artifacts and are thus quantitative. 

As seen in Fig. 2 (f), the draft tube region is characterized by a low 
particle concentration and a dominant upward particle motion with a 
high velocity approaching 500 cm/s (Fig. 2 (e)), whereas the annular 
region is characterized by a much higher particle concentration and a 
dominant horizontal particle motion approaching only 20 cm/s (Fig. 2 
(b)). Additionally, the highest particle velocity observed in the system is 
along the centerline of the draft tube, i.e., the region in which the par
ticle concentration is lowest. The vector plot in Fig. 2 (f) shows an 
entrainment region from where particles in the annular region are 
drawn into the draft tube through the gap between the bottom of the bed 
and the draft tube. The particle velocities increase when approaching 
this gap. A zone of low particle velocity can be found in the bottom 

corners of the annular region, indicating dead zones from where parti
cles are not drawn towards the draft tube and thus do not participate in 
the overall particle circulation pattern. Although, the velocity map in 
Fig. 2 (f) gives the impression that the horizontal velocities of the par
ticles in the dead zone point away from the draft tube, this behavior is an 
artifact caused in the phase-encoding step of the velocity measurement. 
Due to the very small actual velocity of the particles in the dead zone, the 
measured phase of the signal becomes very susceptible to magnetic field 
imperfections such as B0 inhomogeneities, gradient nonlinearities, and 
abrupt changes in the magnetic susceptibility of material at the outer 
edge of the annular region. This leads to spurious velocity assignments. 
Regions closer to the center of the bed and regions with higher particle 
velocity are less affected by these artifacts. 

The effective solid flow pattern in a DTSFB depends on the opera
tional conditions, viz. Hg, Ubg/Umf, and Us/Umf. Fig. 3 illustrates both the 
commonality and variability in the particle flow by showing the signal 
intensity maps and the velocity maps for nine different operational 
settings. While the general observations made in Fig. 2 hold in all 
measured cases, variations in the spout are noticeable. We observe that 
when increasing Hg, more particles enter the draft tube leading to an 
increase in signal intensity. However, the overall particle velocity in the 
draft tube does not change appreciably with varying Hg at constant Us/ 
Umf (Fig. 3 (a-f)). As expected, the particle velocity in the draft tube 
increases with increasing spouting gas flow. This is because the particles 
gain more upward momentum, flow faster and disperse inside the draft 
tube, simultaneously leading to a lower particle concentration inside the 
draft tube. This effect becomes obvious when comparing the first and 

FIG.3. Signal intensity map (left, grey scale) and particle velocity map (right, color) for three gap sizes Hg = 5 mm (first column), 10 mm (second column), and 20 
mm (third column). The first row shows cases with low spouting gas flow (US/Umf = 75) and incipient background fluidization (Ubg/Umf = 1). In the second row, the 
spouting gas flow is increased (US/Umf = 200) at constant Ubg, whereas the third row shows an increased background fluidization (Ubg/Umf = 1.2) at constant US. All 
data are acquired in a 10 mm vertical slice through the center of the DTSFB. (a, b) US/Umf = 75, Ubg/Umf = 1, Hg = 5 mm. (c, d) US/Umf = 75, Ubg/Umf = 1, Hg = 10 
mm. (e, f) US/Umf = 75, Ubg/Umf = 1, Hg = 20 mm. (g, h) US/Umf = 200, Ubg/Umf = 1, Hg = 5 mm. (i, j) US/Umf = 200, Ubg/Umf = 1, Hg = 10 mm. (k, l) US/Umf = 200, 
Ubg/Umf = 1, Hg = 20 mm. (m, n) US/Umf = 75, Ubg/Umf = 1.2, Hg = 5 mm. (o, p) US/Umf = 75, Ubg/Umf = 1.2, Hg = 10 mm. (q, r) US/Umf = 75, Ubg/Umf = 1.2, Hg =

20 mm. 
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second row of Fig. 3. The reduction of the signal intensity in the draft 
tube is more pronounced for Hg = 5 mm than for Hg = 10 mm and 20 mm 
(Fig. 3 (g, i, k)) indicating that the particle concentration in the tube 
becomes transport-limited at low Hg. When Ubg/Umf is increased from 1 
to 1.2, the signal intensity in the draft tube increases (i.e., a denser 
particle flow) for Hg = 10 mm (Fig. 3 (o)) and 20 mm (Fig. 3 (q)), but not 
significantly for 5 mm (Fig. 3 (m)), providing further evidence for a 
transport limitation for Hg < 10 × dp. This finding aligns with the design 
guidelines for draft tubes by Epstein and Grace [64]. 

