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Abstract

The influence of distributor on the uniformity of fluidization and the selection of the aspect ratio at a critical fluidization quality which
corresponds to the maximum of the experimental to theoretical bed pressure drop ratio have been studied. Two types of multi-orifice
distributors and three bed materials having their particle size in the range 7@ri64ave been investigated in an air fluidized bed at
ambient conditions. The distributor to bed pressure drop ratio and the operating velocity for achieving uniform fluidization have been
analyzed. The aspect ratio is shown to have a significant role in selecting a distributor and fixing the operating velocity particularly when
the bed is shallow. A model equation derived from the first principles is proposed to predict the distributor to bed pressure drop ratio in
terms of the critical aspect ratio and compared with the data reported in the literature.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction criterion for fixing the fluid bed pressure drop for achieving
uniform fluidization and this is generally related to the dis-

Gas fluidized bed fails to sustain good quality fluidization tributor to bed pressure drop ratiaPq/ APy in conjunction

if the distributor malfunctions. A conventional gas fluidized Wwith the aspect ratio and operating velocity. To date there is

bed is considered to have three zones, namely: (1) grid zoneno well defined work on this topic. We attempt in this pa-

(2) bubbling bed zone and (3) bubble erupting zone. Any per to resolve this issue for the case of multi-orifice plate

change in the characteristics of the grid zone of a gas flu- distributors and further we explore the influence of the as-

idized bed subsequently affects the behavior of the zonespect ratio, operating velocity and critical distributor to bed

above it. A gas distributor affects very much the grid zone. pressure drop ratio for achieving uniform fluidization.

The role and design principle of a variety of distributors can

be well understood from a few revies-8]. The reviews  1.1. Pressure drop criteria for uniform fluidization

generally stress the need for a refined research approach to

understand the basics of distributors. The pressure drop across a distributor is conventionally
The primary function of a distributor is to support the bed expressed as its ratio to the bed pressure dirdpy/APy.

materials and to distribute the fluidizing gas uniformly. Any As a general rule of thumb, this ratio has been chd4éh

maldistribution of the fluidizing fluid, defluidization of the at 0.1 for deep beds. This distributor dreyPy is also sug-

bed material on the grid plate, draining of material through gested to be 10-12in. water column in a shallow ]

the fluid injection sites and attrition of the bed material at or generally 100 times the free expansion vdlLiE for uni-

the gas issuing sites are undesirable for an efficient distrib- form fluidization. TheAPy/APy, ratio is said[12,13]to fall

utor. The distributor in fact has an impd®j in determin- in the range 0.1-0.4 for uniform operation. The key problem

ing the visible bubble flow rate, interfacial area and hence is to select the aspect ratio corresponding to this pressure

the number of transfer units in a gas fluidized bed. As the drop ratio. In a deep fluidized bed pressure drop is high and

grid zone is strongly influenced by the distributor, its design gas bypasses as large bubbles or slugs which affect in turn

taking into consideration a proper aspect ratio for achiev- heat and mass transfer rates. Shallow fluidized beds have

ing uniform fluidization is important. There exists a certain low bed pressure drop. They have low transport disengaging

height and high solid expansion ratio. There is insufficient
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Nomenclature

A area of cross-section of the column or
bed (nf)

Ar Archimedes numbet/3 pg(ps — pg)g/ 145 (-)

Cq discharge coefficient (-)

do orifice diameter (m)

dp diameter of the sphere having the same
surface/volume ratio as the particle and alsa
known as surface volume particle diameter,
dsy (m)

D diameter of the column (m)

Dg bubble diameter (m)

Dem maximum bubble diameter (m)

Dgs stable bubble diameter (m)

Frp Froude number based on bed diameter,
UZ/D; ()

g gravitational constant (mi¥

h height above the distributor inside the bed (m)

H bed height (m)

Hms bed height atJyns (m)

H/D aspect ratio (-)

(H/D); critical aspect ratio (i.eH/D at Qmay) (-)

n exponent in Richardson and Zakg. (1)

AP, pressure drop across the bed (Pa)

APy pressure drop across the distributor (Pa)

AP4s maximum resistance of the stagnant zone
during its destruction (Pa)

Q fluidization quality (APexperimentd
Al:)theoretica) (_)

Qmax maximum fluidization quality (-)

R distributor to bed pressure drop ratio
(AP4/APYp) (-)

Re distributor to bed pressure drop ratio
R at Qmax (-)

Reopt  Reynolds number based &fppt (-)

t thickness of the distributor plate (m)

u superficial gas velocity (m/s)

Uc superficial gas velocity @max (M/s)

Uwm superficial gas velocity at which all orifices
in a multi-orifice distributor become fully
operational (m/s)

Ui minimum fluidization velocity (m/s)

Uopt  optimum fluidizing gas velocity (m/s)

Ut particle terminal velocity (m/s)

Xi weight fraction of particle obtained by
screen analysis in each side(-)

Greek symbols

£ bed voidage (-)

Emf bed voidage at minimum fluidization
velocity (-)

n viscosity of the fluidizing gas (Pas)

g density of gas (kg/®)

0s density of solid (kg/r)

¢ fraction free area of the distributor plate (-)

heat recovery, preoxidation and cooling of iron ore and
combustion of powdered coal. Hence KwauK] stressed
a need for intensifying research on shallow beds.

