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Department of Chemical Engineering, Polytechnique Montreal, Montreal, QC, Canada H3C 3A7

Abstract

A jet-impactor assisted-fluidized bed (JIAFB) for continuous de-agglomeration of nanopowder 

agglomerates was presented in previous work. Therein, a jet caused agglomerates to impinge up 

an impactor, where they would break. However, efficient impactor positioning will be dictated by 

particle momentum: the product of solid concentration and velocity must be highest. Herein, the 

variation of solid hold-up was measured in a fluidized bed of Fe2O3 nanoparticles using gamma 

densitometry. Behaviour was compared under minimum fluidization and bubbling regimes, over 

a wide range of jet velocities (0-200 m s-1). A new line-decomposition approach allowed mapping 

local solid distribution across seven axial and five radial positions, tangibly demonstrating how 

increasing the gas velocity enhanced the fluidization quality by increasing axial solid diffusivity. 

Conversely, increasing jet velocity locally decreased solid hold-up in the jet-affected zone, and 

brought about inhomogeneities. With this information in hand, jet-to-impactor distance was 

optimized and validated experimentally.

Keywords: nanoparticle fluidization, jet-impactor assisted fluidized bed, solid hold-up, gamma 

densitometry, profile reconstruction

Introduction

De-agglomeration and the production of size-controlled powders have been the focus of many 

studies [1-7] in powder technology applications in the pharmaceutical [8, 9], food [10], and 

chemical [11] industries. It becomes more important when handling cohesive powders, particularly 

nanopowders, in which strong interparticle forces (e.g. van der Waals forces) increase the 
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heterogeneity in particle size distribution through the formation of agglomerates. Common gas-

based de-agglomeration methods break up dry powder agglomerates by generating a turbulent 

shear flow, e.g. using microjets [12-14]. Such secondary gas injection into a fluidized bed has been 

used in many industrial applications to control particle size [15], injecting additional reactants 

locally, promoting selectivity or diluting explosive reagents [16]. In previous work [17], the high 

kinetic energy of a jet-impactor system inside a fluidized bed was exploited to continuously and 

controllably break up nanoparticle agglomerates, and demonstrated experimentally that a threshold 

velocity (i.e. kinetic energy level) must be attained to achieve de-agglomeration. However, that 

study only considered particle velocity within the jet stream, ignoring the solid hold-up (the 

volume fraction of a flow occupied by the solid phase). While high velocity remains a requirement 

for agglomerate break-up, solid hold-up will dictate the overall rate at which de-agglomeration can 

occur – in other words, the process efficiency. Therefore, to maximize the efficiency of 

nanoparticle de-agglomeration, it is necessary to optimize the jet-to-impactor distance with respect 

to both particle velocity and solid hold-up, and this has not yet been thoroughly addressed in the 

literature.  

In a broader view, adding a high-velocity jet changes the hydrodynamics of a fluidized bed 

dramatically. While different from the jet-impactor approach, several studies have shown that 

adding a jet to a fluidized bed system effectively enhances the fluidization performance and 

powder mixing within the column [12-14, 18-22] (Table 1). Hong et al. [13] investigated the effect 

of downward and upward jets in the fluidization of fine glass beads and fluid catalytic cracking 

(FCC) particles. Although their work was limited to Geldart group A powders (contrary to 

nanoparticles, which behave as cohesive Geldart group C particles), they concluded that a high-

speed millimeter-sized jet could break the agglomerates and improve fluidization quality. Further, 

Page 3 of 56

AIChE Journal

AIChE Journal

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



For peer review
 only

a downward jet located inside the bed avoids jet penetration through the whole bed and provides 

more efficient solid mixing. Pfeffer et al. [12, 14], by using the same technique with single or 

multiple micron-sized jets, showed the jets sizes ranging from 127 to 508 m provided enough 

shear to break nanoparticle agglomerates or reduce the formation of agglomerates. By measuring 

the bed expansion and pressure drop through the bed, they indicated that solid particles distribute 

in a larger segment of the bed, hence increasing the bed expansion. Dimensionless bed height 

measurements for a wide range of nanopowders shows microjet assistance alters the fluidization 

regime, from Agglomerate Bubbling Fluidization (ABF) to Agglomerate Particulate Fluidization 

(APF) behavior. The position of the jet has a determinant role in the performance of the bed - 

higher performance was achieved when the nozzle tip was close to the gas distributor plate pointing 

downward. In another work [21], using Focused Beam Reflectance Measurement (FBRM) and 

Particle Vision Measurement (PVM) probes, Pfeffer et al. characterized the number-weighted and 

volume-weighted agglomerate size distributions for both APF and ABF type nanopowders in the 

splash zone. They demonstrated that, when the superficial gas velocity increases, the concentration 

of agglomerates decreases, which is in fair agreement with the increased bed expansion and higher 

porosity observed. 

To reveal the hydrodynamics of a fluidized bed in the presence of microjets, Van Ommen et al. 

simulated the system using a CFD-DEM model [22]. They concluded that agglomerate-

agglomerate collisions are responsible for the de-agglomeration in the zone below the jet, rather 

than the drag force applied by the jet. In addition, their results show that voidage does not 

significantly change when the jet is on or off. As no bed expansion was observed in the simulation 

results due to the high jet speed, they further conclude that the major contribution for bed 

expansion comes from agglomerate breakage. Although these research endeavors have highlighted 
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positive effects from using jets to fluidize Geldart group C powders, the variations in solid-gas 

distribution patterns in the presence of jets have not yet been addressed. Understanding these 

dynamics is essential because the performance of multiphase systems depends significantly on the 

phase distribution.

