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Abstract—The effects of gas velocity, inlet gas temperature and the solid feed rate on the drying efficiency, the outlet
solid moisture content, bed temperature in each stage, the outlet gas humidity and temperature in a rectangular acryl
multistage fluidized bed (0.172 mx0.192 mx 1.5 m-high) with a downcomer (0.04 m-1.D.) were investigated. The ex-
periments were performed by using 1.9 mm millet particles. The final moisture contents of the solids increased with
increasing the solid feed rate. The drying efficiency increased with increasing the wetted solid feed rate but decreased
with increasing the inlet gas temperature. The drying performance of the multistage fluidized bed was compared with
the single-stage fluidized bed and found to be superior under identical operation conditions. The model predicted values
were well matched with the experimental data in the multistage fluidized bed dryer.
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INTRODUCTION tion of the column diameter, gas velocity, particle size, solids feed
rate, weir diameter and weir height. Eleftheriades and Judd [1978]
Drying in fluidized beds is an important thermal process remov-studied the gas velocity range in which the solid regime in the stand-
ing water or liquid from moist solid particles [Palancz, 1983]. The pipe was a moving bed, varying both gas velocity and solid flow
analysis of the drying phenomenon in fluidized beds is more com+ate. They reported the solid mass flux necessary for moving bed
plicated than that of heat or mass transfer alone [Lee and Kim, 1999)egime is nearly 30 kg/fits when the gas velocity is close to the
Different mechanisms control the constant- and falling rate dryingminimum fluidization velocity. The solid mass flux increased up to
regimes that can be observed successively in the drying operatiad?00 kg/n¥/s with increasing the gas velocity to maintain the mov-
[Kunii and Levenspiel, 1991]. ing bed regime. The maximum value varied slightly with the geo-
Fluidized beds are advantageously used for drying granular matanetric size of the downcomer. Kannan et al. [1994] carried out a
rials, such as grains, fertilizers, and chemicals, as they offer largstudy on the range of the operating gas velocity for the multistage
transfer areas between the phases, improved heat and mass trandffdized beds with and without downcomers. They pointed out two
between the phases, high degree of mixing of the materials, ease ofperating gas velocities: (1) the critical velocity, & which the
the handling and transferring of the fluidized materials, fluids with downcomer solids level is at its maximum and they begin to transfer
negligible temperature and concentration gradients within the beddownwards from stage to stage, (2) the flooding velogifywben
and suitability for the large scale operations. However, some of thehe downcomer solids height is at its minimum and the solids height
disadvantages of the fluidized beds are non-adaptability to the courstarts to increase indicating flooding. Kannan and Subramanian
tercurrent operation, absence of thermal and concentration gradienf$998] reported that the drying performance of the multistage flu-
along the column when desired, and high degree mixing of materiidized beds with downcomers was better than that of the batch flu-
als resulting often in non-uniform product quantities [Kannan andidized bed. The performance of the multistage fluidized beds with
Subramanian, 1998]. These disadvantages can be overcome by tlewncomers was also compared with the multistage fluidized beds
use of perforated plates which configure the multistage fluidized bedswithout downcomers and found to be superior under identical opera-
Multistage fluidized beds have many advantages such as facilition conditions.
tating countercurrent action of the phases and improving the axial In the present study, the effects of gas velocity (0.032 to 0.038
mixing for solid and fluid, limiting formation and growth of bubbles Nm?/sec), inlet gas temperature (37 t°@pand solid feed rate
within the bed as compared to single stage fluidized beds. Papadé2.1x10° to 5.4x10°kg-dry solid/sec) on the drying characteris-
tos et al. [1975] investigated the solids holdup in a multistage flu-tics of millet particles in the multistage fluidized beds were investi-
idized bed operating in continuous regime with activated carbongated. Also, the drying performance of the multistage fluidized beds
varying the solids feed rate and the downcomer diameter. They provas compared with the single-stage fluidized beds and the model
posed that the solid holdup in a multistage fluidized bed is a funcpredicted values were compared with the experimental data obtained
from the multistage fluidized bed dryer.
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characteristics of the multistage fluidized beds. The residence timperimental data sets, K Eq. (5) may be obtained by using the fol-
distribution derived from the material balance equations and thdowing equation [Richardson and Szekely, 1961]:
batch drying curve of Kannan et al. [1994] are used to estimate the

