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Abstract: The use of fluidization assistance can greatly enhance the fluidization hydrodynamics of 
powders that exhibit poor fluidization behavior. Compared to other assistance techniques, pulsed 
flow assistance is a promising technique for improving conventional fluidization because of its energy 
efficiency and ease of process implementation. However, the inlet flow configuration of pulsed 
flow can significantly affect the bed hydrodynamics. In this study, the conventional single drainage 
(SD) flow strategy was modified to purge the primary flow during the non-flow period of the pulse 
to eliminate pressure buildup in the inlet flow line while providing a second drainage path to the 
residual gas. The bed dynamics for both cases, namely, single drainage (SD) and modified double 
drainage (MDD), were carefully monitored by recording the overall and local pressure drop transients 
in different bed regions at two widely different pulsation frequencies of 0.05 and 0.25 Hz. The MDD 
strategy led to substantially faster bed dynamics and greater frictional pressure drop in lower bed 
regions with significantly mitigated segregation behavior. The spectral analysis of the local and global 
pressure transient data in the frequency domain revealed a pronounced difference between the two 
flow strategies. The application of the MDD inlet flow strategy eliminated the disturbances from the 
pulsed fluidized bed irrespective of the pulsation frequency.

Keywords: fluidization; pulsation; frequency; flow strategy; flow spike; disturbances

1. Introduction

Fluidized bed technology holds great promise for im proving the process efficiency in 
the petrochem ical and chemical industries. Its key strength lies in efficient solid dispersion 
that ensures effective u tilization of the solids' surface area and significantly enhances the
surface-based rate processes. In the fluidized bed m ode of contact, low er pressure drop, 
greater interfacial contact, efficient g as-so lid  m ixing, and higher heat and m ass transfer 
rates provide a substantial advantage over fixed bed or packed bed processes [1- 5 ].

Particle properties have a strong bearing on fluidization behavior, as pointed out by  
Geldart, who classified the pow ders into different groups based on physical properties [6 ]. 
The fluidization of fine and ultrafine particles of group C classification is difficult because 
of their cohesiveness caused by strong inter-particle forces (IPF) [7,8 ], w hich  often  result 
in  poor interphase phase m ixing and severe bed non-hom ogeneities [9- 12]. In particular, 
ultrafine powders display agglomerate bubbling fluidization (ABF) due to the formation of 
large m ulti-level agglom erates, leading to low bed expansion and high m inim um  fluidiza­
tion velocity. As a result, the high surface area characteristics of ultrafine particles becom e 
severely  com prom ised. M oreover, size-based segregation often  occurs along the height 
of the bed during A BF [13- 17]. The size of hydrophobic silica agglom erates in the low er
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bed region w as 5 -1 0  tim es larger than the ones in the upper layer [18]. Zhao et al. [19] 
reported m ore severe size segregation, w here an order of m agnitude agglom erate size 
difference betw een the upper and low er layers occurred, such that agglom erates as large 
as 2000 |j.m w ere found in the low er region. A lthough higher gas flow  tends to m itigate 
the effect of IPFs, other problem s, such as elutriation and entrainm ent, occur at high ve­
locities. Therefore, various assistance strategies have been  suggested in the literature to 
provide additional energy to overcom e cohesive IPFs and im prove the hydrodynam ics 
of the fluidized bed. O ne such strategy is vibration assistance, w hich  can  be em ployed 
either internally or externally. External vibrations involve oscillating, shaking, or vibrating 
the com plete test section by  using a v ibrator or an electric m otor [19,20]. D espite their 
proven capability, the im plem entation of external vibration-based flu idization assistance 
techniques, w hether at a laboratory scale or large-scale units, is challenging and expensive. 
On the other hand, internal vibrations directly transfer energy to the solid phase in the bed 
through techniques such as acoustic perturbation and high-shear m ixer [21- 27]. Sim ilar 
to external v ibrations, these techniques require additional equipm ent, leading to higher 
costs. In som e cases, the prem ixing of the resident solid phase w ith  inert or m agnetic 
particles has been suggested to alter the interparticle force equilibrium of ultrafine particles 
in  the bed [15,28- 31]. The com patibility  and post-processing issues, how ever, lim it the 
application of particle prem ixing.