1.2. Distributor and its role in estimating operating
velocity and aspect ratio

The uniformity of fluidization has relevance to the char-
acteristics of distributors and this has not been explained
explicitly hitherto in the literature. Obviously the energy im-
parted to the fluidization should be dissipated efficiently to
bring in a good gas—solid contact. A uniform fluidization in
principle should be free from channeling. In such a situation
the bed pressure drop should be equal or close to the theo-
retical value and this in fact can be well related to fluidiza-
tion stability. As of now it appears that there is no universal
definition available for the criterion of fluidization stability.
Gupta and Sathiyamoorthy5] have discussed this aspect
in detail. We bring in the following some key issues on sta-
bility of fluidization and its relevance to distributor.

In order to achieve a channel free fluidization, Sid@él
developed a simple criterion for a porous type of distributor
assuming that the total pressure drop is constant at incipient
fluidization. The equation proposed by him f6Py/APy, is

APy _ 1 (Un)"" 1 O
AP, n\ Ui 1-—éems

where the exponemtis obtained from the Richardson—Zaki
equation[17]. The criterion of Siegel implies that the pres-
sure drop ratioAPy4/APy, is constant for a given gas—solid
system. This is obvious frorg. (1)that has constant value
of the ratioUn¢/U; for a given gas—solid system. Later, Shi
and Fan[18] analyzed this criterion and proposed that the
criterion of Siegel should be made valid even §or> Upy.
Their analysis however lacks in experimental validations.
The behavior of gas fluidized bed was studied with respect to
the operation of gas issuing sites in the case of multi-orifice
distributorg19—21]and tuyere§2?]. The operating velocity
when all orifices of a multi-orifice distributor become fully
operational was expressg2il] as a function of the distrib-
utor to bed pressure drop ratio as given by

Uwm APy e
-1 — 2
Ui HAPb)] @)

where the constant = 2. In proposing this correlation the
stability or uniformity of the fluidization was not considered.
A later analysig23] to incorporate the stability criterion (i.e.
channel free fluidization) of Sieg§l6] in Eq. (2) resulted
in a new correlation for the operating velocity ratio

Uwm Ui
— =265+124lo (—) 3
Umt %o Um

This correlation does not contain the parameter namely
distributor to bed pressure drop ratio. However, it was sug-
gested[23] that the constant 2.65 ikq. (3) could be a
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function of the bed height. No attempt was made then to whereU, is supposed to initiate complete fluidization and
analyze how the aspect ratio influenced the uniformity of APg4s the maximum resistance of stagnant zone during its
fluidization. Aspect ratio is conventionally defined as the destruction. Since\Pq is a function ofU; there is a con-
ratio of the bed heightH to the diameter of the bed. straint to estimat&J; directly fromEq. (4)
The bed height for a fluidized bed is usually taken at the It can now be realized from the foregoing that uniformity
minimum fluidization velocity. If the aspect ratio is more of fluidization is closely related to a critical velocity and the
than unity, the bed is usually considered to be a tall or deep corresponding distributor pressure drop, which again is con-
bed. On the other hand, a shallow bed is the one that hasventionally expressed as its ratio to bed pressure drop. Fur-
aspect ratio equal to or less than unity. The exact aspect rather, it can be understood implicitly the fact that the bed
tio that is a transition between a deep and shallow fluidized height or the aspect ratio has an important role to assess the
bed is not yet established in fluidization literature. Mori uniformity of fluidization. Hence we analyze in the follow-
and Wen[24] proposed a correlation to predict the bubble ing how this aspect ratio can be interpreted from the knowl-
diameterDg as a function of the aspect ratiwD; which is edge of the distributor to bed pressure drop ratiey/ APy,
only a fraction of true aspect ratio. The bubble diamé&gr
is assumed to be a certain fraction of fictitious maximum
bubble diameterDgy which does not necessarily corre- 2. Prediction of critical distributor to bed pressure
spond to a stable bubble diamel&ss [25]. Hence it is not drop ratio A Py4/A Py and the corresponding operating
proper to fix aspect ratio based on the knowledge of bubble velocity
diameter.
Mazumdar and Gangulj29] studied the influence of as-
1.3. C“nca] Velocity for uniform f|u|d|zat|on peCt I’atio fOI’ water f|UIdlzed bed and found that the degree
of bed expansion is independent of aspect ratio. Their stud-