solid concentration at each stage. Z—E‘& =0.37Ré" for 0.1<Re<15
1. Material Balance Equations "o .
The following material balance equation can be directly applied =2.01Ré%for 15<Re<250 ®
for the first stage: 4. Estimating of the Solid Concentration for Each Stage
4ot Now, we can estimate the solid concentration using the follow-
MS%() =F,C(t) ~F.C.(t) 1) ing equation:
where, M is the mass of the solid in the first stagds Ehe flow C =Ciaf; R(Cyie()dlt ©)

rate of the solids. ) and G(t) are the concentrations of the solid

in the influent stream and in the effluent stream at the first stage
respectively. Since the height of the first stage is a half of other stag
material balance equations for the other stages are as follows:

where, Cis the steady-state concentration at the i-th stage.
e§ Optimizing the Adjustable Parameters

We have derived all the necessary equations to predict the con-
centrations at each stage. Now, the adjustable model parameters,
E.sand K, in Eq. (7) and time constant of the colurmmNI/F) in
Egs. (3)-(4) should be optimized from the experiment data set. We
estimated the adjustable parameters while minimizing the follow-
ing cost function:

2Msd(;5t) =F C, 1(t) _Fscl(t)1 i:2’ 34,5 (2)

2. Residence Time Distribution
From the material balance equations of (1) and (2), we can di-

rectly derive the following residence time distribution for the first .
Stage Emlinr|:v (Eefﬂ Ka1 T) = Z (Cexp(i) _C(I))2:| (10)
Ry(t) = exp( F/M,) 3)

where, Cfi) is the experiment data at the i-th stage. To solve the
minimization problem, we used the Levenberg-Marquardt method.
It repeats the following equation until the parameters converge:

] 2
. .. 0=6(k~1) 98
Here, note that Egs. (3) and (4) represent the concentration distri-
butions when the impulse is entered at the influent of each stagavhere8(k) is the parameters corresponding to the k-th iteration.
For example, Rt) is the concentration distribution when the im- is @ small positive value that can be updated every iteration to com-
pulse is entered at the effluent of the 4th stage (rather than the ifpromise between the robustness and the convergence rate.
fluent stream of the column).
3. Batch Drying Curve

The average moisture content in the particles is given by [Kan:
nan et al., 1994] as follows. ®

Coaarlt) ~Ce —< 6BiZexp(—B/D./R%) 5) Agllent VAISALA
Cmmal (t) _Ceq i=1 BIZ(BIZ +B|fn —Bim)

wherep,’s are the roots of the equation. ‘

and for other stages:

) ) 6(k) =6(k ~1) —[02_9V ] (11)
a 2

6=0(k-1)

®

B.cot(B;) +Bi,, —1=0, in<B,<(i+1)1

Based on the experimental data in the fluidized bed dryer, an al /
tempt is made to empirically relate the equilibrium moisture con-
tents of millet with temperature as follows:

r @

C.q=1.72x 10 exp( 3890 7

The dependency of the effective diffusivity, Bn the temperature

of the heating medium is well known, and its dependency on the !"'"
initial moisture content has been reported for the drying solids [Chu

and Hustrulid, 1968; Kameoka et al., 1986; Kannan et al., 1994]Fig. 1. Experimental setup of a multistage fluidized bed dryer.
Based on the structure proposed by Kannan et al. [1994], the effec- ~ 1-Main column 7. Blower

. e : . 2. Downcomer 8. Turbine flowmeter
tive diffusivity for the millet can be expressed as follows: 3. Discharge port 9 Heater
D, =K,CrZexp( ~E,/T) @) 4. Perforated plate 10. Data logger for temperature
5. Hopper 11. Data logger for humidity
where the parameters of BEnd E; will be optimized from the ex- 6. Cyclone 12. Screw feeder
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Table 1. Ranges of experimental variables