A n im portant prerequisite for large-scale applications of any assisted technique is 
its am enability to scale up and easy im plem entation w ithou t being energy intensive and 
any m ajor process m odification requirem ent. O ne such technique is the pulsation of inlet 
fluid flow  to the flu idized bed [32- 34]. The flow  pulsation shortened the drying tim e 
and im proved the bed hom ogeneity  in drying porous pharm aceutical granules [35]. The 
constant and falling drying rates of the fluidized biom ass particles were enhanced by using 
optim al pulsation frequency [36]. The flow  pulsation also prom oted the density-based 
segregation of coal particles [37,38]. During the fluidization of ultrafine nanoparticles using 
the square w ave pulsation strategy, the channeling and plug form ation w ere suppressed, 
leading to im proved bed hom ogeneity [16,33,39- 41]. M oreover, the m inim um  fluidization 
velocity  significantly decreased, indicating the deagglom eration of large-sized nanoag­
glom erates [16,39,40]. Besides prom oting uniform  bed expansion, pulsed flow also helped 
decrease the bubble velocity and size [40].

The efficacy of pulsed flow  strongly depends on inlet flow  and deaeration configu­
rations. The effect of the deaeration strategy has been extensively  studied in the context 
of bed collapse [42- 44]. O nce the in let flow  is stopped, the deaeration of the residual air 
critically  affects the bed collapse process, w hich  is clearly reflected in the evolution of 
pressure transient profiles in different regions of the bed [43,44]. The ratio of the distributor 
to bed pressure drop show ed a pronounced effect on the collapse process. As this ratio 
w as increased from 0.005 to 0.03, the difference betw een the two deaeration strategies was 
substantially  m itigated [43]. W hen the residual air escapes only from  the top of the bed, 
know n as single drainage (SD) deaeration, the collapse process is slow. Providing the 
residual air dual pathways (i.e., from the top as well as from the bottom  of the bed through 
the plenum ), also called dual drainage (DD) deaeration, leads to faster bed transients [42]. 
O f equal im portance is the design of the inlet flow configuration because the line pressure 
inevitably builds up during the no-flow  phase of the pulse w hen the bed collapses. There­
fore, once the valve opens to allow  the in let flow, the line pressure leads to a flow  spike. 
This phenom enon leads to intense size segregation of nanoagglom erates along the height of 
the fluidized bed, thereby affecting the collapse dynamics monitored in different regions of 
the bed. To suppress the initial flow spike by eliminating the line pressure buildup, Ali et al. 
suggested to ven t the in let flow  to the atm osphere during the no-flow  phase of the pulse 
while allowing dual deaeration routes to residual gas. This modified dual drainage (MDD) 
strategy significantly suppressed the size segregation of agglom erates and im proved the 
bed hom ogeneity [18].
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The foregoing discussion, although m ainly in the context of bed collapse, is of great 
im portance for pulsed fluidized beds. The flow spike resulting from the pressure buildup 
during the no-flow  phase of the square pulse could severely com prom ise the efficacy of 
pulsation assistance. This phenom enon could be com plicated by  pulsation frequency. A t 
a shorter pulsation frequency, the line pressure builds up because of the longer duration 
of the no-flow  phase of the pulse. Therefore, a careful investigation has been undertaken 
using the M D D  strategy for the fluidized bed pulsed w ith  tw o w idely  different square 
w ave frequencies, nam ely, 0.05 and 0.25 Hz. The local and global bed dynam ics for both 
frequencies w ere m onitored using h ighly sensitive pressure transducers w ith  a response 
tim e of 1  m s. The results w ere com pared w ith  SD  pulsed bed to obtain  a greater under­
standing of the pulsed fluidized bed. The present study substantially extends the scope of 
the conventional bed collapse to exam ine how  the regular interm ittency of bed  collapse 
affects the evolution of local and global bed transients in the presence of tw o different 
deaeration strategies. M odifying the in let configuration to suppress the initial peak adds 
another dim ension to the problem , that is, how the occurrence of a short-term  event affects 
the subsequent developm ent of fluidization hydrodynam ics.