Table 1 Material and jet properties used in the literature for the fluidization of particulate materials.

Powder Powder Type Jet 

direction(s)

Diameter of 

the Jet 

Mach number 

(Jet velocity)

Objective of 

paper

Ref.

Glass beads Diameter = 

40 μm,

Density = 2.5 

g⋅cm−3

Group A

Downward 

and upward

2.54 cm 0.04 to 0.18

(15 to 61 m s-1)

Experimental 

and numerical 

study

[13]

Sand Diameter = 

421 μm, 
Group B

Downward

jet

Downcomer 

size of 6 mm, 

opening size 

of 64 mm

0.015 to 0.036

(5.1 to 12.4 m s-1)

Hydrodynamic 

study

[19, 20]

Aerosil 

R974, 200, 

90, Raw 90 

(SiO2)

Aeroxide 

P25 (TiO2), 

Alu C 

(Al2O3)

Diameter = 

12-21 nm

Group C 

(both ABF- 

and APF-

type)

Downward 

and upward

127, 177, 254, 

and 508 m

0.93

(320 m s-1)

Improving 

fluidization of 

ultrafine 

powders

[12, 14, 

18]

Aerosil R974 

(APF-type), 

Aerosil 90 

(ABF-type)

Diameter = 

12 and 20 nm 

Group C

Downward Not mentioned 0.93

(320 m s-1)

In situ 

measurement 

of 

agglomerate 

size

[21]

Aeroxide 

P25 (TiO2)

Diameter = 

21 nm

Group C 

(ABF)

Downward 128 m 0.87

(300 m s-1)

Experimental 

and numerical 

study

[22]

Silica (SiO2) Diameter = 

20 nm

Group C 

(ABF)

Upward 

(coupled with 

an impactor)

254 m 0.57

(197 m s-1)

De-

agglomeration

[17]
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The hydrodynamic properties in fluidized beds can be measured using two groups of techniques: 

invasive and non-invasive techniques. In invasive techniques, such as fiber optic or capacitance 

probes, a probe is installed inside the system and can measure phase fraction distributions locally, 

although this disrupts the internal flow pattern. Such disruptions are compounded in the case of 

cohesive powders, due to sticking on the tip of the probe. On the other hand, non-invasive 

techniques, such as electrical capacitance tomography (ECT), X-ray computed tomography (CT), 

gamma-ray tomography, and gamma-ray densitometry, generally provide information about the 

phase profile in a broader range such as over a line, a cross-section, or in a volume, and do not 

face issues related to powders sticking on the probe [23, 24]. Gamma-ray densitometry in 

particular is flexible, having good spatial resolution, and being suitable for a wide range of column 

sizes. Multi-source gamma densitometry even allows for the reconstruction of bubbles [18, 25]. 

Despite this, there is still a lack of simple reconstruction techniques that can assess the local phase 

hold-up.

Several studies have made advances to measure the solid-gas distribution, mainly using solid hold-

up inside fluidized beds in the presence of jets, but not for Group C powders. The flow pattern of 

high-velocity gas injection into both fixed and fluidized beds was studied by Koeninger et al. [26] 

for fine glass beads using non-invasive particle image velocimetry (PIV) and X-ray Computed 

Tomography. Stimulating the bed with a horizontal millimeter-sized jet decreased the solid 

concentration (solid fraction of 0-3%) in the jet line, which reduced further at higher jet velocities. 

Hence, particle entrainment mainly occurs in the zone around the jet boundary. Moreover, no 

significant differences were observed for the particle velocity in fluidized and fixed states. Another 

non-invasive technique, gamma-ray computed tomography, was also used to measure the solid 

hold-up in a fluidized bed of Geldart B particles [27], showing that increasing the gas velocity not 
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only increases the voidage of the bed (in the core), but also improves mixing within the column, 

leading to more homogeneous particle fluidization. Further, the gas hold-up in the system depends 

on the solid particle density. The lower the particle density, the higher the voidage (i.e. lower solid 

phase) in the center of the bed, and a region of higher gas hold-up in the center and a region of low 

gas hold-up (higher solids concentration) can be determined near the walls. Koeninger et al. [26] 

studied particle concentration and velocity in the vicinity of a horizontal jet in a bed of glass beads 

(92 m). They showed a dilute zone forms near the tip of the nozzle with a very low (1-3%) axial 

solid concentration, which then significantly increases and reaches a maximum corresponding to 

the solid concentration of the dense bed. The distance from low concentration to dense bed is 

translated as the jet penetration length. The solid concentration inside the jet is reduced by 

increasing the gas velocity. Nevertheless, the particle concentration is higher close to the nozzle 

tip due to the venturi effect.

Measuring the solid hold-up during nanoparticle fluidization using gamma densitometry has been 

the focus of a few works [23, 28]. Jiradilok et al. [28] measured the silica nanoparticle volume 

fraction in a circulating fluidized bed riser, showing that solid compression occurs in the riser due 

to pressure wave propagation following the detonation of high pressure, high temperature gas in 

the bed. Esmaeili and Chaouki [23] measured the solid hold-up in a fluidized bed by means of both 

gamma densitometry and fiber optic probing. They showed that, although bed expansion is not 

large enough for zirconia and aluminum nanopowders (ABF type), these fluidize uniformly in the 

bed. The solid hold-up in the lower part of the bed (close to the distributor) changes significantly 

as a function of gas velocity, whereas it remains unchanged in the upper part of the bed. This 

contrasts with invasive fiber optic measurements that overestimated the overall solid concentration 

at higher gas velocities when considering the bed expansion results. 
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However, adding a high velocity jet dramatically changes the hydrodynamics of a nanopowder 

fluidized bed, and this has not yet been addressed in the literature. Understanding the 

hydrodynamics of fluidized beds is key to their effective scale-up, efficient operation, and proper 

design. Beyond enabling to better situate an impactor for de-agglomeration, solid concentration is 

an important parameter to understand the agglomeration and de-agglomeration mechanisms in a 

fluidized bed. 