No. Variable Unit Operating ranges
1 Gas temperature °C 37,48, 54, 65
2 Solid feed rate kg dry solid/sec 2.1x10°% 3.4x10% 4.4x10% 5.4x10°
3 Gas flow rate Nm?/sec 0.032 (Y/U,,~=1.90), 0.038 (JU,~2.14)
0 =[E.K.1]" (12) Q,, = 0.038 Nm?/sec F, =2.1x10? kg solid/sec
Tyou=220°C T,,=6.6°C
oV _[OV aVaVT 13 Yo = 0.0096 kgH,O/kg air C, = 0.202 kgH,0/kg solid
96 ‘[aEef,aKan (13) ‘ l
EXPERIMENTAL N T,, =26.0°C
o | C, = 0.179 kgH,O/kg solid
Drying experiments using 1.9-mm millet£1,350 kg/m, angu- Ty, =29°C—~ , —— T .=300°C
larity=1.1, U,~0.70 m/s) were carried out in a 0.024%m5 m- y /y o /vC‘sf: 0.155 keH,0/kg solid
high acryl column shown in Fig. 1. The height of each stage of the ~ 1,,=34c—
multistage fluidized bed was 0.2 m. The experimental setup con j v Ty =35°C
J P b ¥4 C= 0.134 kgH,Orkg solid

sisted of a fluidization column with a provision to continuously feed .
and discharge material at a controlled rate. For the multistage flu j/ 77 T,,=39°C

idized bed with downcomers, the perforated plates have 3 mmx18 s C, = 0.109 kgH,0O/kg solid
perforations with 4% opening ratio, and 0.04 m-1.D. downcomer = Tgs=42°C—> ’

T, =38°C

: - - : ; ; 7/ 7 T, =43°C
on the per|.phery is used to discharge me.mﬂlets. The solid bed hglgl o fs ‘ (._C:; 0.094 keH,O/ke solid
is 0.02m in the first stage and 0.04 m in other stages. The heigt I ‘
of each stage in the multistage fluidized bed would be controllec )
; . . Qui = 0.038 Nm¥/sec F,=2.1x10" kg solid/sec
by the height of the downcomer. The ranges of the experimente 1™ = 459+ T Za430°C
. . . . . £.1n ° s,0ul .
variables are listed in Table 1. Air at the desired temperature wa Y,, = 0.0034 kgH,0/kg air cw(tt)= 0.092 kgH,0/kg solid

introduced at the bottom of the multistage bed. The millets were ] ) o

fed into the top stage. The temperatures of the heating medium f9- 2- Diagram of the multistage fluidized bed dryer.
each stage were noted by the thermocouples. The moisture content

of the materials was determined by the moisture analyzer (KE'I‘I'i
electric Lab., FD-620). Air humidity was determined by the humid- mental data given in Fig. 2 are the steady state values.

ity sensor (Vaisala Co., HMP235). For the fluidized bed dryer, en- The influence of the various process parameters, such as the tem-

er.gy s reqqireq to evaporate t.he moisture, and thus, the energy Iofférature of the inlet gas, flow rate of the inlet gas, flow rate of the
W'th, the e,X'.t air streams dominates the energy demand of a dry€lyeted solids, and number of stages, is studied for the multistage
DW'”9 efficiency of aldryem, can be described by the following - igized beds. The variation of the bed temperature in each stage
equation [Lee and Kim, 1994]. at a constant inlet gas temperature®’@ds shown in Fig. 3 as a
H,—H, function of time elapsed after start-up. As can be seen in Fig. 3, the
A,-H, (14) bed temperature in each stage initially increased sharply and grad-

ng process was 0.0096 kg®lkg dry air. Note that all the experi-

where H, H, and H, are inlet gas humidity, outlet gas humidity and
saturated humidity at inlet gas condition, respectively.

RESULTS AND DISCUSSION 40 v

In Fig. 2, the diagram of the multistage fluidized bed dryer is pre- & 30 - S R

sented together with the experimental data. As can be seen, oper. °d 5 )
ing variables such as the inlet moisture content, inlet gas temper: § , R D
ture and gas flow rate were set at 0.202 k9/ky dry solid, 48C .., T
and 0.038 Nrifsec, respectively. The solid moisture content of the

first stage was higher than that of the fifth stage because the wette 10

solids were fed into the top of the multistage fluidized bed dryer.

v\whw*www»wvrw’”

Also, the hot gas temperature of the first stage was lower than th: 0 . : .