2. Experimental

The experim ental setup consisted of a test section that w as a 1.6 m  long transparent 
perplex colum n w ith a 0.07 m internal diameter (Figure 1). A calming section w ith a length 
of 0 . 3  m  w as attached beneath  the test section to elim inate the effects of the entry of the 
flu id izing air. A  distributor w ith  0 .025 fractional open area and 2  m m  perforations on a 
circular pitch w as used to ensure a uniform  distribution of the flu idizing gas across the 
cross-sectional area of the test section. The perforations of the distributor w ere covered by 
a fine nylon m esh filter of 2 0  ^m  to prevent the falling of particles through the distributor. 
A  disengagem ent section w ith  a length of 0.5 m  and a d iam eter of 0.14 m  w as attached 
above the test section to suppress particle entrainm ent w ith the exiting gas. The test section 
w as w ashed w ith an anti-static fluid prior to the experim ents.

The overall and local pressure drop transients in  four different regions of the bed 
were measured by positioning the pressure taps along the bed height (Table 1). Five highly 
sensitive bidirectional d ifferential-pressure transducers (O m ega PX163-005BD 5V ; 1 ms 
response tim e; range: ± 2 .5 "  H 2 O ) recorded the pressure transients at a rate of 100 Hz 
by  using data acquisition system  (D A Q ) and Labview  softw are. The low er and upper 
ports of pressure transducers w ere located d iam etrically  opposite sides of the colum n to 
ensure reliable m onitoring of cross-sectionally  averaged local bed dynam ics in different 
bed regions (Figure 1) .

Table 1. Pressure tap positions used to record region-wise pressure transients.

Pressure Drop Bed Region Pressure Tap Positions (from the Distributor)

AP1 Lower 0.5-0.1 m
A P2 Lower middle 0 .1 - 0 .2  m
A P3 Upper middle 0.2-0.3 m
A P4 Upper 0.3 m-open
APg Overall 0.05 m-open
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Figure 1. Experimental set-up; (1) Compressed air; (2) Flowmeter; (3) 2-way solenoid valves (for 
SD and MDD flow strategy); (4) Pressure transducers; (5) Data acquisition system; (6 ) Computer; 
(7) Calming section; (8 ) Test section; (9) Disengagement section; (10) Distributor.

The prim ary dim ension of hydrophilic nanosilica (Aerosil 2 0 0 ) reported by the m an­
ufacturer (Evonik, G m BH ) w as 12 nm  w ith  a den sity o f 2200 leg;/m 3 [45] . H ow  eve r, the 
dry particle size analysis (M alvern Panalytical M astersizer 2000) yielded an average size; 
of 12.5 |uo due; to the m ulti-level agglom eration o i paeticles under the effect of IPFs [1,24]. 
This behavior w as clearly evident in the morphological characterization o l the nanopowder 
sim p le by SEM  [13,16]. The specific eurface area of the powder w as 0.61 m 2 /g ,  w hich was 
several (orders of m agnitude sm aller than the reporteg valua of 200 ±  05 m 2/ g  [45].

Three different two-way solenoid valves (Model: Omega SV 3310) were used (Figure 1). 
These valves w ere controlled using digital IO signals from the DAQ to provide two different 
inlet flow strategies during puloation [18] .