Mori and Moriyama[26] attempted to relate the distrib- ies_ howgver diq not consider the issue on the uniformi.ty of
utor to bed pressure drop ratio with the uniformity of flu- fluidization as influenced by th_e aspect ratio. Qu.res_h| and
idization and hence they linked it to the condition of no drift €reasy30] collected a few published data on the distributor
fluidization corresponding to last nozzle operation in a dis- © bed pressure drop ratRl(=APd/APp) for stable or suc-
tributor. They assumed that the cross-sectional area of the®€SSful operation of prototype and pilot scale gas fluidized
fluidized bed section at the condition of no drift in fluidiza- P€d- They proposed a correlation for estimating the critical
tion is same as the total cross-sectional area of the bed andPressure drop ratig:
the flow through the stationary bed tends to be the same APy 0.5D
as minimum fluidization velocity. In other words a nonuni- ¢ = (_> =001+02 [1 - exp(—)} ()
formly fluidized bed is viewed to have two parts namely ¢
a fixed bed or stationary section and a fluidized bed sec- Geldart and Baeyer{81] later showed thalRc estimated by
tion. Experimental evidence to support this hypothesis was Ed- (5)did not agree well with the data of Geldart and Kelsey
given for nozzle type distributor. But no attempt was made [32] particularly for low aspect ratios and hence proposed a
to estimate the fraction of fixed (stationary) bed in the flu- New correlation fort,s/D < 0.5:
idized bed. This adds to the problem in assessing the extent/ A py 3.8H¢
of uniformity in fluidization and its relevance to the aspect (m)c = ex (_
ratio. An important parameter that is still to be explored is
the real minimum fluidization velocity. A real minimum flu-  Qureshi and Creasj30] suggested an approximate empiri-
idization velocity is proposefP7] as the one, which would ~ cal correlation to estimate the discharge coefficieqnbf a
give the same distributor pressure drop as of that obtainedmulti-orifice distributor as
in an empty column. There has been no attempt to date to 0\ 0
estimate this velocity. It appears that this velocity should Cd = 0.82 (—>
correspond to the velocity at which all orifices in a distribu-
tor become fully operational. Hence all the gas issuing sites Hence the equation for pressure drop across a multi-orifice
at this velocity should offer same resistance to the gas flow. plate type distributor is
The influence of aspect ratio on this velocity and the corre- <do)l/4 ngz

) for Hni/D < 0.5 (6)

(7)

sponding bed quality is yet to be explored. A complete flu- APy = 1.49 5
idization is said to occur at a critical velocity when resistance 2¢
caused by stagnant zone above the distributor is overcomeThe distributor to bed pressure drop raR@an be obtained
Baskakov et al[28] proposed a correlation to estimate this by dividing Eq. (8)by bed pressure drop\Py, and it is equall
critical velocity Uc: to Re:

U APg\ %0 1.49 do\"* p 1
e _ <1+ ds) 4) Re=———— <—°)  _Frp )
Umi APy @9)(L—e) \ ¢ Ps — Pg H/D

(8)
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where Froude numbeErp = UCZ/Dg at U = U cor-
responding to maximum quality fluidization. According to
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based on idealized perturbation analysis of clear fluid and
it concerns mainly with porous type of distributor having

Kassim[33] the distributor pressure drop value in the pres- distributor thickness to bed depth ratio of 0.1. There are
ence of a bed is only 70% of that obtained without the bed. several unexplored parameters such as bulk viscosity of
With the porous plate the actual drop is 8% less than the particle phase in unperturbed state and gradient of the local

empty bed drog34]. Hence it is essential to determine ex-
perimentally actualAPy in the presence of bed.