Additionally, the following three observations were made for the 
particle distribution in the DTSFB studied here. First, most particles 
inside the draft tube accumulate near the wall of the draft tube. This 
agrees with the observations of Zhang et al. [65] and Zhang et al. [66] 
for riser tubes in fluidized beds. However, Saadevandi and Turton [25] 
found a particle-rich core in draft tubes at vertical positions z ≥ 30 mm. 
This discrepancy can be explained by differences in the design of the gas 
inlet in the spout region. While Saadevandi and Turton [25] used a wide 
draft tube of diameter 104 mm and fluidized the entire draft tube via a 
sintered distributor plate, the present study uses a relatively small draft 
tube of 30 mm diameter. More importantly, the spouting gas is injected 
via an even smaller orifice (8 mm in diameter) creating an expanding 
spouting gas profile inside the draft tube that pushes particles towards 
the draft tube walls. The accumulation of particles near the wall of a 
small-diameter draft tube was also confirmed via numerical simulations 
(discussed further below). 

Secondly, Fig. 2 (a) and Fig. 3 (a, g, m) reveal a vena contracta-like 
inflow structure at the bottom of the draft tube, whereby particles 
concentrate close to the centerline of the draft tube while voids are 

present close to the inner walls of the draft tube. This is because inertial 
particles are drawn through a small gap between the bottom plate and 
the draft tube with a high horizontal velocity and are subsequently 
redirected in the vertical direction due to the drag force imposed by the 
spouting gas flow. As shown in panels (g), (i), and (k) of Fig. 3, this vena 
contracta effect is clearly visible for Hg = 5 mm, but less pronounced in 
large values of Hg, i.e., for Hg = 10 mm to 20 mm. 

The third observation is an asymmetry of the particle velocity in the 
annular region potentially caused by a slight maldistribution of the 
background fluidization gas flow through the distributor plate. When 
Ubg/Umf = 1.2 (Fig. 3 (o-r)), gas bubbling occurs in the annular region 
for Hg = 10 mm and 20 mm, which will be described in Section 3.3. 
However, the degree of gas bubbling on the left side of the imaging plane 
is higher than on the right side, as indicated by a higher upward particle 
velocity on the left side of Fig. 3 (p) and (r). Furthermore, the distri
bution of solids in the draft tube is not axis-symmetric if the draft tube is 
positioned with Hg = 10 mm or 20 mm (Fig. 3 (c, e, i, k, o, q)). Here, 
particles with the highest velocity and lowest particle concentration are 
observed on the right-hand side of the centerline of the draft tube, an 
effect that will be discussed in more detail in the next section. 

3.2. Velocity scaling in the draft tube 

Following the discussion of the general flow structures observed in 
the DTSFBs, the motion of the particles inside the draft tube is further 
quantified. To this end, the particle velocity profiles at various positions 
inside the draft tube were extracted from the velocimetry data. For 
convenience, the vertical velocities of the particles are plotted as a 

FIG.4. Radial profiles of the vertical particle velocity vz normalized by the average superficial gas velocity in the draft tube US,avg, for three values of Hg and two 
values of Ubg/Umf. All data are obtained in a 10 mm thick vertical slice though the center of the draft tube. zD is measured from the bottom of the draft tube, i.e., zD =

z - Hg. (a) Hg = 5 mm, Ubg/Umf = 1, (b) Hg = 5 mm, Ubg/Umf = 1.2, (c) Hg = 10 mm, Ubg/Umf = 1, (d) Hg = 10 mm, Ubg/Umf = 1.2, (e) Hg = 20 mm, Ubg/Umf = 1, (f) 
Hg = 20 mm, Ubg/Umf = 1.2. 
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function of their dimensionless radial positions x/Ri at various dimen
sionless heights zD/L (Fig. 4). Here, zD refers to the axial position inside 
the draft tube with zD = 0 being the bottom of draft tube and corre
sponding to z = Hg. The particle velocity profiles are expected to scale 
with the gas velocity inside the draft tube. Thus, the vertical particle 
velocity vz is normalized by the average superficial gas velocity US,avg 
inside the draft tube for each spouting condition. Here, the gas flow 
inside the draft tube is assumed to be incompressible (Ma < 0.15) and to 
comprise only the injected spouting gas flow, i.e., US,avg = Us (Di/D0)2. 