2.1. Single Drainage (SD) (Configuration

In this configuration, only the prim ary inlet valve, marked as SV1 in Figure 1, w as em ­
ployed. W hen energizeL, SV1 allowed the inlet airflow and stopped it w hen de-energized. 
The other tw o valves, namely, SV2 and SV3, rem ained closed throughout the experim ent. 
This strategy provided only one passage, that is, the top of the tied, for the escape of 
the trapped residual air during the collapse process. Since the square w ave flow  pulsa­
tions w ere im plem ented in our experim ents, the closing  of the valve during the no-flow  
phase of the square w ave led to the buildup of the line pressure across SV1. This pressure 
buildup lied to an initial airflow spike w hen tOe valve opened to allow? the inlet flow to the 
test section.
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2.2. M odified Dual Drainage (M DD) Configuration

In this configuration, SV1 was kept open during inlet flow to the test section, w hile the 
tw o other valves (SV2 and SV3) rem ained closed. How ever, w hen SV1 closed, cutting off 
the airflow, SV2 and SV3 w ere energized to rem ain fully open. SV2 provided an alternate 
passage for the residual air to escape through the plenum , w hile SV 3 vented the prim ary 
airflow  to the atm osphere, thereby preventing the buildup of the pressure drop. This 
strategy completely eliminated the initial airflow spike w hen SV1 opened to allow the inlet 
flow  to the test section.

The opening and closing frequency of the solenoid valves w as controlled u sing a 
d igital IO  signal from  D A Q  and Labview . H igh-pressure air under am bient conditions 
w as used as the fluidizing gas. G ilm ont flow m eters w ere used to set the initial airflow  in 
the colum n. The particle bed w as allow ed to achieve a steady state before the start of the 
pulsation experim ents using two different frequencies, nam ely 0.05 and 0.25 Hz. W hereas 
0.05 H z pulsations w ith  a tim e period of 20 s allow ed the com plete collapse of the bed 
between two successive pulsations [13], 0.25 Hz pulsations w ith a m uch shorter time period 
of 4 s allowed only partial bed collapse before the occurrence of another pulsation event [1]. 
Local and global bed dynamics were monitored for four identical pulses of 0.05 H z and six 
pulses of 0.25 Hz pulsation.

3. Results and Discussion
Evolution o f  Local Pressure Drop Transients

Figure 2  show s the local bed dynam ics of the 0.05 H z pulsed fluidized bed under 
d ifferent in let and deaeration strategies (i.e., SD  and M D D ). The broken red vertical line 
indicates the start of the flow pulse, while the collapse process theoretically initiates as soon 
as the inlet flow is stopped during the no-flow phase of the pulse. At 0.05 Hz, the complete 
pulse cycle lasted for 2 0  s that com prised 1 0  s of inlet flow  at a fixed velocity, follow ed by 
10 s of com plete flow interruption. A w ide spectrum  of velocities w ithin 13-87 m m /s  were 
considered in our experim ents. The peaks at the onset of the flow pulse, often pronounced 
for SD configuration, were due to the pressure buildup across the solenoid valve, resulting 
in the initial flow  spike. This phenom enon can prom ote size-based segregation along the 
h eight of the bed [18]. By contrast, the venting of the prim ary flow  in  the M D D  strategy 
did not allow  the line pressure buildup, thereby suppressing the initial flow spike.

