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Abstract—-The drying characteristics of water treatment process (WTP) sludge were investigated with a fluid-
ized bed. The equilibrium moisture ratio of WTP sludge increased with relative humidity and decreased with tem-
perature of drying air. However, equilibrium moisture ratio of WTP sludge was more sensitively dependent on re-
lative humidity than temperature of drying air. When the sludge was dried in a batch fluidized bed, the drying rate
of sludge decreased as the moisture ratio of sludge in the bed decreased. The periods of constant drying rates were
apparently not observed on the drying rate curves. In addition, the maximum drying rates were increased with bed
temperature and superficial air velocity. As the fluidized bed was operated continuously, the degree of drying of
WTP sludge increased with bed temperature but was weakly dependent on superficial air velocity. However, the
drying efficiency was decreased with bed temperature and relatively insensitive to superficial air velocity and
increased with feed rate of sludge.
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INTRODUCTION temperatures. When the fluidized bed dryer was operated in batch
mode, the effects of superficial air velocity and the temperature
Large amounts of sludges are produced from water treatmentf inlet air on the drying characteristics of WTP sludges were in-
processes (WTP). These kinds of sludges are called WTP sludrestigated. In a continuously operated fluidized bed dryer, drying
ges, and production rates depend on the quality of raw input watefficiency and the degree of drying of WTP sludge were meas-
and chemicals added in the treatment processes. Proper techniqueed with respect to bed temperature and superficial air velocity.
to reduce the volume of WTP sludge, which are available at this
time, include composting, dewatering, drying, incineration and re- EXPERIMENTAL
cycling of added chemicals. Dewatering is one of the most widely
used techniques in the volume reduction of sludge from the waste- The fluidized bed drying system is shown in Fig. 1. The flu-
water treatment processes as well as water treatment processétized bed dryer was made of 0.1 m I.D. stainless steel pipe and
However, final moisture contents of dewatered sludge cakes arkad a height of 2 m. It was insulated by Kaowool with a 20 cm
generally higher than 70% with mechanical dewatering machineshickness. The perforated type plate, containing 25 evenly spac-
such as the belt press filter. When the moisture content of thed holes with diameter of 2 mm, was used as a distributor.
sludge needs to be lower than 70%, it should be dried further after The WTP sludge used in this study had moisture content of
the primary dewatering step. Drying of WTP sludge is one of the98%. Prior to the drying experiment, a proper amount of sludge
most effective candidates with respect to the degree of volumeavas naturally dried and crushed to be used for the bed material.
reduction, total cost, and environmental effects. Among the varifig. 2 shows the size distribution of the bed material, and the
ous types of dryers in industrial processes, the fluidized bed dryemean diameter and true density of the bed material wengn716
is one of the most economical, having a high drying rate, highand 1.84 g/c) respectively.
efficiency, large capacity and operating flexibility. Thus, many in-  When the fluidized bed dryer was operated in batch mode, the
vestigations have been performed on heat and mass transfer pharyer was heated only by input air. In order to measure the drying
nomena in various drying systems [Reay and Baker, 1985; Kunirate of WTP sludge, a small amount of WTP sludge (about 15
and Levenspiel, 1991; Yoshida et al., 1997]. Recently, inert meml) was injected into the batch fluidized bed in pulse function.
dium fluidized bed technology has been developed to dry stickyAfter the injection of sludge, the humidity and temperature of
powder or slurry of fine powder [Nakagawa et al., 1992; Lee andexit air were continuously measured by a humidity sensor and
Kim, 1992; Lee and Kim, 1994; Xu et al., 1998]. transmitter (VAISALA, HMP 135Y) and recorded by using an
In this study, WTP sludge (moisture content was about 98%)BM PC. The experimental technique was the same as previous
was dried in a fluidized bed. Prior to the drying experiment, equi-work [Shin et al., 1996a]. When the fluidized bed dryer was
librium relationships between the moisture contents of WTP sludgeperated in continuous mode, the dryer was heated by the input
and the relative humidity of drying air were measured at severahir and a 3 kW Kanthal heating element, which was wrapped
around outer wall of bed section. When fluidized bed dryer main-
"To whom correspondence should be addressed. tained steady state conditions, humidities and temperatures of in-
E-mail: ysshin@star.kyungsung.ac.kr let and exit air were measured by using a hygrometer (VAISALA,
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Fig. 3. Relationship between moisture content of WTP sludge
and relative humidity of air.
compressor
ol RESULTS AND DISCUSSION
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reguiator pogrometer The equilibrium relationships between the moisture content of
Fig. 1. Schematic flow diagram of experimental apparatus. WTP sludge and relative humidity of drying air are shown in Fig.