Literature to estimaté&l; is scanty. We may assume that
Uwm in Eq. (3)is same adJ; because it has been devel-

mean effective pressure in particle phase with respect to an
unperturbed bed voidage. Hence the results of such fluid
mechanical theory work of porous plate distributor cannot

be extended in our case.

oped based on the operating characteristics of a multi-orifice
type distributor and also conform to the stability criterion
of Siegel[16]. Further this velocity k& has also been tested 3. Experimental
and proved[35] to be same a¥Jopt at which the wall to
bed heat transfer coefficient is maximum. The appropriate
correlations for predictingJopt [35] in terms ofRegpt are

(10)

The experimental setup shown [ig. 1 consists of a
0.2m ID fluidized bed column of 1 m height. Two types of
multi-orifice distributor having free open area, 0.273% and
0.52% named as types A and B, respectively, were used. The
details of these distributors such as the number of orifices,
orifice diameter, its spacing and the plate thickness are given
in Table 1 The orifices were conical shaped with their top
diameter equivalent to orifice spacing and the bottom diam-
eter equal to the respective sizes as givefidble 1 This

We may mention here a note of the work by Medlin arrangement ensured the elimination of dead zone of solid
and Jacksori36] on the fluid mechanical description of particles between the orifices. The length of the orifice is
fluidized bed to assess the effect of distributor thickness onjust 0.8 mm only. The distributors were first tested in a very
convective instabilities. Their exclusive theoretical work is shallow bed and the gas flow distribution was visualized on

D/P sensor L_—I—__|

Reopt = 0.008Ar%8%8  for 1 < Ar < 3000

Reopt = 0.13Ar%52 for 3000< Ar < 107 (11)

It is one of our objectives to obtaidept from Egs. (10) and
(11) and check experimental value Bf with that predicted
by Eq. (9)usingUgp in place ofUe.

F ‘-—______Vertically and q
Horizontally L
. Adjustable Probe
------- =e= |l D | I
y______ 1\ 200mmé Manometer
Computer H
Pressure - i . H
Transducer I
To manometers H
e
N
Blower ) 50mmé Octlco 4
ngtar Piezometer rings with three equally
d tapings. Top and

P Pr
bottom rings are immediately close to
the distributor.

Fig. 1. Schematic representation of experimental setup.

Table 1
Details of multi-orifice distributors

Distributor Number of Orifice diameter, Free area, Orifice spacing in Plate thickness, Plate thickness at
type orifices, N do (mm) ¢ (%) triangular array (mm) t (mm) the orifice,ty (mm)
A 121 0.95 0.273 16.6 6.1 0.8
B 325 0.8 0.52 10 5.0 0.8
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Table 2

Physical properties of particulate solids

Bed material Particle siz€y (x;/di)~2, dp (uwm) Density (kg/nd) Ums (M/s) Voidage alUn¢ Sphericity, ¢s
Alumina 70 4000 0.0116 0.35 0.99
Rutile 150 4500 0.0477 0.381 0.99
Zircon 161 4550 0.0498 0.378 0.98

the bed surface. The flow distribution was uniform and the levels above the distributor. By extrapolation the pressure at
bed was fluidized well without any malfunctioning of the the distributor level was determined. The bed pressure drop
orifices in the distributor. The bed materials used were alu- was then taken as the difference from this value and the sur-
mina, rutile and zircon and their particle sizes ranged from face pressure. The fluidization qualif®, was determined

70 to 161um. The physical properties of the bed materi- for each aspect ratio at different operating velocities and for
als are given infable 2 The bed materials selected for this all the three bed materials using both types of multi-orifice
study have industrial importance and fluidization is applied distributors. Each experiment was carried out in a well ex-
in processing these materials. Air at ambient condition was panded and settled fluidized bed. The pressure drop across
used as the fluidizing gas. The relative humidity was below the distributor was measured in an empty column as well as
10%. This ensured the absence of inter particle liquid bridge in a fluidized bed. This was done to account for any pressure
force and capillary forces. The bed materials belong to group reduction that would prevail across the distributor when it

B of Geldart classification of solids. Hence the cohesive supports a bed of fluidized solids above it.

forces do not influence them very much. The fluidizing gas

was metered by rotameters. The fluidizing gas entered into

a plenum and was distributed by the multi-orifice distribu- 4. Results and discussions

tor. The plenum chamber was 0.25m long and was packed

with 10 mm size ceramic balls in order to distribute the gas 4.1. Distributor pressure drop in empty and

evenly prior to its entry through the distributor. The pres- filled column

sure drop across the distributor was measured from the pres-

sure taping of a piezometer ring (a ring type tube) provided Regression analysis of the experimental dataAdty in

just above and below the distributor. Each piezometer ring empty column for two types of multi-orifice distributors are
had three equally spaced pressure tapings. The aspect ratios 1437 o
were increased in small steps up to 2.5. When the column is2 Pd = 132130~ for distributor type A

charged with the materials close to the aspect ratio 2.5 the (0.273% free open arg¢a (12)
bed weight was high enough to initiate vibrations at oper- A py =5.376014" for distributor type B

ating velocities even atlBy:. As reliable results for obtain-

ing maximum fluidization quality is not possible at tall bed (0.52%1ree open area (13)
heights we have to restrict the aspect ratio for our studies It can be seen from these equations that the behavior of a
close to 2.5 @ = 0.5m). Furthermore, the aspect ratio 2.5 multi-orifice distributor tends towards that of a porous plate.
corresponds neither to a shallow nor a very deep bed. EvenHence the conventional pressure drop equation for a single
for this limiting aspect ratio the number of incremental steps orifice is not advisable for estimatingPy of a multi-orifice

to raise the bed height were many to determineQhgy, and distributor plate.