When the vertical component of the velocity of the particles is 
normalized against US,avg, uniform particle velocity profiles are obtained 
for various values of US and Ubg and for a given Hg and axial position z/L 
in the draft tube. This observation confirms that the velocity profiles are 
self-similar and that there is a linear scaling of the particle velocity with 
US,avg in the draft tube. The uniformity of the profiles is particularly well 
established at lower positions inside the draft tube (i.e., z/L ≤ 0.75), 
whereas a higher variation among the profiles is observed at the upper 
end of the tube and for low spouting gas flows (US/Umf = 50 and 75). 
This finding confirms that the profiles are self-similar in regions where 
the formation of the two-phase flow is dominated by the spouting gas 
flow. Moreover, the velocity profiles obtained for US/Umf ≤ 75 slightly 
deviate from the velocity profiles for US/Umf > 75. This could indicate a 
change in the flow regime of the particles inside the draft tube for US/ 
Umf ~ 75 [17,21,23] or that there is a crossflow of gas from the annular 
region into the draft tube [10,14,18,19] violating the assumption that 
the gas flow in the draft tube exclusively comprises the injected spouting 
gas. The later effect will be discussed in Section 3.3. 

Further, all cases depicted in Fig. 4 show a clear change in the shape 
of the velocity profile along the axial direction. For Hg = 5 mm, the 
vertical velocity is close to zero at zD/L = 0, as the particles have just 
entered the draft tube horizontally, resulting in a low vz. However, when 
increasing zD/L to 0.25, the velocity profile becomes bell-shaped with 
the maximum velocity close to the centerline of the draft tube. This 
profile broadens and flattens with increasing values of zD Close to the top 
of the tube, the velocity profiles almost resemble the exponential shape 
found in riser tubes of circulating fluidized beds [66]. This change in 
velocity profile is related to the fact, that the radial solid distribution 
changes with zD/L (Fig. 3). When entering the draft tube, the particles 
are horizontally drawn to the center of the draft tube forming a dense 
spout around the injected spouting gas flow. This spout subsequently 
rises and spreads radially in the draft tube, pushing particles towards the 
wall of the draft tube for zD/L ≥ 0.25. Hence, the spout forms a lean fast 
moving core and a particle-rich, but slower moving ring close to the 
inner walls of the draft tube [65]. Although Saadevandi and Turton [25] 
found the distribution of solids to be dense in the center and lean at the 
walls of the draft tube, their particle velocity profile still agrees with the 
results obtained here. 

For larger values of Hg, i.e., Hg = 10 mm or 20 mm (Fig. 4 (c-f)), the 
particle velocity profile in the draft tube becomes less radial symmetric 
compared to the profile obtained for Hg = 5 mm. Instead, the velocity 
profile resembles a skewed bell-shape in the upper half of the draft tube. 
This is because larger values of Hg lead to higher degree of particle 
entrainment in the draft tube, resulting in a less homogenous flow and 
aggregative spouting. Any small imperfection in the setup will lead to a 
preferential accumulation of particles on one side of the draft tube. The 
effect of particle enrichment at the walls of the draft tube is more pro
nounced for particles with a low coefficient of restitution [23] as for the 
agar particles used here. 

Regarding the influence of Ubg/Umf on the shape of the velocity 
profiles in the draft tube, there is no appreciable difference between the 
velocity profiles obtained for Ubg/Umf = 1 and 1.2 at a given height zD/L 
and Hg, i.e., comparing panels (a) and (b), (c) and (d), and (e) and (f), 
respectively. Hence, for sufficiently high values of US/Umf, the spouting 
gas flow is the key parameter affecting the particle velocity in the draft 
tube. 