The effect of velocity variation on the SD fluidized bed w as not always notable, except 
in  the low er m iddle region that is represented by AP2 in Figure 2e . Since the bed w as not 
fluidized at 13 m m /s , its dynam ics inevitably  differed from  others. U nlike SD, the effect 
of velocity on the local dynam ics of the M DD fluidized bed w as significantly pronounced 
w ith substantially faster dynam ics. Once the pulsed flow began, the pressure drop alm ost 
attained a steady state value w ithin a span of 1 s. The collapse process also finished in one 
second, w ith  the pressure drop attaining a zero value. H ow ever, som e exceptions w ere 
seen for the upper region (AP4 ) and the upper m iddle region (AP3 ) of the bed. The faster 
dynam ics of the M D D  strategy could be due to the availability  of second escape routes 
for the residual air through the plenum  in addition to the top of the bed. Being closer to 
the low er drainage pathway, the difference betw een the tw o strategies in behavior w as 
inevitably  m ore pronounced in  the low er region (Figure 2g ,h). The evolution of pressure 
transients and their dependence on velocity  in  Figure 2 h clearly  highlight the im proved 
bed hydrodynam ics obtained using the M D D  strategy. H ow ever insignificant, the initial 
pressure drop spike in  the M D D  pulsed bed could have resulted from  the tim e lag in the 
closing of the vent valve and the opening of the flow valve.
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Figure 2. Local pressure drop transients with pulsation frequency 0.05 Hz; (a) Upper region (SD); 
(b) Upper region (MDD); (c) Upper middle region (SD); (d) Upper middle region (MDD); (e) Lower 
middle region (SD); (f) Lower middle region (MDD); (g) Lower region (SID); (h) Lower region (MDD).

In the low er bed region (Figure 2g), the accum ulation of rigid and large agglomerates 
due to segregation resulted in  a  low er pressure drop* than that in the regions above, that 
is, A? 2  to AP4 . How ever, in  Figure 2h , the pressure drop w as com parable w ith  that in the
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m iddle region w ith  a strong dependence on the -velocity, w hich indicated tine presences of 
sm aller agglom erates in rhe low er region due to feeble segregation tendencies.

The behavior o f the higher frequency pulsed fluidized bed is show n in Figure 3 . 
The inlet flow  occurred for 2 s only, follow ed ley 2 s of com plete interruption. Therefore, 
neither the expansm n nor the collapse process could reach a steady condition id m ost 
cases, irrespective of w hether SID or M D D  strategy w as im plem onted. The evolution of 
M DD pressure transients were rather predictable, whereas a great deal of diseurbances ovas 
evident for the SD  tran sien t.. These; d isturbances w ere stoongly affected by tire change 
in  v elocity  In the case of M D D , AP1 and AP2 show ed faster transiente than AP3 and 
AP4  ow ing to the availability  of the, low er deaeration route throu he the plenum . Away 
from  the distributor, the transients w ere slower, especially  at h igher velocities, because 
of the presence of a greater am ount of residual gas. O n the other hand, the com plex, 
unpredictable pressure drop transients in the SD pulsed fluidized bed developed due to the 
interaction betw een the solid particles, whether rising or falling and the upward rising gas 
flow  through the bed. The difference betw een the local bed dynam ics in  the tw o cases of 
difSerent frequemcies w as also observed in the initial pressure drop spike, w hich eppeared 
to be segnificantle m itigated for the higher frequency pul sed flow  ow ing lo  a low  er line 
pressure buildups due to the shorter duration o ith e  no-flow  phase of the pulsed flow.

SD M DD

0 P 4 (a)

&P3 (c)

A P 2 (e)

T im e  (s)

Figure 3. Cont.

(b)

(d)

(f)

T im e  (s)
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Figure 3. Local pressure drop transients with pulsation frequency 0.25 Hz; (a) Upper region (SD); 
(b) Upper region (MDD); (c) Upper middle region (SD); (d) Upper middleregion (MDD); (e) Lower 
middle region (SD); (f) Lower middle region (MDD); (g) Lower region (SD); (h) Lower region iMDD).

The pressure drop ranges w ere of com parable m agnitude in  the low er region (AP1 ) 
for both  strategies a t h igher frequency pulsation in F ig u re  3g,h. M oreover, AP1 <  AP2 , 
suggesting sim ilar segregation behavior for both  flow  strategies. A t hrigher frequencies, 
although the pulsed bed w ith  SD  configuration show ed a smaUer initial flow  spike, their 
hydrodynam ics w ere m ore susceptible to intense disturbances.