3. These relationships were measured in a drying chamber, which
was used in the authors' previous work [Shin et al., 1996b]. As
shown in Fig. 3, equilibrium moisture ratio of WTP sludge in-
creased with relative humidity and decreased with temperature
of drying air. However, the equilibrium moisture ratio of WTP
sludge was more sensitively dependent on relative humidity than
temperature of drying air. Especially, as temperature of drying
air approached to 9C, the equilibrium moisture ratio behaved
independently of temperature of drying air. Furthermore, below
30% relative humidity of drying air, equilibrium moisture ratios
showed almost constant values. These results indicated that if
WTP sludge is dried at a lower temperature than the boiling tem-
perature of water, it is more important to control relative humid-
ity of drying air to below 30% rather than increase the tempera-
ture of drying air. However, the final equilibrium moisture con-
tent in the vicinity of 0% of relative humidity of drying air was
dependent on temperature of drying air. As Tsang and Vesiland
[1990] reported in their paper, it seemed that the final equilibrium
moisture content of sludge was determined by the characteristics
of moisture distribution and amount of bound water in the sludge.
When the fluidized bed was operated in batch mode, humid-
HMI31) and humidity transmitter (VAISALA, HMP135Y), re- ity variations of exit air were measured with drying time. Fig. 4
spectively. After the fluidized bed dryer was steadily operated forshows the typical relationships between drying rates and resid-
1 hour, elutriated and drained particles were collected and theinal moisture content in the bed. These results were calculated
amounts and moisture contents were measured. As the size distffom the mass balances between measured humidities of exit
bution of bed material could be changed by the long period ofair and initial input amounts of sludges. The moisture ratio, X,
operation, bed material was completely drained and the bed wasa Fig. 4 was defined as the ratio of total amount of moisture to
refilled with fresh bed material after every continuous operation.total amount of dry solid material in the bed, agdiésignated
The superficial air velocity was varied from 4td 7U,, and the the initial moisture ratio. As shown in Fig. 4, there are maximum
minimum fluidization velocity (L}) was decreased with the tem- drying rates and falling rate periods in all cases. However, the con-
perature of drying air. The measured values ranged from 6.5 cngtant drying rate periods are not clearly apparent. Reay and Baker
s to 4.7 cm/s. The inlet air and bed temperatures varied from 501985] suggested that the constant drying rate period in a fluid-
°C to 11(°C and the feeding rate of WTP sludge was 18 g/min. ized bed might be too short to be observable, except under very

100

3 3 ]

Cumulative weight percent (%)

83
(=]
"

10 100 1000
Particle size (um)

Fig. 2. Cumulative size distribution of bed material.
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mild drying conditions. Thus, it seemed that the measured maxiacross the boundary layer of particle surface were increased, and
mum drying rates were equal to the drying rates of constant drythese effects resulted in the increase of drying rate of sludge.
ing rate periods. Increasing the inlet air temperature, the bed tem- Comparing these results with those of municipal sewage sludge
perature, heat and mass transfer rate were also increased. Thedgied in a fluidized bed [Shin et al., 1996a], behaviors of the maxi-
fore, when the inlet air temperature was increased, the maximummum drying rates showed similar trends in both cases. However,
drying rate and drying rates in the falling rate period were increasedialues of the maximum drying rates of sewage sludge were about
Fig. 5 shows the relationship between maximum drying ratethree times greater than those of WTP sludge. And this might re-
and inlet air temperature. As discussed above, the maximum dnsult from the difference between moisture distribution characteri-
ing rate was equal to drying rate in the constant drying rate periodstics of WTP sludge and those of sewage sludge.
In the constant drying rate period, the particle surface was satu- Fig. 6 shows variations of the total amounts of elutriated par-
rated with water and in equilibrium state with the air layer adja-ticles and drained particles with superficial air velocifyH; and
cent to the particle surface. Hence, the drying rate was controlle, are feed, drain and elutriation rates, respectively. As shown
by the vaporization rate of moisture at the particle surface. Sincén Fig. 6, the total amount of elutriated particles was increased
the particle surface temperature did not rise in this period and rewith superficial air velocity. It could be expected that the elutria-
mained constant at a wet bulb temperature, the heat transfer ratien of the fine particles might reduce degree of drying of sludge.
across the boundary layer from air to particle surface could be use@onversely, the total amount of drained particles was decreased
to determine the vaporization rate of moisture and finally the dry-with superficial air velocity.
ing rate of sludge. Therefore, as the inlet air temperature was in- Fig. 7 shows the effect of bed temperature on moisture con-
creased, air temperature in the bed and heat transfer coefficieténts of elutriated and drained particles. These results were meas-
ured from a continuously operated fluidized bed dryer. As shown
30 in Fig. 7, moisture contents of elutriated and drained particles
were decreased with bed temperature. As shown in Figs. 4 and 5,
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Fig. 8 shows the effect of bed temperature on the degree of dry-
ing of WTP sludge. The degree of drying of WTP sludge is de-
fined as follows:

_O_XiFtXoR,
nd—% XF, %100)/0 (1)

Where, X, X,, and X are moisture fractions of feed, bottom
drain, and elutriated particles, respectively. As the bed tempera-

Water content of elutriated particle (%)

0 ture increased, the degree of drying increased and asymptotically
40 60 80 100 120 approached 100%. The degree of drying was determined by the
Bed temperature (°C) final moisture content of dried sludge, and it could be controll-
(b) Elutriated particle ed by both the drying rate and equilibrium relationship between

the moisture content and drying temperature. When the drying
temperature was increased too high, the drying rate of WTP sludge
became so fast that the equilibrium relationship between mois-
the drying rate of WTP sludge was more sensitively dependenture content of sludge and drying air would be used to determine
on the drying temperature. Therefore, moisture contents of thosginal moisture content of dried sludge.

particles were decreased with bed temperature and slightly de- As shown in Fig. 3, the equilibrium moisture ratio of WTP
pendent on superficial air velocity. One thing of interest in Fig. 7 sludge asymptotically approached 0% as drying temperature in-
is that moisture contents of elutriated particles were similar valuegreased to the boiling point of water. Thus, the degree of drying
to those of drained particles. Generally, it is considered that elushould asymptotically approach 100% as bed temperature ex-
triation rates of fine particles from the fluidized bed increase withceeds the boiling point of water.

superficial air velocity and elutriated particles have short resi- \Variations of drying efficiencies with bed temperature are shown

dence times in the bed. In fact, the elutriated amounts of particleg Fig. 9. In this study, drying efficiency was defined as follows:
in this study were increased with superficial air velocity and rang-

ed from 10% to 50% of total solid input. Thus, it could be expect- q:wj
ed that moisture contents of elutriated particles were much great- (Hf_H‘) *Far X
er than those of drained particles and increased with the super- WhereH, is specific enthalpy of inlet air amt}, is specific en-
ficial air velocity. However, measured results, as shown in Fig.thalpy of exhausted air at bed temperature siidis heat of

7, were inconsistent with the general expectation. Using the dryvaporization and [ is air feeding rate and,Xs water content of

ing mechanism proposed by Lee and Kim [1992], this resultsludge. Drying efficiency could be determined by how net input
could be explained. As wet fine particles were sticky, fine parti-energy supplied to the dryer was efficiently used to vaporize water
cles might have stuck on the surfaces of large particles during thin WTP sludge. As shown in Fig. 9, drying efficiency decreased
drying process. After particles were dried enough to move freelywith bed temperature. This could have resulted from the exces-
they then disintegrated and were elutriated by the drying air. Acsive increment of net heat input with bed temperature. However,
cording to this drying mechanism, it seems that moisture contentshanging superficial air velocity hardly affected the degree of dry-

Fig. 7. Moisture contents of drained particles vs. bed temperature.
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100 teristics of WTP sludge were investigated.

The equilibrium moisture ratio of WTP sludge increased with
relative humidity and decreased with temperature of drying air.
However, equilibrium moisture ratio of WTP sludge was more
sensitively dependent on relative humidity than temperature of
drying air. The periods of constant drying rates did not clearly ap-
pear on the drying rate curves, but maximum drying rates were
detected in all cases. It seemed that maximum drying rates were
equal to the drying rates in the constant drying rate periods. The
maximum drying rates increased with increasing inlet air tem-
perature and superficial air velocity by the improvement of heat
transfer rate and air temperature in the bed. As the fluidized bed
was operated continuously, the degree of drying of WTP sludge
increased with bed temperature but was weakly dependent on

0 , - , superficial air velocity. However, the drying efficiency decreas-
40 60 80 100 120 ed with bed temperature and was relatively insensitive to super-
Bed temperature (°C) ficial air velocity and increased with the feed rate of sludge.
Fig. 9. Drying efficiency vs. bed temperature.