 In this research, the influence of a microjet flow on the solid distribution in a fluidized bed of 

nanopowders was evaluated in three different configurations: conventional, jet-assisted, and jet 

impactor-assisted fluidized bed. The axial and radial solid distribution profiles were measured for 

all configurations using gamma-ray densitometry, and subsequently used to reconstruct and map 

the local profiles. Through beam size adjustments, gamma densitometry allows focused, non-

invasive measurements in the jet zone. Fe2O3 nanopowder was selected for this study, because of 

its stable long-term fluidization, increased density (i.e. lower voidage), and higher attenuation 

coefficient compared to other metal oxide nanopowder counterparts. With this information in 

hand, the jet-impactor region was focused upon to optimize the jet-to-impactor distance with 

respect to the impact momentum of particles and verify the optimum point with experimental force 

measurements. The optimized de-agglomerator can then be combined with a continuous coating 

process to prevent re-agglomeration [29].
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Method

Principals of Gamma Densitometry

On the basis of the Beer-Lambert law, Knoll [30] showed when a beam of mono-energetic gamma 

rays is propagated through a two-phase mixture, the number of photons counted per second, , is 𝐶
given by:

𝑙𝑛( 𝐶𝐶0
) = ― [(1 ― 𝜀)[𝜇𝜌]𝑝𝜌𝑝 + 𝜀[𝜇𝜌]𝑔𝜌𝑔]𝑑 (1)

where  is the number of photons counted per second while the system is under vacuum; ε is the 𝐶0

voidage of the bed; and are the mass attenuation coefficients of the solid and gas phases, [𝜇𝜌]𝑝 [𝜇𝜌]𝑔
respectively;  and  are the densities of solid and gas phases, respectively, and  is the path 𝜌𝑝 𝜌𝑔 𝑑
length of the gamma ray through the system. By neglecting the attenuation of the gas compared to 

the attenuation of the solid phase, the average solid fraction in the system ( ) along the gamma 1 ― 𝜀
ray line can be calculated as:

𝜀𝑠 = 1 ― 𝜀 = (1 ― 𝜀𝑏)
𝑙𝑛(𝐶𝑔 𝐶)𝑙𝑛(𝐶𝑔 𝐶𝑏)

(2)

where subscripts s and g refer to the solid and gas and the  is the voidage or porosity of the bulk 𝜀𝑏
powder, which can be calculated by measuring the loose bulk density of powder ( ) and particle 𝜌𝑏
density ( ) reported by the manufacturer:𝜌𝑝

𝜀𝑏 = 1 ― 𝜌𝑏𝜌𝑝 (3)

The loose bulk density of the powders is measured in a graduated cylinder having the same 

diameter as the column (repeated three times). The graduated cylinder was filled with powders and 
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leveled up to a minimum height of 10 cm without compaction. The apparent density of the bulk 

powder is then calculated as  by reading the apparent volume ( ) and measuring the 𝜌𝑏 = 𝑚/𝑉 𝑉
weight of the powder ( ) with 0.1% accuracy (Table 2).𝑚
After evaluating a series of line-averaged solid hold-up values at a given height (z) and different 

chords (r), the cross-section solid hold-up at a given z is simply calculated by numerical integration 

over the cross-section based on the trapezoidal rule, assuming azimuthal symmetry. Similarly, the 

overall solid hold-up is calculated by integration of the cross-section solid hold-up values over the 

z direction.

Experimental

Materials

Magnetic iron oxide (Fe2O3) nanopowders, supplied by Nanostructured & Amorphous Materials, 

Inc. (Los Alamos, New Mexico, USA) were used for all solid hold-up experiments, owing to their 

ability for long-term fluidization with negligible particle entrainment, lower voidage, and high 

mass attenuation coefficient compared to their counterparts (e.g. silica nanopowder). Physical 

properties of the Fe2O3 nanopowders are summarized in Table 2. Very large agglomerates 

produced during storage, packing, and transportation were sieved out using a 40-mesh sieve with 

420 m openings before fluidization experiments. Dry nitrogen (Air Liquide 99.999 %, water 

content < 3 ppm) was used as both the fluidizing gas at about 40 psig (275.8 kPa) and the microjet 

flow at 100 psig (689.5 kPa). 

Table 2 Physical properties of powders

Powder Primary particle 

size (m)

Particle Density 

(kg m-3)

Powder Type Voidage* Mass attenuation 

coefficient* (m2 kg-1)
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Fe2O3 0.020 – 0.030 5240 Geldart C/ABF 0.78 ± 0.01 0.0051 ± 0.0003

   * This data was obtained experimentally 

Gamma Densitometry Tests

Gamma-ray densitometry was used to measure the solid concentration distribution in the bed and 

in the vicinity of the jet. A single source-detector system measured line-averaged time-averaged 

solid hold-up at seven axial and five radial positions, totaling 35 measurement points. The gamma 

densitometer consisted of a gamma-ray source, a NaI (Tl) scintillation detector (Teledyne Isotope 

S-1212-I), and a data acquisition system that includes a pre-amplifier, an amplifier and a 

discriminator (ORTEC ACE Mate) to record the signals. A scandium element (Sc 46) was used as 

the gamma-ray source with a half-life of 84 days, activated in the SLOWPOKE reactor at 

Polytechnique Montreal. For all experiments, the 450 Ci source was retained, using a two-minute 

total scan time for each position, as these conditions led to the lowest error measurement (~0.1%). 