The globar transients are show n in Figure 4 for both cases of 0.05 and 0.25 Hz pulsed 
fluidized bed. The trends in Figures 2 and 3 w ere w itnessed again. The sm ooth pressure 
transients for M D D , irrespective o f the pulsation frequency, are a clear reflection of the 
im proved hydrodynamics. At lower frequencies, another aspect of the bed hydrodynamics 
that w as apparently not evident before occurred. H igher pressure drop values were noticed 
at h igher velocities, such as 69 and 87 m m /s , indicating better contact betw een the solid 
and fluid phases causing greater frictional losses.

Figure 4. Global pressure drop transients for different pulsation frequencies; (a) 0.05 Hz frequency 
SD; (b) 0.05 Hz frequency MDD; (c) 0.25 Hz frequency SD; (d) 0.25 Hz frequency MDD.
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The bed hydrodynamics were further investigated by computing the mean value of the 
pressure drop from the pressure transients. The latter portion of the flow pulse, immediately 
before the flow cutoff, was used to evaluate the mean. The case of 0.05 Hz pulsed fluidized 
bed is considered in Figure 5 . O nly  the defluid ization p art of the experim ental run w as 
com pared for SD  and M D D , ow ing to its repeatability. The difference w as significantly 
pronounced in the low er region of the bed (AP1 ), w hich w as m onitored in the bed region 
from  5 -1 0 0  m m  above the d istributor (Figure 5d ). A t higher flow rates, the difference 
betw een the tw o pressure drop values reached several folds w ith  a steeper rise for the 
M D D , indicating the presence of sm aller agglom erates. A  sim ilar difference, albeit less 
pronounced, was again observed for AP2 (Figure 5c). A smoother pressure drop profile was 
seen w ith the M D D  in the upper middle region (Figure 5b ). The upper region, represented 
by AP4 , fully fluidized at approximately 20 m m /s, w ith a higher pressure drop for SD. Given 
that the total w eight of solid particles in both cases were the same, the total pressure drops 
across the bed for the fu lly  fluidized bed in  both cases should be com parable. The low er 
pressure drop values in  the low er region obtained w ith  SD  w ere therefore com pensated 
in  the upper region of the bed. O w ing to the size segregation of nanoagglom erates, the 
bed show ed partial fluidization. The upper region w ith sm aller agglom erates fluidized at 
2 0  m m /s, whereas the lower region w ith large agglomerates remained un-fluidized even at 
higher gas velocities.
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Figure 5. Variations in local pressure drop with air superficial velocity for defluidization runs of 
0.05 Hz pulsed fluidized bed; (a) Upper region (AP4 ); (b) Upper middle region (AP3); (c) Lower region 
(AP2 ); (d) Lower region (AP1).

Sim fiar behavior w as observed for the case of 0.25 Hz pulsed bed in Figure 6 . A clear 
difference between SD and M DD w as detecied in the lower region, where a higher pressure 
drop w as obtained w ith  M D D , and the difference betw een the tw o strategies w as m ore 
pronounced a i h igher veiocities. H ow ever, the difference w as not as prom m ent as it w as 
in  the low er frequency case. The trend w as reversed for the upper m iddle region (AP3 )
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and the upper region (AP4 ) due to the m aterial balance consideration, as explained in  the 
preceding paragraph. The M D D bed  hydrod°nam ics appeared to be more; sensitive to the 
frequency change. The u pper m iddle region show ed a decrease in the pressure drop at 
higher velocities due; to th eb ed  expansion that caused the m igration of solids to the upper 
region, w here this phenom enon w as reflectdd in the increase in the pressure drop).
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Figure 6 . 'Variations in local pressure drop with air superficial -velocity for defluidization runs of
0.25 Hz pulsed fluidized bed; (a) Upper region (AP4 ); (b) Upper middle region (AP3); (c) Lower region 
(AP2 ); (d) Lower region (AP1).