the corresponding aspect ratio, which we call in this paperas We have already mentioned from literat&8,34] that

the critical aspect ratio. Pressure drops across the bed as welhe presence of bed material above the distributor reduces
as the distributors were measured for each aspect ratio. Thehe pressure drop across the distributor. There has been no
operating velocity used ranged froft4s to 5. Uys. The guantitative analysis for this conclusion and hence we have
measurement of bed pressure drop for shallow bed (whenattempted here to examine this both for distributors A and
the height is 150 mm and below) will be erroneous due to B. ExperimentalAPy values obtained across the distributors
pressure fluctuations or oscillations caused by the violent ag-A and B in the presence of bed materials such as alumina,
itation of the bed material. Hence care was taken to measurerutile and zircon are compared kig. 2 with that estimated

it accurately as per the guidelines suggested by Yang et al.by Egs. (12) and (13)Regression equations for estimating
[37]. In order to avoid pressure fluctuations in the measur- APy are also compared iRig. 2 It may be noted that the

ing manometer limbs, the ends were enlarged and connectedlistributor free open area affects thé®y when bed materi-

with thin bend tubes to achieve an overdamped condition for als are present above the distributor. For example with dis-
measuring the equilibrium pressure. A computer was used totributor A (Fig. 2(a), APq4 values estimated by regression
record the pressure outputs from calibrated pressure transequation (12) are greater than that obtained in the presence
ducers. A vertically as well as horizontally adjustable pres- of bed and the difference is reduced as the bed material be-
sure probe was used to measure the bed pressure at differerdomes coarser and denser. Observation with high free area
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Distributor: A

0.1

0.1

0.01

in the presence of bed.d

Regression line forempty 4 424

Regression line for empty 4 437 bed: AP4=5.376{(U/UmAUMf}

bed: APd=13.213{(U/UmflUmf} _

.01

Distributor pressure Drop, APd, Pa
o in the presence of bed
Distributor pressure Drop, APd, Pa

0.001

1

(a) Operating velocity ratio, U/Umf (b) Operating velocity ratio, U/Umf 1

-
o

Details of legend and symbols

Legend for | Regression equation

Bed Symbol | Regression | for AP in filled bed
Material for line for AP Y(A)=aX*b
data in empty Y(B)=pX~q
bed (Data Points)
Alumina ™ 2=0.0222,b=1.241,(40)

p=0.0193,q=1.132,(72)
Rutile * | a=0.156,b=1.1176,(50)
p=0.1019,q=1.150,(95)
— — — | a=0.2089,b=1.239,(50)
p=0.1039,q=1.192,(95)

Zircon o

Fig. 2. Comparison of distributor pressure drops in the presence of bed and those in empty column. Data points shown are for all aspect ratidg. of this stu

distributor B is opposite to what was obtained with distrib- dead zone between the orifices. A gas jet when formed in
utor A. These results show that it cannot be generalized toan orifice will have the support of the dead zone walls that
state that the distributor pressure drop is reduced if there iswould give a pressure recovery effect (due to its diverging
a bed of material above it. When the spacing between thearea). Hence the pressure recovery with distributor A is
orifices is large, there is a good chance for the formation of more easily possible than distributor B because distributor

Q= Experimental Bed Pressure Drop/Thoretical Bed Pressure Drop 2 B 1.03umf
09| ® 2.12umf
c C‘h 15} * 3.48umf
- ] A 4.55umf
3‘ T =
= o8} 28 a1 Alumi
S Q4 1F Bed Material: Alumina
(<] Bed Material: Alumina *E <] Distributor : A
_5 I Distributor : A & 1.03umf ] g 0.5
s 0.7 = =
s @ 2.12umf o 3
5 #* 3.48umf =
= % 4.55umf 0 9
T 06 - ea
0 0.5 1 1.5 2 2.5 3 0.5 1.5 2.5
(a) Aspect ratio, H/D (b) Aspect ratio, H/D
0.92 Bed Material: Alumina B 1.03umf
s 08}
o Distributor : B o i ® 2.12umf
= - * 3.48umf
£ 088} - S 06] A 4.55umf
] O ® i
3 ‘g ;_ 04l Bed Material: Alumina
c s 9o Distributor : B
2 084} 57T -
8 S g o02f
T 2 2 i
] s 0
o 08 QL 9 0
0 1 2 Qo 0 1 2 3
0.5 1.5 25 0.5 1.5 25
(c) Aspect ratio, H/D (d) Aspect ratio, H/D