To scan one bed cross-section, the source-detector pair, located on the opposite sides of the bed, 

moved along the axis perpendicular to the beam. For each cross-section, count data was collected 

at five chords 1 cm apart (Fig. 1). According to the jet half angle calculations [31], the collimator 

was designed such that the spatial resolution of the gamma densitometer is 2 mm at the bed center 

line (e.g. at the tip of the nozzle), calculated based on the collimator configuration parameter [25, 

32]. This guarantees the entire beam is within the jet zone. Additional details pertaining to the 

gamma-ray densitometry approach are provided as supplementary information (Fig. S1,2).
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Figure 1 (a) Schematic of the fluidized bed and gamma-ray densitometry system; (b) Five radial positions (chords) to map solid 

hold-up in a column cross section

Experimental Setup

The fluidization column consisted of a poly(methyl methacrylate) (Plexiglas) tube with an internal 

diameter of 0.05 m and a wall thickness of 0.007 m (Fig. 1). The total height of the bed and 

freeboard was 60 cm, and it was connected to a larger cylinder with a diameter of 0.3 m, used as 

the disengagement zone. This prevented the particles from being entrained out of the bed by 

decreasing the upward flux of particles and gas. Several ports at different heights allowed for the 

installation of the microjet and the impactor plate. The fluidizing gas, after passing through a mass 

flow controller (MFC), wind box, and distributor with a pore size of 20 m entered the column. 

(a)

(b)

5 cm
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The wind box contained small wood packings to uniformly distribute the gas flow. A 0.01 inch 

(254 m) ID upward tube was employed as the jet, and the jet flow was controlled by a second 

mass flow controller. At the end of the disengagement zone, a HEPA filter bag removed any 

entrained nanoparticles. Two pressure ports, at the top of the distributor and at the top of the 

freeboard, were connected to a digital manometer to measure the differential pressure across the 

bed. 

Force Measurements

A commercial piezoresistive force sensor (Honeywell Sensing and Productivity Solutions) was 

adapted to measure forces applied from the gas and solid particles inside the jet flow. The input 

voltage was maximized (12 V) to make the sensor more sensitive to the jet flow. The measuring 

surface of the sensor was extended by gluing a very thin, 1-inch stainless-steel disc on top of its 

actuator. The force sensor assembly was then attached to a stainless-steel rod and the electronic 

pins and connections were covered, without touching the actuator, to avoid any damage or errors 

resulting from nanopowder ingress. The force sensor was calibrated using standard calibration 

weights before the tests (Fig. S6). The assembly was installed within the fluidized structure such 

as to allow only vertical displacement without diverging horizontally. The output signal from the 

sensor was recorded using a data acquisition card connected to a computer. Each data point was 

recorded over two minutes at a sampling frequency of 10 Hz, and all measurements were repeated 

three times. 

Page 13 of 56

AIChE Journal

AIChE Journal

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



For peer review
 only

Results and Discussion

Fluidization behavior of iron oxide nanopowder and overall solid hold-up

Theoretically, 20 nm magnetic Fe2O3 nanoparticles, due to their size and density, should be 

fluidized individually at very low superficial gas velocities, on the order of 10-7 cm/s. However, 

experiments show the onset of fluidization occurs at a gas velocity of 0.85 cm/s (Fig. 2), which 

corresponds to the fluidization of a 70 m particle (assumed density of 1150 kg/m3) [33]. This 

significant difference demonstrates that nanopowders are fluidized in the agglomerate state due to 

the high level of interparticle forces present, mainly van der Waals interactions. At 0.85 cm/s, 

Fe2O3 nanopowders begin to fluidize uniformly with a low bed expansion (10% of initial height of 

the bed). Expansion increase to 55% of initial bed height at superficial gas velocities three times 

larger than minimum fluidization velocity (Umf) (Fig. 2). The onset of the bubbling regime occurs 

at a gas velocity of 1.7 cm/s. Bubble size increases with gas velocity up to 3 cm/s, which may 

cause negligible elutriation in long-term fluidization. These characteristics, along with the physical 

properties of the powder (i.e. simple agglomerate size and bulk density), indicate an ABF regime 

according to the Wang sub-classification [34], in agreement with previous works [35]. As a rule 

of thumb, nanoparticles (< 100 nm) with a bulk density > 100 kg m3 are fluidized as ABF, whereas 

those with a bulk density < 100 kg m3 show an APF behavior [34]. In the presence of the nozzle, 

the bed expansion increases by a maximum of 5 % at the highest jet velocity (i.e. 200 m/s), 

confirming that the upward nozzle does not change the fluidization behavior of the nanopowders.
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Figure 2 (a) Fluidization curve for iron oxide nanoparticles; (b) comparison of overall solid hold-up measurements using bed 

expansion results and improved gamma densitometry.

Before evaluating solid hold-up in the presence of a jet and an impactor, the results, obtained from 

gamma densitometry, were first verified with the overall solid hold-up results obtained based on 

the bed expansion measurements. The latter calculates the overall solid hold-up based on the 

simple mass balance of the uniformly distributed solid powder in the fluidized bed assuming no 

elutriation. Given that, experimental bed expansion data can provide a rough estimation of the 

overall solid hold-up over a wide range of superficial gas velocities. Fig. 2b compares the 

calculated overall solid hold-up from both measurements, confirming that it follows the same trend 

with a maximum solid hold-up error of 2%, which may stem from the bed expansion measurements 

and rough assumptions in calculating solid hold-up values. This gives confidence to move forward 

and study the local solid hold-up in other zones, particularly in the vicinity of the jet, which is not 

possible to be measured using the bed expansion measurement. 