of the fifth stage since the heat of the inlet gas was consumed du 0 1000 2000 3000 4000
ing the evaporation of the moisture in the wetted solids. The ab Time, [sec]

solute humidity of the inlet hot gas before the drying process was-ig. 3. Variation of bed temperature in each stage as a function of
0.0034 kg HO/kg dry air and that of the outlet hot gas after the dry- time elapsed after startup.
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Fig. 4. Variation of outlet gas humidity as a function of time elapsed  Fig. 6. Effect of the solid feed rate on the bed temperature of each
after startup. stage in the multistage fluidized beds.

ually decreased with drying time and then reached a constant valuecetted solids. There was a drop in bed temperature from the fifth
Approximately 2000 seconds were needed to reach the steady stattage to the first stage that was smaller for the lower feed rate of
in the present system. At the steady state, the bed temperature thie wetted solids. The drop of bed temperature increased with an
the fifth stage was higher than that of the first stage since the fiftincrease in the solid feed rate. Note that an increase in the solid feed
stage was located higher than hot gas distributor and the first stagate actually decreased the solids mean residence time. It can be
lower than the solid feeding chamber. inferred from the fifth stage that the lower the residence time of the
The variation of the outlet gas humidity at a constant inlet gassolids and the higher the feed temperature of the air, the greater was
temperature (4&) is shown in Fig. 4. The dotted line represents the temperature drop from the first stage to the fifth stage of the mul-
the inlet gas humidity. As seen, the outlet gas humidity graduallytistage fluidized bed dryer. With a long mean residence time, the
increased with drying time and then reached a constant value. materials not only stayed for a longer time in the bed but were also
The effect of the solid feed rate on the ratio of the solid moisturesubjected to a higher temperature within the bed in all stages.
content of each stage in the five-stage fluidized beds is shown in The effect of the solid feed rate on the drying efficiency within
Fig. 5. As can be seen, the ratio of the solid moisture content of everthe range of the inlet gas temperature (3%3%5n the multistage
stage increased with increasing the solid feed rate due to the inreastage of fluidized bed dryer is shown in Fig. 7. As can be seen in
of the wet solids at the constant inlet temperature and hot gas flowig. 7, the drying efficiency increased with increasing solid feed
rate. As known, the solid moisture content of the first stage wagate due to the increase of the outlet gas humidity. However, the
higher than that of the fifth stage since the mean residence time afrying efficiency decreased with increasing the inlet gas temperature.
the fifth stage was longer than that of the first stage. Lee and Kim [1994] reported that the drying efficiency increased
The effect of the solid feed rate on the bed temperature of eachiith increasing the moisture feed rate but decreased with increas-
stage in the multistage fluidized beds is shown in Fig. 6, wherebying the inlet gas temperature and the inlet gas velocity. Nakagawa
the bed temperature decreased with increasing the flow rate of thet al. [1992] also reported similar results. Recently, Shin et al. [2000]
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Fig. 5. Effect of the solid feed rate on the ratio of the solid mois-  Fig. 7. Effect of the solid feed rate on the drying efficiency in the
ture content of each stage in the multistage fluidized beds. multistage stage of fluidized bed dryer.
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= 025 _ — The model was developed to describe the drying characteristics
S e frzzﬂiesf;gge En;g; g of the multistage fluidized beds. The residence time distribution
2 020 | —v— single-stage, Tgin = 65 °C derived from the material balance equations and the batch drying
2“ g mullti-stage, T:i'/./. curve of Kannan et al. [1994] were used to estimate the solid mois-
2 o5l turg congentration at each stage. The model predicted values .of the
g solid moisture content are shown in Fig. 9 with the data obtained
2 experimentally in the multistage fluidized bed. As can be seen in
8 0.0 Fig. 9, the model predicted values were well matched with the ex-
% perimental data. The adjustable parameters--the effective activation
é’ 0.05 O = 0,038 Nm/sec energy, K and mean residence time--were optimized from the ex-
= C, = 0.23 kgh,O/kg sclid perimental data set using the Levenberg-Marquardt method. The
i . , ‘ ‘ . values of E, K, andt in this case were 2,000 kJ/mol, 5.8%Hhd
00 0001 0002 0003 0004 0005 0006 120 sec, respectively.