3.3. Gas bubbling in the annular region 

After examining the particle flow in the draft tube, we explored the 
motion of the particles in the annular region of the DTSFB. Here, Fig. 5 
shows the lower section of the annular region for six experiments in 
which Hg and Ubg/Umf were varied (an average of the left and right sides 
of the MRI acquired velocimetry data is shown). 

Comparing the panels (a-c) in the first row of Fig. 5 (annular region is 
incipiently fluidized, i.e., Ubg/Umf = 1), similar particle flow fields are 
obtained for varying values of Hg. Specifically, there is a region of high 
particle velocity close to the entrance of the draft tube where particles 
are entrained into the spout. This entrainment zone expands radially in 
the annular region of the DTSFB, whereby the magnitude of the particle 
velocity decreases rapidly both with increasing radial (x/R) and axial (z/ 
Hb) position. For Hg = 5 mm, this entrainment zone penetrates far into 
the annular region (x/R = 0.75), whereas for Hg = 10 and 20 mm, the 
entrainment zone only reaches roughly up to x/R = 0.4 for z < 0.1Hb 
into the annular region. Complementary to the entrainment zone, the 
annular region exhibits a distinct region at the bottom corner (x/R = 1, 
z/Hb = 0), where the particles do not move towards the draft tube and 
show indeed only very little motion. In this region the particles form a 
flowing zone that is separated from the entrainment zone. Hence, par
ticles will have a very different residence time in the annular region 
depending on their radial position. This separated zone increases in size 
with increasing Hg. 

The differences in the characteristics of the entrainment zone for 
varying Hg might be attributed to the following two reasons. First, a 
large Hg facilitates the motion of particles into the draft tube resulting in 
lower shearing forces that penetrate less deep into the annular region. 
Secondly, the spouting gas flow in the draft tube can work as a venturi 
nozzle, the suction of which increases with decreasing Hg. Due to the 
high gas velocity in the draft tube and the low particle concentration in 
the draft tube compared to the annular region, the draft tube acts as a 
pressure sink actively sucking in gas and particles from the annular re
gion [18]. 

The leakage of gas from the annular region into the draft tube be
comes clearer in the second row of Fig. 5 (Ubg/Umf = 1.2). For Hg = 10 
mm (e) and 20 mm (f), strong gas bubbling is observed in the annular 
region, which is expected for Geldart D particles at Ubg ≥ Umf. In velocity 
maps, gas bubbling is observed as an area of increased upward particle 
velocity. Fig. 5 (e) and (f) show that gas bubbling occurs near the outer 
wall of the DTSFB but not close to the draft tube. This is in accordance 
with visual observations during the experiments. The direction of par
ticle motion in the annular region suggests a convection pattern, where 
particles in the bottom corner of the bed are transported upwards due to 
gas bubbling, and particles close to the draft tube move downwards into 
the entrainment region. Further, gas bubbling eliminates the dead zone 
observed for Ubg/Umf = 1. 

However, the size and the intensity of the gas bubbling region in the 
annular region decreases with decreasing Hg for a given US/Umf. Fig. 5 
(d) demonstrates that no gas bubbling occurs for Hg = 5 mm and US/Umf 
= 150, although, Ubg/Umf would be high enough to cause gas bubbling. 
This leads to the conclusion that gas from the annular region is drawn 
into the draft tube and bypasses the fluidized bed, such that the for
mation of gas bubbles in the annular region is suppressed. 

A CFD-DEM simulation of the experimental settings shown in Fig. 5 
(d) has been performed to prove the hypothesis that bubble suppression 
in the annular region is due to the suction effect of the spouting gas flow 
in the draft tube. The results of the simulation are shown in Fig. 6. The 
numerically obtained particle velocity map agrees well with the exper
imental data also showing the vena contracta in the draft tube. Further, 
the simulations indicate indeed that there is a net gas flow from the 
annular region into the draft tube reducing the superficial gas flow in the 
annular region (Fig. 6 (b)). The reason for this channeling is the pressure 
gradient between the annular region and the draft tube (Fig. 6 (c)), 
confirming gas leakage from the annular region into the draft tube. The 
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pressure gradient is a result of the “venturi”-like effect caused by the 
high spouting velocities in the draft tube. In addition to gas leaking from 
the annular region into the draft tube via the gap under the draft tube, it 
is possible that the low gas pressure in the draft tube favors the back
ground fluidization gas to preferentially flow through orifices of the 
distributor that are located inside the draft tube area. This effect might 
occur due to the relatively low pressure drop of the distributor compared 
to the fluidization pressure drop of the bed and might further deplete the 
fluidization gas flow in the annular region. However, this effect is not 
observable in the simulations, as the distributor is modelled as a uniform 
inlet velocity. 