Radial solid hold-up 

To study the effect of the microjet and microjet-impactor on the fluidization behavior of Fe2O3 

nanopowders, a series of experiments were performed over a wide range of jet velocities (0-200 

m/s) in three configurations: conventional (unassisted) fluidization, fluidization in the presence of 

the jet, and fluidization in the presence of both the jet and the impactor. Count data was registered 
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for 2 minutes with a sampling time of 10 ms, leading to 12,000 data points per measurement. In 

order to study the solid hold-up in the vicinity of the jet, the gamma densitometer scanned the bed 

2.5 mm above the nozzle tip.

Conventional fluidization Typical fluidization, without installation of a jet, shows a uniform 

radial solid phase distribution (Fig 3a and 3b). In the axial direction, the solid phase is more 

concentrated at the bottom of the bed, and more diluted in the upper sections. At Umf, as the bed 

has not yet fully expanded, a very dilute zone is detected in the splash zone (15 cm above the 

distributor). By increasing the superficial gas velocity up to three times the minimum fluidization 

velocity, the bed becomes fully uniform, and the solid phase distribution increases at 15 cm above 

the distributor, due to full bed expansion (Fig. 3b). As expected, the cross-section solid hold-up 

values decrease with rising gas flow in the system. 

Figure 3 (a) Radial solid hold-up at seven levels above the distributor for the conventional fluidization at (a) minimum 

fluidization (Umf = 0.85 cm s-1), and (b) bubbling regime (Uf = 2.5 cm s-1)

Microjet-assisted fluidization Once the jet is turned on at Umf, the solid hold-up locally drops at 

2.5 mm above the nozzle tip (r/R = 0), while it remains almost constant at other radial positions 

(Fig. 4a). The local solid hold-up reduction is more evident at higher jet velocities, representing 

the formation of a “hole” inside the fluidized bed. This is reasonable as more gas is injected to the 
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system, the less solid hold-up is observed. Comparing the solid hold-up profiles of zero and non-

zero jet velocities, injecting the secondary gas stream causes reduction of the mean cross-section 

solid hold-up in the vicinity of the jet. However, in the bubbling regime (Fig. 4b), this local jet 

effect becomes less apparent. Although the mean cross-section solid hold-up drops compared to 

the Umf regime because of dilution, the solid hold-up profiles remain almost uniform, while at jet 

velocities greater than 100 m s-1 the jet effect becomes detectable. The results for both regimes 

show increasing the fluidization gas flow diminishes the effect of the secondary gas flow as a result 

of increasing bubbles in the system. These alter the flow pattern, thereby increasing mixing and 

uniformity in the system. Nevertheless, the void created by the microjet is still detectable when 

the volumetric flow rate of the jet is at least 10% of the superficial gas velocity. This agrees with 

previous studies for group B and D particles showing that an increase in superficial velocity, 

exceeding Umf, results in shorter jet lengths [36-39].

Figure 4 Radial solid hold-up profile for microjet- assisted fluidization at (a) minimum fluidization velocity (Umf = 0.85 cm s-1), 

and (b) bubbling regime (Uf = 2.5 cm s-1). Jet is centered at dimensionless radius 0.0.
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Figure 5 Radial solid hold-up profile for microjet-impactor-assisted fluidization at (a) minimum fluidization velocity (Umf = 

0.85 cm s-1) and (b) bubbling regime (Uf = 2.5 cm s-1); (c) the image of impaction plate after the test.

Microjet-impactor assisted fluidization Installing the impactor causes the solid hold-up profiles 

to become asymmetric in the vicinity of the microjet-impactor (Fig. 5a and 5b). In the Umf regime, 

once the jet is off (Uj = 0 m s-1), solid hold-up increases slightly from 15% to 17% at the side of 

the column where the impactor arm is mounted, while it decreases from 15% to 12% at the other 

side of the column. This occurs due to the side-mounted impactor’s arm hindering the free flow of 

gas. When starting the jet stream, two different phenomena are observed depending on the jet 

velocity. At lower jet velocity (Uj = 33 m s-1), solid hold-up slightly reduces under the impactor 

arm, while it rises under the free section. However, by increasing the jet velocities beyond 100 m 

s-1, this flow pattern changes. The mean cross-section solid hold-up drops, and this reduction is 

(c)
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more significant under the impactor arm. The jet penetration length calculations based on the 

Hirsan correlation [36] explains this difference in flow patterns in the vicinity of the microjet-

impactor (Table 3). Since the distance between the nozzle tip and the impaction plate is 5 mm, at 

lower jet velocities the maximum jet penetration length is not sufficient to reach to the plate, hence 

jet flow entrains some particles, splashing them around. However, at jet velocities exceeding 100 

m s-1, the jet length reaches the impactor plate and, due to gas reflection, the solid hold-up drops 

noticeably at non-centered radial positions. The profile is asymmetric since the impactor has not 

been installed exactly perpendicular to the jet. Inspecting the impactor after the test confirms this 

(Fig. 5c). This latest result emphasizes that the parametric study (in supplementary information) 

improved the densitometry efficiency enough to make this measurement technique sensitive to a 

slight deviation in jet-impactor installation.