A m ore revealing insight into tire bed dynam ics is show n in Figure 7, w hich presonts 
the amplitude spectra of the signals in the frequency domain. The "fft"  function of MATLAB 
w as used for com puting the spectra. The figure! considers the global pressure drop signals 
that include the disturbances in  the w hole bed. The com parison for both  cases o f SD  
and M D D  is also show n. The case of the 0.05 H z pulsed bed is cons(dered in Figure 7a 
for d ifferent velocities. The difference betw een the SD  and M D D  w as significant;. The 
amplitude spectra of the pressure drop transients of the SD -within the 10-50 Hz range were 
dom inated by the sm rl1 am plitude events, w hich decreased in intensity  as the frequency 
increased. Thir finding clearly indieated ihe disturbances occurring in rhe pulsed flu id irid  
bed w ith SD configuration. The amplitude profile ohowed the existense of a wide spectrum 
of pressure fluctuations beginning from  below  10 H z and extending; up to 30 Hz. It w as 
caused by the solid earticles falling; under grovity and w ere obstructed by  the upw ard 
flow  of the residual air exiting from  the (op of the; bed, thereby generating prersure drop 
fluctuations. This phenom enon w as com pletely  absent in  tha case of M DD . The case of 
0.25 Hz pulsed tied is considered in Figure 7b . The behavior w as similar to dhe one observed 
earlier for 0 .0r Hz. "The am plitude oV fluciuations for OD at this frequency w as higher thrn 
that obtained (or the case of the low er drequency. This fact wao already pointed out w hile 
discussrng tho real-tim e beb dynam ics of SD c onfiguration in Figure 3 .
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Figure 7. Amplitude spectral analysis of global pressure drop transients of SD and MDD pulsed 
fluidized bed at (a) 0.05 Hz; (lb) 0.25 Hz.

To obtain  further insight into the local bed dynam ics, the local am plitude spectra of 
pressure transients in different regions of the bed at 0.05 H z flow  pulsation are show n in 
Figure 8  for tw o different velocities (i.e., 26  and 69 m m /s). Interestingly, the difference 
betw een the local dynam ics w as notable. The case of low er velocity, that is, 26  m m /s , is 
considered in Figure 8 a . The low er region represented by APi show ed no fluctuations 
because large and hard agglom erates in the low er region w ere still stationary at 26 m m /s; 
therefore, no visible change occurred w hether the flow was started or cutoff. The lower m id­
dle region pressure transients (AP2 ) w ere greatly affected as the falling particles achieved 
higher k inetic energy by  traversing a greater distance in  the bed in  reaching this region 
when obstructed by the upwards moving residual air, indicating a great deal of fluctuations. 
For the sam e reason, this effect w as substantially  m itigated in the upper m iddle region 
(AP3) because of the lower kinetic energy of falling solids. In the upper region, we observed 
fluctuations w ith  a lo t of d istinct frequencies as the sm aller particles interacted w ith  the 
residual air exiting the bed as small bubbles. As the velocity w as increased to 69 m m /s, the 
phenom enon described becam e m ore intense (Figure 8 b ).
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Figure 8 . Amplitude spectral analysis of local pressure drop transients of 0.05 Hz pulsed fluidized 
tiled for one complete pulse at (a) LTq =  26 m m /s; (b) LTq =  6 9 mm/s.

Sim ilar observations w ere persistent at h igh-frequency pulsations (Figure 9a,b). The 
M D D  configuration com pletely elim inated the disturbances throughout the bed, irrespec­
tive of gas velocity. For the SD  configuration, the local bed hydrodynam ics presented a 
com pletely different picture. The am plitude w as the highest in the AP2 region, w here the 
sw arm  of falling particles possessed the h ighest k inetic energy. In the region above, that 
is, upper m iddle, AP3 show ed clear periodic events of sm all am plitude in the range of 
10-20 Hz. Increasing the fluid velocity  increased the am plitude by  m ore than threefold 
due to the increased disturbances in the bed. The continuous spectra of AP2 at 26 m m /s  
changed into discrete high amplitude events occurring at 12 Hz followed by those at 20 Hz, 
probably due to the developm ent of flow seructures.
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Figure 9. Amplitude spectral analysis of local pressure drop) transients of 0.05 Hz pulsed fluidized 
bed for one complete pulse at (a) U0 =  26 m m /s; (b) U0 =  69 mm/s.