Fig. 3. Variation of fluidization qualityQ and distributor to bed pressure drop rafowith aspect ratio for alumina bed and multi-orifice distributors A
and B at various velocity ratiod)/Upms.
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A has large spacing (16.6 mm) between the orifices as obtained on fluidization qualityQ and distributor to bed
against a close spacing of 10 mm in distributor B. Distrib- pressure drop ratio for distributors A and B are shown in
utor B has many orifices (321) and this could lead to the Fig. 3(a)—(d)for the bed material alumina and for bed ma-
formation of more number of jets with relatively low flow terial rutile inFig. 4(a)—(d) Results with similar trend were
of gas through each orifice (as compared with distributor observed for the bed materials zircon. As the aspect ratio in-
A for a given flow). This situation will be conducive for creases the quality of fluidization increases and then remains
jet to jet interaction at the distributor site itself leading to nearly constant in most cases. This increas@ is up to a
pressure loss. Furthermore, the absence of the stable deadertain maximunQmayx followed by a fall. TheQmay, if 0b-
zone (due to the close spacing of the orifices in distributor tained at high aspect ratio, is close to minimum fluidization
B) cannot normally give a clear conical shape for the jet to condition. If Qmax 0ccurs at low aspect ratio, then the cor-
expand and to recover the pressure. responding operating velocity is far higher thdgs. The
Tsukada and Hori¢38] studied gas motion and bubble quality of fluidization atQmax that corresponds to a critical
formation at the distributor of fluidized bed and showed that aspect ratio had a minimum of 0.85 nday; for the case
the height of the jet is a function of the particle diameter and of fine powder (i.e. alumina). For bed of rutile and zircon
not influenced by the bubble gas flow rate. For the same sizeit varied closely from 0.95 to 0.98 but &t/ Uns > 1. The
nozzle the jet length increased with increase in minimum critical aspect ratio decreases with increasing operating ve-
fluidization velocity. This shows that the jet height is longer locity and it is also influenced by distributor and the bed
for coarse and dense material due to their Hijfy values material. This can be clearly seen from the plots shown in
and hence there is a less chance for the pressure to recovefigs. 5(a)—(d) and 6(a) and (b)
just at the distributor level in the presence of these materials. It may be inferred that a deep bed of alumina (fine solids)
As a resultAPy is almost same (as showniig. 2(b) both with low free area distributor maintains good quality flu-
for empty and charged beds of zircon and rutile, which have idization. It also implies that a low free area distributor is
relatively high minimum fluidization velocities. a right choice to process a large amount of fines without
loosing fluidization quality. Conversely, shallow beds tend
4.2. The effect of distributor, bed material and aspect ratio to have good quality fluidization with distributor having a
on fluidization quality, Q higher percent free area even at operating velocity close to
Ums. Bed materials like rutile and zircon particles are coarser
We have already defined the fluidization qual@®as the than alumina. These two beds, as compared to alumina bed,
ratio of the experimental bed pressure drop to the theoret-do not have a steep fall in the aspect ratio with increase in
ical value. We prefer to use this term, fluidization quality U/Um¢. This indicates that a good fluidization is possible
as it conveys the meaning explicitly. Experimental results With these bed materials over wide range of velocity. The

1 Q= Experimental Bed Pressure Drop/Thoretical Bed Pressure Drop 10
o B 1.2umf
o 09} s 8f ® 2.23umf
2 - s 1 A 3.23umf
= 08} 28 6f A 441umf
3 Bed Material: Rutile | o 1-2umf o & i # 5.51umf
= 07} Distributor : A ® 2.23umf T 5 4f
o - 3.23umf o ® Bed Material: Rutile
s I 4 4.41umf 5 2 1 Distributor : A
s 0.6 as 2
N -+ 5.51umf T
i - 0
5 05 : - - Qo
™ 0 1 2 oo 0 1 2
0.5 1.5 25 0.5 15 25
(a) Aspect ratio, H/ID (b) Aspect ratio, H/D
1.1 o 7
(] ~ 6} B 1.2umf
> 1 - 5| ® 2.23umf
= 8 s A 3.23umf
s 09} ‘ o & 4} A 4.41umf
Cé & 1.2 umf b _g 3l ¢ 5.51umf
o 08} * 2.23umf S e Bed Material: Rutil
= . s = 2t ed Material: Rutile
[ Bed Material: Rutile - 3.23umf a3 Distributor : B
2 0.7} Distributor : B & 4.41umf = s
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observations on the critical aspect ratio show that it decreasesand it increases with the operating velocity. With a low free
linearly with the operating velocity ratio. Hence a high op- open area distributor (i.e., A), the ratidis always higher
erating velocity is required for a shallow bed to maintain than that obtained by using high free open area distributor
good quality fluidization. This is an important guideline for (i.e., B). These results are generally expected and can also
selecting the operating velocity and the appropriate distrib- be interpreted byEq. (9) The R-values steeply increase