Solid feed rate, [kg dry solid/sec]

) ) ) CONCLUSION
Fig. 8. Comparison of the performance of the single-stage and mul-

tistage fluidized bed. The effects of the gas velocity, the inlet gas temperature and the

solid feed rate on the drying efficiency, the outlet solid moisture

reported that the drying efficiency decreased with increasing thecontent, the bed temperature in each stage, the outlet gas humidity
inlet gas temperature and relatively insensitive to superficial gasand temperature have been determined in a (0.02435m-high)
velocity and increased with feed rate of sludge. rectangular acryl multistage fluidized bed with a downcomer. The

Fig. 8 compares the performance of the single-stage and multimodel was developed to describe the drying characteristics of the
stage fluidized beds based on the solid feed rate. It is known thanultistage fluidized beds. The residence time distribution derived
an increase in the solid feed rate actually decreases the mean rdsom the material balance equations and the batch drying curve of
dence time of solids. Therefore, the final moisture contents of theKannan et al. [1994] were used to estimate the solid moisture con-
solids increase with increasing the solid feed rate due to shorteningentration at each stage.
the mean residence time. As can be seen in Fig. 8, the drying per- The final moisture contents of the solids increased with increas-
formance of the multistage fluidized bed was better than that of ang the solid feed rate. The drying efficiency increased with increas-
single stage fluidized bed due to the narrow residence time distriing the wetted solid feed rate but decreased with increasing the inlet
bution in the multistage fluidized beds, although the mean residencgas temperature. The drying performance of the multistage fluid-
time of both single-stage and multistage fluidized beds was the samzed bed was compared with the single-stage fluidized bed and found
As reported by Kannan and Subramanian [1998], the drying perto be superior under identical operation conditions. The model pre-
formance of the multistage fluidized beds was better than that oflicted values were well matched with the experimental data in the
the batch fluidized bed. multistage fluidized bed dryer.

ACKNOWLEDGMENT
Q,,, = 0.038 Nm®/sec F, = 2.1x107 kg solid/sec
Tyou=22.0°C T,;,=6.6°C
C, =0.202 kgH,0O/kg solid

Y, = 0.0096 kg H,0O/kg air We acknowledge a grant-in-aid (2000-E-ID01-P-04) for research

| l from Ministry of Commerce Industry and Energy.
N —— C}) = 0.183 kgH,0/kg solid NOMENCLATURE
T e i pa L C ) = 0.179 kgH,O/kg solid . .
# — 1)) = 0.156 kgH,0/kg solid Bi,, :Biot number [-] ,
/%/ Oy = 0.155 keH,Olkg solid C., :equilibrium moisture content [kgB/kg dry solid]
T,;=34°C—— C., :experimental solid moisture content [kgQkg solid]
77777771 Cya=0.132 kgH,O/kg solid it i i i
7 ;/v/ S Cz)ex],, o134 kgsz Olhg solid G : |n|t|'al solid moisture contgn?,[kg /kg dry solid]
T,=38C |- C.(t) : moisture content of the solid in the effluent stream [Ka/H
’ 7 y /{ Cp)w = 0.111 kgH,0/kg solid kg solid]
SISy Cylop = 0.109 kgH,0/kg solid C{1) : moisture content of the solid in the influent stream [kg
Tys=42°C—~ H,0/kg solid]
TG A C Y = 0.092 kgH,O/kg solid 22/KQ SONC]
7 // AT, 'p =0.094 kgg?fzo/kggi‘(’,fid D.: :effective diffusivity [m/3]
T \ D,, :molecular diffusivity [m/§
Q,, = 0.038 Nm¥/sec F, = 2.1x10° kg solid/sec E,; :effective activation energy [kJ/mole]
Ty =48.0°C ) Ty =43.0°C 4 F. :flow rate of the solids [kg/sec]
Y, =0.0034 keH,Olke air Cou = 0.092 kgH,0/kg solid H, :inletgas humidity [kg D/kg dry air]

Fig. 9. Comparison of the experimental data with the model pre-  H.  : outlet gas humidity [kg KD/kg dry air]
dictions using the present model. H, :saturated humidity atinlet gas condition [kgotkg dry air]