The degree of gas leakage from the annular region depends on US as 
confirmed in Fig. 7 which compares two setting of US/Umf for a DTSFB 
with Hg = 10 mm and Ubg/Umf = 1.2. With increasing US, the size of the 
bubbling region is reduced and migrates towards the outer walls of the 
bed while simultaneously expanding the entrainment region near the 
draft tube. This behavior is dynamic and visualized in Video S2 of the 

Supplementary Material, in which US is ramped up and down to 
demonstrate the evolution and suppression of gas bubbles in the annular 
region. 

The extent of the gas leakage from the annular region is a result of the 
operational and geometric parameters of the DTSFB (US, Ubg and Hg), 
and further depends on the size of the inlet nozzle, the angle of the 
bottom plate, the draft tube diameter, and the particle size [12]. 
Depending on the exact settings of the operational and geometric pa
rameters, more complex gas flow fields can establish, e.g., for large 
values of Hg, the venturi effect into the draft tube diminishes such that 
the spouting gas can escape from the draft tube and flow into the annular 
region leading to a reversed direction of the net gas leakage from the 
annular region. Even mutual leakage of gas from the annular region into 
the draft tube and vice versa is possible [16,18,19,67]. In the present 
study, the gap heights are small, with very little gas leakage from the 
spouting gas into the annular region, hence, gas leakage is directed from 
the annular region to the draft tube exclusively. 

FIG.5. Particle velocity map in the annular region for three values of Hg = [5 mm, 10 mm, 20 mm] at Ubg/Umf = 1 (top row) and 1.2 (bottom row). All data are 
acquired at US/Umf = 150 and the left and the right side of the annular region are averaged. The wall of the draft tube is shown in grey. (a) Ubg/Umf = 1.0, Hg = 5 mm. 
(b) Ubg/Umf = 1.0, Hg = 10 mm. (c) Ubg/Umf = 1.0, Hg = 20 mm. (d) Ubg/Umf = 1.2, Hg = 5 mm. (e) Ubg/Umf = 1.2, Hg = 10 mm. (f) Ubg/Umf = 1.2, Hg = 20 mm. 

FIG.6. Results of a CFD-DEM simulation with Hg = 5 mm, Ubg/Umf = 1.2, and US/Umf = 150. The panels show the particle velocity map (a) and the gas velocity map 
(b), respectively. The background color depicts the velocity magnitude and the arrows (unit scale) show the flow direction. (c) Gas pressure map with isobars (black 
lines). All data are obtained from the left half of a vertical plane through the center of the DTSFB and are time averaged over 3 s. The grey insert shows the wall of the 
draft tube. 
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3.4. Horizontal slices and radial distribution of particle velocity 

In the following, the flow profile of particles in horizontal slices of 
the DTSFB is analyzed and illustrated in Fig. 8. To this end, three hori
zontal slices of thickness 10 mm were acquired at different heights (z =
5 mm, 15 mm, 25 mm) over the bottom section of the annular region in 
which we expect an entrainment zone. The position of these planes is 
visualized in Fig. 8 (a). Fig. 8 (b) and (c) quantify the radial (vr) and 
vertical component (vz) of the solid velocity, respectively. The insets in 
both figures show the velocity map in the annular region of the yellow 
slice at z = 5 mm, i.e., the vertical position of the slice coincides with the 
lower end of the draft tube. Both insets reveal the existence of a pro
nounced entrainment zone that is characterized by a negative vertical 
velocity (i.e., downwards, blue) and negative radial velocity (i.e., in
wards, blue) near the draft tube. The boundary of the entrainment zone 
can be identified as the locus of zero radial or vertical velocity. For both 
velocity components the entrainment zone is fairly circular. Due to this 
circularity, the vr and vz data was averaged azimuthally to obtain the 
radial profiles vr(x, z) and vr(x, z) shown in the main panels of Fig. 8 (b) 