utor for shallow beds. with the decrease in aspect ratio particularly wh#/D is
below 1 and its value is even higher than unity. This is

4.3. The effect of aspect ratio on distributor to bed contrary to the distributor to bed pressure drop ratio of 0.1

pressure drop ratio, R recommended10] in literature. TheR-value actually be-

comes low at high aspect ratios. Thus it can be seen from
The distributor to bed pressure drop rati®,as shown our results that a rule of thumb value of 0.1 fi@ris not
in Fig. 4(b) and (d)decreases with increase in aspect ratio valid for aspect ratios less than 1. This is due to a different
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hydrodynamics of very shallow beds as against the conven-
tional bed.

4.4. Maximum fluidization quality, QOmax and
corresponding R

Stable

0.1 | Fluidization
Eq.5
for Rc

Unstable
. . Fluidization

The influence of the distributor on the stability of flu-
idization has not yet been well understood. The plots shown
in Figs. 5 and 6depict the maximum fluidization quality, ,
Qmax that is found to exist for a given distributor at a given 0.01 1 100
operating velocity and aspect ratio. We have chd?ewor- 0.1 10 1000
responding tmax and named it as the critical ratiB. It D/H
can be seen th&. increases with increase in the operating
velocity. Qmax decreases with operating velocity and there
is a steep increase ®;-values at high operating velocity
ratios. An interesting point to note here is the magnitude
of the Rc-values, which has a certain range in lower level,
and this range falls from 0.022 (sé&. 5(a) to 0.037 (see
Fig. 6(a) in our system when the operating velocity@ax
is close to minimum fluidization velocity. This is the range
of value often cited in the literature and recommended gen-
erally when the aspect ratio is greater than unity. If the as-
pect ratio is less than unity the operating velocity ratio is
high and it falls in our case in the range 3-5. The two factors
namely high operating velocity and low aspect ratio, elevate
theR:-values which ranged from 0.55 (sEg. 5(b) to 7.36
(seeFig. 6(a). This range of values has not usually been
cited in the literature, the reason being the lack of analysis
of the Rq.-values for shallow beds considering the relevant
factors, which influence the quality of fluidization. Now it
can be learnt that if th&®.-value is to be lowered for low
aspect ratio bed while the operating velocity is high, it is
essential to have a distributor of high free open area.

Distributor to bed pressure drop

Fig. 8. A replot of distributor to bed pressure drop raRofrom the
literature datg30].

of the critical aspect ratio. The regression line for predicting
the ratioR; corresponding t@max is

1.904H )

Rc = 5.2606 exp(— (14)

The above regression equation is the best possible fit and
has a poor correlation coefficient= 0.5734. The literature

for choosing the aspect ratio for stable operation is scanty.
Qureshi and Creagys0] proposedeg. (5)only as a guide-

line for selectingR; and there is no well-defined stability
criterion in proposing this equation. Actuallyg. (5)is only

an approximate boundary line that separates the stable and
unstable fluidization region and this can be seeffim 8
which is plotted using the data of Qureshi and Cre&§)y.

Only three data points fell in the unstable region. In obtain-
ing some of these data these authors had to assume the miss-
ing values, as some relevant data were not available directly
from the literature. It is not clear if the data on distributor
pressure drop is for the empty column or fluidized bed. The
important data of concern is the distributor pressure drop
and the corresponding operating velocity. It is apparent that
Egs. (5) and (14@are not a function of the parameters that
take into consideration of the distributor design and the op-
erating gas velocity. The regression equation for estimating
the velocity ratioU/Un; as a function of the critical aspect
ratio (H/D)¢ is

4.5. Prediction of R in terms of aspect ratio or operating
velocity Uc

Fig. 7shows the plot of th&.-values aQmax and also the
corresponding operating velocity ratiéUpys as a function