Table 3 Minimum, maximum and bubble penetration length as a function of gas jet velocity based on Hirsan correlations [36] 

for an upward nozzle

Gas Jet Velocity (m s-1) Minimum jet 

penetration length 

(mm)

Maximum jet 

penetration length 

(mm)

Jet bubble penetration 

length 

(mm)

33 0.6 2.6 4.5

100 1.1 6.2 10.1

200 1.9 11.1 16.1

Local Solid hold-up in the vicinity of the jet

Unlike the capacitance probe or fiber optic methods used for characterizing local parameters in 

previous works, gamma densitometry measures solid phase concentration based on the line-

averaged attenuation of the gamma ray travelling through the system. Although the line-averaged 

solid hold-up provides information about how the radial and cross-sectional solid particle 
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distribution varies at the jet level as a function of the jet or fluidization velocity, it does not describe 

the local solid phase distribution in the vicinity of the jet, due to the inherent averaging of the 

gamma-densitometry technique. In other words, the contribution of secondary gas flow (jet) to 

solid hold-up distribution is diminished in the fluidizing gas flow. To overcome this problem, a 

line decomposition approach is proposed to isolate the effect of the secondary microjet flow on 

the solid hold-up, assuming the solid hold-up is uniform far enough from the jet affected zone 

(JAZ). For this purpose, the bed is first divided in a number of rings (Fig. 6), such that each radial 

position is allocated to a ring. Next, the solid hold-up needs to be estimated in the outer ring. In 

the previous section, it was shown Fe2O3 nanoparticles fluidize homogenously far away from the 

jet zone, whereas in the vicinity of the jet the local solid phase concentration changes noticeably 

due to turbulence. Koeninger et al. [26] showed that, in fluidization of solid particles, solid 

concentration varies in the jet boundary, where the phase and momentum exchange takes place. 

Consequently, it is fair to assume that the local solid hold-up is uniform in azimuthal angles far 

from the JAZ (i.e. in the outer ring). Here, since solid hold-up was measured at five points at each 

cross section, the surface area is decomposed at each level into three zones (Fig. 6). Hence, it may 

be assumed that: 

𝜀𝑙3
= 𝜀𝑟|𝑟𝑅 =± 0.8 (4)

where,  and  are the local and radial solid hold-up, respectively. Decomposed solid hold-up 𝜀𝑙𝑖 𝜀𝑟
values are referred to herein as “local solid hold-up”, representing the solid hold-up values in each 

ring. Generally, solid concentration in fluidized beds varies in all dimensions:

𝜀𝑠 = 𝜀𝑠(𝑟,𝜃,𝑧) (5)
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At a given height (z) by assuming an azimuthal symmetry as a result of uniform solid distribution, 

the correlation can be simplified to,

𝜀𝑠 = 𝜀𝑠(𝑟) (6)

Combining this with the Knoll variant of the Beer-Lambert law (Eq. 1) considering a constant 

mass attenuation coefficient gives:

𝐴 = 𝑙𝑛( 𝐶𝐶0
) ~ 𝜀𝑠(𝑟).𝑑 (7)

On the other hand, the total linear attenuation (A) is the sum of its constituents (i.e. individual 

interactions of the gamma ray with the solid phase in the ith zone, Ai),

𝐴 =

𝑛∑𝑖 𝐴𝑖(𝑟) (8)

Therefore, the time-averaged local solid hold-up at any elevation and radial position is derived 

from the radial solid hold-up value, by neglecting the non-linear average error in space (acceptable 

due to the small size of the gamma beam):

𝜀𝑟|𝑟𝑅 =
1𝑑 𝑛∑𝑖 𝜀𝑙𝑖𝑑𝑖 (9)

where  is the radial solid hold-up at a given r/R,  are the local solid hold-up of ith zone, d and 𝜀𝑟 𝜀𝑙𝑖
di are the distance which gamma-ray travels in that radial position and in the ith zone, respectively.
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Figure 6 (a) Top view of the column showing decomposition of line-averaged solid hold-up; (b) measurement levels overlaid on 

gas velocity contour obtained by simulation in Fluent to determine the width of JAZ at Uf = 2.5 cm s-1and Uj = 100 m s-1

To determine the extent of the JAZ (d1 in Fig. 6), a single-phase simulation was performed for all 

superficial gas and jet velocities using the Fluent 6.3 CFD software. The assumptions and model 

have been discussed in detail in previous work [17]. By simplifying the model to a two-

dimensional axisymmetric case, the geometry was defined as a 5 cm by 60 cm rectangle. A 127 

μm line was defined as the tip of the nozzle. Nitrogen was selected as a compressible fluid flow 

medium. The model was run for two fluidizing gas velocities (0.85 and 2.55 cm s-1) and three jet 

velocities (33, 100, and 200 m s-1). k-ε turbulent physics were used for the case of stationary 

(a)

(b)
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studies, due to the high Reynolds numbers of the jet (3 to 8 × 103). Although the simulation does 

not account for the motion of particles, it serves as an approximation to determine the jet widths 

based on the gas velocity field. The jet width at each cut plane was defined as the position at which 

the gas velocity reduces to a cut-off point of 5% of the maximum velocity magnitude at the given 

level. The calculated jet width values show that changing the fluidization regime does not affect 

the jet width. The half jet width values for all runs show a constant value of 0.008 m at 2.5 mm 

above the nozzle tip. Since the maximum jet penetration length according to this model and Hirsan 

correlations (Table 3), even at the highest velocity, does not reach to the second gamma 

densitometry measurement level, the minimum size of the central zone (d1) was kept constant at 