and (c). Inspecting such profiles in the annular region (x/R > 0.15), vr 
and vz decrease with increasing distance x from the draft tube until they 
reach a minimum velocity. Beyond this minimum, vr and vz increase 
again, cross the zero-velocity level and level off at low, positive veloc
ities. Comparing the velocity profiles at the three heights z = 5 mm 
(yellow), 15 mm (orange) and 25 mm (blue) plotted in Fig. 8 (b) and (c), 
it can be seen that the minimum velocity increases with increasing 
height, z, of the measurement plane. Simultaneously, the position of this 
minimum and the position of zero velocity shift to larger radial distances 
from the draft tube, hence broadening the region of negative velocities. 
This indicates that the entrainment region grows with increasing height 
z but with decreasing entrainment speeds. The reciprocity between the 
entrainment speed and the size of the entrainment region agrees with 
the conservation of mass, assuming that the solid fraction is constant in 
the annular region. 

In addition to the particle flow profile in the annular region, panels 
(b) and (c) also quantify the particle flow inside the draft tube (x/R <
0.1). Here, panel (b) shows that the radial direction of particle flow in 
the draft tube changes with the vertical position, i.e., it points inwards 
for z = 5 mm and outwards for z = 15 and 25 mm. This effect aligns with 
the observation of the vena contracta flow already observed in Fig. 3 (g) 
and Fig. 5 (a). The axial velocity profiles shown in Fig. 8 have been 
discussed at great depth in Section 3.2. 

4. Conclusions 

In this study, magnetic resonance imaging (MRI) velocimetry was 
used to non-invasively measure the hydrodynamics of the particle phase 
in a three-dimensional, draft tube spout-fluid bed (DTSFB) under various 
operational conditions at steady state. We observe the entrainment of 
particles from the annular region into the draft tube. Further, a previ
ously unreported vena contracta structure was revealed at the bottom of 
the draft tube when operated at high spouting gas flows, indicating a 
particle transport limitation for small gap sizes. In addition, we observe 
a linear scaling of the vertical velocity of the particles in the draft tube 
with the velocity of the spouting gas, suggesting a dominant role of the 
spout on the particle motion in the draft tube. Importantly, there is also a 
strong effect of the velocity of the spouting gas on the fluidization 
behavior of the particles in the annular region. By increasing the velocity 
of the spouting gas, the area and intensity of bubbling fluidization in the 
annular region can be reduced significantly, indicating gas channeling 
from the annular region into the draft tube. The suppression of gas 
bubbling is most pronounced for DTSFBs with a low gap height, whereby 
gas bubbling can be even entirely absent in the annular region for a 
superficial background fluidization velocity higher than the minimum 

FIG.7. Particle velocity map in the annular region for US/Umf = 50 (a) and 250 
(b) with Hg = 10 mm and Ubg/Umf = 1.2. The velocity map is obtained by 
averaging the left and the right side of the annular region. 

FIG.8. (a) Horizontal slices (10 mm thick) through the bottom section of the DTSFB at three heights z = 5 mm, 15 mm and 25 mm depicted by the yellow, orange, 
and blue slices, respectively. Radial particle velocity vr (b) and vertical particle velocity vz (c) in the three horizontal slices. The line plots show the azimuthally 
averaged radial profile of vr and vz in the annular region and the draft tube of the respective slice. The color of the slices in (a) corresponds to the line colors used in 
panel (b) and (c). The insets of (b) and (c) show the distribution of the respective velocity component in the horizontal slice at z = 5 mm (yellow slice). The walls of 
the draft tube are shown as grey limits. The standard deviation of the flow profiles is given as the shaded area. The standard deviation in panel (c) is very small. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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fluidization velocity. Numerical simulations confirm gas channeling 
from the annular region to the draft tube due to a pressure gradient 
between these two zones. 
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