November, 2002



Drying Characteristics of Millet in a Continuous Multistage Fluidized Bed 1111

I : unit matrix [-] and Mass Transfer during through-Drying Process of Rough Rice;
K, :adjustable parameterin Eq. (7) [-] Drying of Solids: Recent International Developments, Mujumdar,
K, :mass transfer coefficient across particle surface [m/s] A. S., Ed., Halstad Press, New York (1986).
M, : mass of the solid [kg] Kannan, C.S., Rao, S. S. and Verma, Y. B. G., “A Kinetic Model for
Q.. :gas flow rate [Nriisec] Drying of Solids in Batch Fluidized Bedijd. Eng. Chem. Res
Re :Reynolds number [-] 33, 363 (1994).
Ri(t) : residence time distribution [-] Kannan, C. S. and Subramanian, N. B., “Some Drying Aspects of Mul-
R, :radius of millet [m] tistage Fluidized Bed<Chem. Eng. TechnpP1, 961 (1998).
T, :bedtemperaturéq] Kunii, D. and Levenspiel, O., “Fluidization Engineering; Butterworth-
T :time [sec] Heinemann Publication, Boston (1991).
T, o : OUtlet gas temperaturic] Lee, D. H. and Kim, S. D., “Drying Characteristics of PVC Resin in an
T, :solid temperatureC] Inert Medium Fluidized BedHWAHAK GONGHAK32, 463
U, :superficial gas velocity [m/s] (1994).
Y. :inletgas humidity [kg ED/kg dry air] Lee, D. H. and Kim, S. D., “Mathematical Model for Batch Drying in
Y.. :outletgas humidity [kg D/kg dry air] an Inert Medium Fluidized BedChem. Eng. TechnoP?2, 443
(1999).
Greek Letters Nakagawa, N., Ohsawa, K., Takarada, T. and Kato, K., “Continuous
n : drying efficiency [-] Drying of a Fine Particles-Water Slurry in a Powder-Particle Fluid-
T : time constant [sec] ized Bed;J. Chem. Eng. Japaf5, 495 (1992).
0(k) : parameter corresponding to the k-th iteration in Eq. (11) [-] Palancz, B., “A Mathematical Model for Continuous Fluidized Bed Dry-
B, :roots of the equation in Eq. (5) [-] ing; Chem. Eng. S¢i38, 1045 (1983).
Papadatos, K., Svrcek, W. Y. and Bergougnou, M. A., “Holdup Dyn-
REFERENCES amics of a Single Stage Gas-Solid Fluidized Bed Absdtizer; J.

Chem. Eng53 686 (1975),
Chu, S. T. and Hustrulid, A., “Numerical Solution of Diffusion Equa- Richardson, J. F. and Szekely, J., “Mass Transfer in a Fluidized Bed;

tion} Trans ASAEL], 705 (1968). Trans. Inst. Chem. En@9, 212 (1961).

Eleftheriades, C. M. and Judd, M. R., “The Design of Downcomers Join-Shin, Y. S., Kim, H. C. and Chun, H. S., “Drying of Water Treatment
ing Gas-fluidized Beds in Multistage Systerfgjwder Technal Process Sludge in a Fluidized bed Dry@fean J. Chem. End.7,
21,217 (1978). 22 (2000).

Kameoka, T., Hosokawa, A. and Morishima, H., “Simulation of Heat

Korean J. Chem. Eng.(Vol. 19, No. 6)



	Drying Characteristics of Millet in a Continuous Multistage Fluidized Bed
	Kyong-Bin Choi, Sang-Il Park, Yeong-Seong Park*, Su-Whan Sung** and Dong-Hyun Lee***,†
	Industry Furnace Research Team, KIER, Daejeon 305-343, Korea *Department of Environmental Eng., D...
	Abstract�-�The effects of gas velocity, inlet gas temperature and the solid feed rate on the dryi...
	Key words:�Multistage Fluidized Beds, Drying Characteristics, Drying Efficiency, Millet, Downcomer
	INTRODUCTION
	MODELING
	EXPERIMENTAL
	RESULTS AND DISCUSSION
	CONCLUSION
	ACKNOWLEDGMENT
	NOMENCLATURE
	REFERENCES