1 cm during line decomposition. Ultimately, 3D solid hold-up profiles are plotted at seven heights 

combining the jet widths obtained from this simulation and local solid hold-up values obtained 

from Eq. 9 (Fig. 7, 8). These figures reveal the locations at which the solid hold-up is reduced 

and/or increased by the microjet. At Umf (and Uj = 0 m s-1), solid hold up is increased near to the 

bottom of the bed, while it becomes more diluted at higher levels. At the highest level (15 cm 

above the distributor, the splash zone), the solid concentration is almost zero as the bed has not yet 

fully expanded. By turning on the jet to Uj = 33 m s-1 (Fig. 7b), the solid hold-up reduces close to 

the distributor because part of the bed is being carried by the microjet flow. Moreover, a very low 

solid concentration zone is being formed at 2.5 mm above the tip of the nozzle, due to the injection 

of the secondary gas flow. However, the jet penetration length is not sufficient to affect the local 

solid hold-up at higher levels. By increasing the jet velocity to Uj = 100 and 200 m s-1 (Fig. 7c,d), 

the solid hold-up in the center noticeably reduces not only at the jet level, but even at higher levels 

since the jet penetration length rises. At the maximum jet velocity (Uj = 200 m s-1), the total flow 

(i.e. fluidizing gas and microjet flow) is high enough to expand the bed to the level of measurement. 
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Also, at all jet velocities, a concentrated zone is identified right under the jet, which indicates 

formation of a dead-zone under the microjet tube.

Figure 7 (a) 3D local solid hold-up profiles at seven cross sections calculated by line-decomposition approach at 

Umf = 0.85 cm s-1, Uj = 0; (b) Uj = 33 m s-1; (c) Uj = 100 m s-1; (d) Uj = 200 m s-1

By changing the fluidization regime to bubbling (Uf = 2.55 cm s-1) (Fig. 8), the axial solid 

diffusivity enhances so the solid hold-up through the bed is more homogeneous compared to the 

minimum fluidization regime. Ettehadieh et al. [40] previously showed a centimeter-sized jet 

makes the axial solid hold-up uniform for Geldart D particles by increasing the solid diffusivity in 

this direction. However, since the radial solid diffusivity is constant for small bed diameters [41], 

the bed remains almost uniform in the radial directions at all gas velocities. In this regime, the 

(a) (b)

(d)(c)
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general patterns of solid hold-up variations identified at Umf remain, but at proportionally lower 

solid hold-up values as a result of introducing more fluidizing gas to the system. At this increased 

fluidization velocity, jet effects are reduced (Fig. 7 vs. Fig. 8). In the bubbling regime, the dilute 

zone in the jet is no longer detectable at low Uj (Fig. 8b), while it starts developing by increasing 

Uj to 100 and 200 m s-1 (Fig. 8c,d). However, the jet penetration length at Uj = 100 m s-1 is still 

too short to influence the local solid hold-up at higher levels. Eventually, at Uj = 200 m s-1 (20 v% 

of the fluidizing gas flow), the maximum jet penetration length increases. Thus, discharged 

bubbles from the jet can travel further and consequently reduce the local solid hold-up at higher 

levels (Fig. 8d). 

In a broader view, these solid hold-up profiles clarify how, in both regimes, the microjet improves 

the fluidization quality of nanoparticles and affects the solid hold-up distribution throughout the 

bed, despite their local inhomogeneities. This is essential since it enhances mass and heat transfer 

performance inside fluidized beds. Comparing the local solid hold-up profiles when the jet is off 

and on (Fig. 7a,b and Fig. 8a,b) indicates the axial distributions of solid particles have been 

enhanced. This occurs as a result of overcoming interparticle forces, which in turn leads to 

breakage of nanoparticle agglomerations [14, 22] and increased total gas flow. The higher the jet 

momentum, the higher the axial solid diffusivity, and thus the more homogeneity in the bed. While 

this was expected intuitively, the improved gamma densitometry technique has tangibly 

demonstrated and quantified local solid hold-up, showing how a given constant local phenomenon 

(such as a jet) can directly impact solid/gas phase distribution. 
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Figure 8 3D local solid hold-up profiles at seven cross sections calculated by line-decomposition approach at Uf = 2.5 cm s-1. (a) 

Uj = 0 m s-1; (b) Uj = 33 m s-1; (c) Uj = 100 m s-1; (d) Uj = 200 m s-1

Optimizing the jet-to-impactor distance

Solid hold-up along the jet axis

The determination of local solid hold-up values ( ) along the jet axis at Uj = 100 m/s and 𝜀𝑙
Uf = 2.5 cm s-1 was made possible by the line decomposition approach presented in the previous 

section. Fig. 9a illustrates that solid hold-up increases sharply from the nozzle tip (where particle 

hold-up is zero) up to 7.8% at 0.0025 m above the nozzle tip. At ca. 0.02 m above the tip, it has 

reached its final value of approximately 10.5%. This is in general agreement with the jet 

length values calculated by Hirsan [37] (Table 3), that show that, at Uj = 100 m s-1, the JAZ 

(a) (b)

(d)(c)
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extends to 0.0011 m (up to 0.0062 m). After this JAZ, the jet loses its form and turns into high-

momentum bubbles. In the early section of the JAZ, solid particles are dragged into the jet stream 

as a result of negative pressure generated via the high-speed jet. Moving away from the nozzle tip, 

more and more particles are entrained into the jet flow until the end of JAZ is reached, at which 

point solid hold-up remains constant as the jet no longer affect the solid distribution in the bed. 