75

50

Drying efficiency (%)

25

ACKNOWLEDGEMENT
Table 1. Variation of drying efficiency with feed rate of sludge
(Tg=70°C) This work was supported by Kyungsung University Research
U/l Grants and the Korea Science and Engineering Foundation
Feed rate (g/min) 4 5 6 7 (KOSEF) through the research grants 971-1109-062-2.

18 68.6% 55.5% 78.9% 86.5%
45 99.6% 84.7% 88.5% 91.3%

REFERENCES

Kunii, D. and Levenspiel, O., “Fluidization Engineering; 2nd ed.,
ing and drying efficiency. As shown in Fig. 8, the degree of dry-  Butterworth-Heinmann, Boston (1991).
ing of WTP sludge showed an almost independent behavior ohee, D. H. and Kim, S. D., “Drying Characteristics of Starch in a
the superficial air velocity. If moisture contents of dried particles  Fluidized Bed; Proc. 3rd Asian Conf. on Fluidized-Bed & Three-
in Fig. 7 were compared with equilibrium moisture contents in  Phase Reactors, Kyungju, Korea, 533 (1992).
Fig. 3, it could be noted that final moisture contents of dried par-Lee, D. H. and Kim, S. D., “Drying Characteristics of PVC Resin
ticles almost approached the equilibrium moisture contents. There- in a Inert Medium Fluidized BedHWAHAK KONGHAK32,
fore, it could be supposed that final moisture content of dried sludge 463 (1994).
might be determined by the fact that equilibrium relationship Nakagawa, N., Ohsawa, K., Takarada, T. and Kato, K., “Continuous
and superficial air velocity showed little influence on the drying  Drying of a Fine Particle-Water Slurry in a Powder-Particle Flu-
efficiency. idized Bed; J. of Chem. Eng. Japakb, 495 (1992).

Depending on the researchers, many different drying effici-Ormos, Z. and Szentmarjay, T., “Economic Considerations in Flu-
encies have been defined and used for their purpose [Ormos and idized Bed Drying of Pastes Using Inert ParticlBsying Tech.
Szentmarjay, 1987; Nakagawa et al., 1992]. And the drying effi- 5(4), 577 (1987).
ciency used in this study did not include all energy terms as otheReay, D. and Baker, C. G. J., “Fluidization; 2nd ed., Davidson, J. F.,
definitions made by other researchers. Thus, it could be consider- Clift, R. and Harrison, D., eds., Academic Press, London (1985).
ed that if the other energy terms, such as power consumption ¢hin, Y. S., Hwang, C. S., Kim, T.K,, Lee, J. K. and Chun, H. S.,
air blower, I.D. fan, etc., should be included in the definition of  Proc. 5th Asian Conf. on Fluidized-Bed & Three-Phase Reactors,
drying efficiency, the actual drying efficiencies could have some-  Hsitou, Taiwan, 176 (1996a).
what lower values than those shown in Fig. 9. Shin, Y. S, Lee, J. K., Lee, H. T., Jin, K. T. and Chun, H. S., “Meas-

Table 1 shows variation of drying efficiency with feed rate of  urement of Moisture Distributions in Municipal Sewage Sludge
sludge. The drying efficiency tends to rise with the increase of re- using Drying Curves;] of KSEE18(9), 1061 (1996b).

lative humidity of outlet air with the increase of feed rate. Tsang, K. R. and Vesilind, P. A., “Moisture Distribution in Slud-
ges; Wat. Sci. Tech22(12), 135 (1990).
CONCLUSION Yoshida, M., Legros, M., Imakoma, H. and Okazaki, M., “Approxi-

mate Isothermal Drying Curves of Hygroscopic Porous Materi-
In this study, WTP sludge was dried in a fluidized bed. Prior  als with Variable Surface Concentratiah;of Chem. Eng. Japan
to the drying experiment, equilibrium relationships between mois-  30(3), 440 (1997).
ture contents of WTP sludge and relative humidity of drying air Xu, J. Y., Osada, S. and Kato, K., “Limiting Efficiency for Continu-
were measured at several temperatures. And the effects of super- ous Drying of Microparticle Slurries in a Powder-Particle Spouted
ficial air velocity and drying temperature on the drying charac- Bed; J. of Chem. Eng. JapaBi(1), 35 (1998).

January, 2000