10
3 =2.852-2. U H
3 .e U/Umf=2.852-2.494LN(H/D) 2850 2.494|n(_> (15)
g) ./ Umi c
g 1 This regression equation has the best correlation coefficient
2 ] 0.7097 among various curve fittings of the data. In principle
£ - U predicted byEq. (15)is U and this can be used kxq. (9)
8 o1 AR —— But it may not be appropriate to choosefrom Eg. (15)as
C=d.. Xpi-1. . . '
2 P this has poor correlation coefficient.
“: Correlation of Qureshi and Creasy(1979)|
o Rc=0.01+0.2{1-exp(-0.5D/H})} o ) )
0.01 ‘ 4.6. Prediction of R¢ by appropriate correlation
0 0.5 1 1.5 2 25

Aspect ratio, H/D A comparison of the predictions d&&; by Egs. (5), (6),

Fig. 7. Correlations for distributor to bed pressure drop r&dqlegend: (9) and (14)s shown inFig. 9. It is obvious that no equation
dark square) and correspondiblfUn¢ (legend: dark circle). seems to give a reasonably good prediction. The predictions
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Fig. 9. Predicted?; vs. experimentaR; of fluidized bed.

made byEgs. (5) and (6are far away from the actual. We
have already pointed out the limitations and problems asso-
ciated withEq. (5) However, it was the first to give a relation

of this kind for selecting an aspect ratio for stable fluidiza-
tion. Eq. (6)was suggested for shallow beds but without any
experimental verification. Prediction & by Eq. (9) devi-
ates much from the experimental values and this is due to
the use ofEq. (8)in deriving Eq. (9) It may be recalled
from our earlier discussions thgg. (8)is not the appropri-

ate choice for predicting pressure drop across a multi-orifice
plate distributor. Hence the regression equations (12) and
(13) in conjunction withEq. (9) can be employed to esti-
mateR; to have meaningful results. But there are limitations

in using these regression equations as they have been pro

posed from the data of distributor pressure drops obtained
in an empty bed. In order to ugeg. (9)to predict the ratio
R; for a given aspect ratio, further data on distributor design
parameters and the operating velocity corresponding to uni-
form fluidization are needed. It is seenkw. (9)that pre-
dictions made byEq. (14)have some scattered points that
correspond to tall and shallow beds.

Fig. 10 shows the results of the predictions By. (9)
in which operating velocityJopt as predicted byegs. (10)
and (11)have been used. It can be seen that the predicted

100 m Predicted by Eq. 9

using operating
velocity obtained

10 from Egs. 10 and 11

Predicted R

o
—_

0.01

0.01 100

0.1
Experimental R,

10

Fig. 10. PredictedR: vs. experimentaR; of fluidized bed.
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Rc-values are very close to the experimental values. There
are four data points dR; that fall less than unity and they
are underestimated Hyq. (9) These data points were ob-
tained for bed material alumina and with using distributor
B. Actually for fine powder a low free open area distributor
initiates a smooth and good quality fluidization. Hence dis-
tributor B that has relatively high free area is not a favorable
choice for fine powder like alumina. This could be the rea-
son for unrealistic prediction dR. by Eq. (9)for the case

of alumina particles.

Our studies are concerned with the aspect ratios keep-
ing the bed diameter constant. We certainly anticipate some
effects if bed diameter is a variable parameter. Generally
large diameter industrial scale fluidized beds employ shal-
low beds. Hence it is very important to estimate the flu-
idization quality of very shallow beds precisely using a
well-instrumented system. Such studies may have more aca-
demic values. But its significance in practice is yet to be
assessed. Hence we recommend future studies to investigate
bed stability and to evaluate the relevéftvalue and opti-
mum velocity for shallow beds by increasing the bed diam-
eter. Obviously, this will be a challenge for future research.
A better approach to resolve this issue may be a numerical
simulation technique.

5. Conclusions

The distributor type, aspect ratio and operating velocity
influence the quality of fluidization. There exists a critical
aspect ratio where the fluidization quality is maximum and
this critical aspect ratio is influenced by operating velocity
as well as distributor type. The critical aspect ratio is found
to fall linearly with the increasing operating velocity. The
distributor to bed pressure drop ratio has been expressed as a
function of critical aspect ratio and the results are compared
with the literature data. A guideline to choose the appropri-
ate value of this ratio to achieve a good quality fluidization
has been presented. The pressure drop across a multi-orifice
distributor provided with a number of orifices tends to ap-
proach the behavior of a porous plate and it is affected when
bed materials are present above it. Pressure drop across the
distributor during fluidization is not changed much from
its empty bed value for coarse and dense materials at op-
erating velocities much above the minimum fluidization
velocity. Distributor influences a shallow bed remarkably.
Experiments using large diameter columns and numerical
simulation technique are suggested for future investigations.
We also recommend studies at high temperatures as this has
relevance for the pebble bed high temperature gas reactor.
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