Figure 9 (a) local solid hold-up profile as a function of axial distance to the nozzle tip (black data points) and velocity of 

particles with the average size of 70 m (blue curve); (b) Impact force profile (black data points, error bars show the absolute 

error) and momentum profile of impacted particles as a function of axial distance to the nozzle tip

Particle velocity

The velocity of fluidized particles in the vicinity of the high-velocity jet was obtained by a two-

way coupling simulation using the Fluent 6.3 CFD software (same geometry as simulations used 

to calculate jet width in the previous section). The fluidized particles were considered as 

nanoparticle agglomerates with a diameter of 70 m. k-ε turbulent model was used in combination 

with wall functions for the continuous gas phase. For the dispersed phase, particle motion is 

obtained by integrating the force balance. To simplify, only three hydrodynamic forces were 

considered (drag, buoyancy and gravitational forces) and were written in a Lagrangian frame on 

the particles. In the set of differential equations that calculate particle velocities and positions, heat 

and mass transfer are neglected, and particles are assumed to be spherical. In a two-way approach, 
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the velocity field calculated via the Reynolds-averaged Navier–Stokes (RANS) equations is used 

to solve dispersed phase motion equations. The calculated dispersed phase momentum is then used 

to update the velocity field of the continuous phase. However, particle-particle interactions are 

neglected. After solving the equations, a mesh and particle study was performed to ascertain that 

the injection point of particles and the mesh size did not affect the solution of the model (Fig S3-

S5).

Fig. 9a (blue curve) shows the velocity of particles that were entrained and accelerated by the jet 

flow. The particles rapidly accelerate from their initial fluidization velocity of 2.5 cm s-1 and reach 

their maximum value (10 m s-1) approximately 0.012 m from the tip of the nozzle. The particles 

then gradually slow down under the effect of gravity until they reach the superficial velocity in the 

column. Combining the solid hold-up and velocity yields the particle momentum curve (Fig. 9b, 

red), which reaches its apex at approximately 0.012 m above the tip of the nozzle. Thus, for Uj = 

100 m s-1 and Uf = 2.5 cm s-1, this is the optimum point to place an impactor in a jet-impactor 

system. Extending beyond this specific case, the general rule of thumb would be:

 If the jet penetration length is smaller than the point at which maximum particle velocity 

is reached, the jet penetration length can be retained as the optimal position to install an 

impactor;

 If the jet penetration length is greater than the point at which maximum particle velocity is 

reached, the point of maximum particle velocity can be retained as the optimal position for 

an impactor.

Force measurement tests

To validate the impactor position recommendation (0.012 m), the local force resulting from the 

impact of jet flow and accelerated particles on the impactor was measured at different jet-to-
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impactor distances. For this purpose, a force sensor was placed within the bed, perpendicular to 

the jet flow.

Figure 10 force signals measured via force sensor at four different axial distances to the nozzle tip at Uf = 2.5 cm s-1and 

Uj = 100 m s-1

Fig. 10 illustrates the force signals recorded at Uf = 2.5 cm s-1 and Uj = 100 m s-1 at axial distances 

of 2, 6, 10 and 14 mm from the jet. The values shown result from the application of a moving 

average filter with a window size of 20 seconds. The raw signal, noisy from random high frequency 

collisions, is provided in supplementary information. The force difference between sections where 

Uj = 0 and Uj = 100 m s-1 is considered as the force applied by the jet flow (Fj).

By measuring  at eight different axial distances, the jet flow force profile is obtained (Fig. 9b). 𝐹𝑗
In agreement with the overlaid momentum curve,  increases in the axial direction and reaches 𝐹𝑗
its maximum ca. 0.012 m from the tip of the nozzle.

Concluding Remarks

The influence of a microjet and microjet-impactor on the fluidization of Fe2O3 nanopowder under 

two fluidization regimes (minimum fluidization and bubbling) and a wide range of jet velocities 
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(0-200 m s-1) was studied using gamma densitometry, and compared with conventional 

fluidization. In conventional fluidization, a uniform radial solid phase distribution was observed, 

which was more concentrated at the bottom of the bed. By increasing the jet velocity, the solid 

hold-up locally drops more and more at the center, forming the JAZ. Adding an impactor against 

the jet changes the previous symmetric profile to an asymmetric profile due to gas reflection and 

the impedance of gas by the side-arm mount of the impactor.

To spotlight the JAZ, a line-decomposition approach was proposed to reconstruct the 3D local 

solid hold-up profile based on the radial solid hold-up values. Local solid hold-up maps showed 

that, under the minimum fluidization regime, solids are not well distributed axially, while this 

becomes more homogeneous in transition to the bubbling regime. However, increasing the jet 

velocity at a given regime locally varies the solid phase distribution along the jet axis as a result 

of injecting extra gas and causes local inhomogeneities. Further, increasing the fluidizing gas 

velocity diminishes the jet effect, likely by reducing the jet length. 

Finally, the local solid hold-up profile along the jet axis was combined with a particle velocity 

profile, provided by a two-way CFD simulation, to optimize the jet-to-impactor distance and thus 

maximize the impact momentum. The highest momentum point occurs at 0.012 m above the tip of 

the nozzle for Uf = 2.5 cm s-1 and Uj = 100 m s-1. This optimum point was then validated 

experimentally using local force measurements along the jet axis. 

This study provides insights for the proper design and scale-up of the jet-assisted fluidized bed 

reactors particularly for nanopowders, including cases where an impactor is used. Further, it 

provides a methodology for subsequent solid hold-up tests (detailing an improved gamma 

densitometry technique in supplementary information, and a new line deconvolution approach), 
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and provides guideline to maximize the impact momentum when agglomerate breakage is 

required.
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Figure 4b 
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Figure 7c 

148x111mm (96 x 96 DPI) 

Page 48 of 56

AIChE Journal

AIChE Journal

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



For peer review
 only

 

Figure 7d 
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Figure 8a 
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Figure 8b 

148x111mm (96 x 96 DPI) 

Page 51 of 56

AIChE Journal

AIChE Journal

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



For peer review
 only

 

Figure 8c 

148x111mm (96 x 96 DPI) 

Page 52 of 56

AIChE Journal

AIChE Journal

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



For peer review
 only

 

Figure 8d 
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