The average diam eters from  local dynam ics w ere calculated during the collapse of 
the bed. The m athem atical m odel based on m ass balance proposed by  N ie and Liu  w as 
used [46]. The d iam eters of the agglom erate s are reported in  Figure 10. For 0.05 Hz 
in  Figure 10a- c ,  the segregation w as clearly  visible for SD  configuration . The range of 
d iam eters for upper, m iddle, and low er regions w ere 15-22 , 30 -9 0 , and 140-260  |j.m, 
respectively. The agglom erate s ize in the upper region w as alm ost constant w ith  airflow  
rate, while; agglom erates in  the m iddle and sow er regions show ed a consistent m crease 
w ith  airflow  rate because finer particles m oved to the upper region due to segregation. 
For tire; case of M D D  configuration, the size ranges w ere 2 0 -3 0 , 90 -140 , and 100-200  |j.m 
in  the upper, m iddle, and low er regions, respectively. The size difference betw een the 
agglom erates in the lowmr and middld regions w as not as pronounced as those in the case 
of the SC* configdration. The M D D  configuration suppressed the segregation tendenciss 
in  the pulsed fluidized beds. A t higher frequencies (Figure 10d-f ) ,  th r size ranges w ere 
sim ilar for both  flow  strategies w ith  strong segregation behavior that w as seen for the 
case of 0.05 Hz SD cenfiguration. This m eans that the disturbances generated due to high-
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frequency pulsation developed a similar im pact on the hydrodynamics as the initial airflow 
spike in the lower frequency. Moreover, the slope of the curve in Figure 10d decreased with 
increasing airflow, signifying the addition of finer particles in  the region. M oreover, the 
slope of curves in  Figure 10e ,f w as low er than that in  Figure 10b ,c. This finding could be 
due; to the deagglom eration phenom enon, w herein the size of larger particles decreased, 
and finer particles m oved to the upper region.

Frequency 0.05 Hz 0.25 Hz

Middle region (b)

Upper region (a)

Lower region (c) o

Figure 1 0 . Changes in the average agglomerate diameter of ultrafine particles with the change in 
fluid velocity in different regions of the bed of nanosilica; (a) Upper region (0.05 Hz); (b) Middle 
region (0.05 Hz); (c) Lower region ([0.05 Hz); (d) Upper region (0.25 Hz); (e) Middle region (0.25 Hz); 
(f) Lower region (0.25 Hz).

4. Conclusions

The inlet flow strategie e greatly affected the hydrodynam ics of pulsed fluidized beds. 
A t a low  pulsation frequency of 0.05 Hz, large size-based segregation w as observed w hen 
the SD flow strategy w as used. This w as caused by the initial airflow spike resulting from 
pressure built up across the solenoid valve in  the collapse process. This phnnom enon w as 
elim inated  using the M D D  airflow  strategy, leading to a  subdued segregation behavior. 
The region-wise; pnessure drop during defluidization displayed thr difference in the degree
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of segregation, especially in the lower region due to the different flow strategies. However, 
at a h igher pulsation frequency of 0 .25  H z, the flow  spike w as feeble due to the low er 
tim e period of pressure bu ilt up across the solenoid valve. The difference in stratification 
w as less betw een both flow  strategies w hen high-frequency pulsation w as used. The 
particle d iam eter calculated from  the local bed dynam ics signified that the segregation 
was prom inent for both flow strategies at high-frequency flow pulsation. The disturbances 
developed due to the frequent expansion and collapse of the bed prom oted segregation 
and deagglom eration.
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