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THE BEHAVIOR OF SUSPENDED SOLID PARTICLES AND

LIQUID IN BUBBLE COLUMNS’

YASUO KATO® ¥, AKIO NISHIWAKP, TAKASHI FUKUDA*®*¥* AND
SHIGENOBU TAMAKA™**

Department of Applied Chemistry, Kyushu University, Fukuoka, Japan**
The Government Industrial Development Laboratory, Hokkaido, Sappore,
Japan***

The longitudinal concentration distribution of solid particles and liquid mixing in 6.6,
12.2 and 21.4 ¢m i.d. bubble columns were measured and were analyzed by using diffusion
model, The longitudinal dispersion coefficient of solid particles and liquid based on actual
mean slurry velocity, the mean setiling velocity of solid particles, and the concentration
of solid particles at the top of the column, respectively, were correlated with dimensionless
groups. From these correlations empirical equations were obtained. The values of con-
centration of solid particles calculoted from the empirical equations agreed with the ob-

served values within =-20%.

Introduction

With the improved design of bubble columns
containing suspended solid particles, a more satisfac-
tory elucidation of the relation between the behavior
of suspended solid particles and liguid in the column
and operating conditions is necessary.

Suganuma ef al” measured the longitudinal
concentration distribution of solid particles in batch
and continuous operations for bubble columns of 6,
11.8 and 20.1 cm in diameter, and presented an
empirical equation for the range where a linear
relationship between the logarithmic concentration
of solid particles and the axial height from the bottom
of the column holds approximately. Goto et al.® and
Farkas et al®) investigated the concentration distri-
bution of solid particles in batch operations for 7.75,
20 and 90 cm columns and for a 3.81 cm column,
respectively. Cova? investigated 4.57, 6.35 and 44.7
cm columns in cocurrent and countercurrent flow.
He reported that the concentration distribution of solid
particles in these columns was equal to that calculated
by a sedimentation diffusion model, on the assumption
that the dispersion coefficient of solid particles was
the same as that of liquid and that the settling velocity
of solid particles was equal to the terminal velocity of
a single particle in stagnant liquid. Imafuku et al.®
measured the concentration distribution of solid parti-
cles in batch operations for 3, 10 and 20 cm columns
and in continuous operations for a 10 cm column.

* Received on April 5, 1971
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1970) of the Society of Chemical Engineers, Japan

They reported that from the analysis of their data the
dispersion coefficient of solid particles had the same
value as that of liquid in a gas-liquid system, and they
also presented an empirical equation for the settling
velocity of solid particles in a bubble column as a
function of the terminal velocity of a single particle in
stagnant liquid and a veoidage function. According
to Cova® and Imafuku et al.®?, in cocurrent flow the
concentration of solid particles at the top of the column
is equal to that in effluent (or feed) slurry, but the
former is higher than the latter according to Suganu-
ma et al.®.

Although there are several papers as mentioned
above, experimental data and their arrangement
have not been sufficient to obtain an improved design
of bubble columns containing suspended solid parti-
cles. Therefore, in this study the longitudinal con-
centration distribution of solid particles and liquid
mixing in 6.6, 12.2 and 21.4 cm bubble columns were
measured ; and the correlation between operating con-
ditions and the longitudinal dispersion coefficient of
solid particles, the settling velocity of solid particles,
the ratio of the conceniration of solid particles at the
top of the column to that in effluent (or feed) slurry,
and the longitudinal dispersion coeflicient of liquid
are discussed.

1. Experimental Apparatus and Procedures

A schematic diagram of the experimental apparatus
is shown in Fig. 1. Bubble columns of 6.6, 12.2 and
21.4 cm in diameter, having heights of 201, 196 and
405 cm, respectively, were used. The column, made
of transparent acrylic plastic, was equipped with a gas
distributor of the same diameter as that of the column.
As gas distributors, three perforated plates were used
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Fig. 1 Experimental apparatus

(that for the 6.6 cm column had 31 holes of 0.1 ¢m,
that for the 12.2 em column had 97 holes of 0.1 cm
and was covered with 200-mesh wire gauze, and that
for the 21.4 cm column had 336 holes of 0.1 cm and
was covered with 250-mesh wire gauze). The system
in the column consisted of air, water and glass spheres.
Five size ranges of glass spheres with a density of 2.52 g/
cm® were used: 63~88, 8§8~105, 105~125, 125~149
and 149~177¢ in diameter.

The longitudinal concentration distribution of
solid particles was measured in batch and continuous
(cocurrent) operation for slurry flow. In the batch
operation, air from a compressor was first measured
by an orifice flowmeter and blown into the column
through the gas distributor. A definite amount of
tap-water and solid particles was then fed into the
column. After a steady concentration distribution
of solid particles was established, samples of slurry
were withdrawn through sampling taps into measur-
ing cylinders. In the continuous operation, air was
blown into the column through the orifice flowmeter
and the gas distributor. The slurry from the slurry
column was measured by a Venturi flowmeter and
introduced into the bubble column at a point above
the gas distributor. Then the slurry was allowed to
flow upwards cocurrently with the air and to over-
flow from the top of the column into the slurry column.
After the solid particle concentration in the overflow-
ing slurry from the top of the column and the concen-
tration distribution of solid particles in the column
became steady, samples were taken from the sampl-
ing taps into measuring cylinders. The volume of
each sample was measured and then solid particles

(3)

Table 1 Experimental conditions for continuous operations
C z,
Dy L 13 dp X 4
. ~solid Key
fom] | feml | 0C] | o) [ | omsec)
63~ 88 0.101 067 | o
0.048 072 | v
88~ 105 | 1.5 v
9 0.202 20 v
6.6 | 200 | i 0.07 0.80 | @
B | 15~149 ) 15 | ¢
0.119 20 | =
0.058 1.5 ®
~177 .
148 ~ 0.108 2.2 8
0.066 Lo o
. 0.8 | &
I 0.116 1.25 | &4
207 | A
15 0.051 074 | ¢
227 1% | 105~125 § 1.4 °
20 0.142 0 T o
0.50 | o
0.083 13 [ s
125149 {
0.104 1.8 °
2.07 ®
_ 0.096 1.0 <
i P 1.5 | <
0.085 0.50 4
11 105149 § 1.0 9
21.4 | 405 | . :
19 M I
0.09 0.50 -]
149~177 i 1.0 )
0.109 s o

were separated from the liquid, dried and weighed.
The concentration of solid particles was expressed in
grams of solid particles per 1 cm? of slurry. The
liquid mixing was measured by the method of delta
response®), using a KCl solution as the tracer. The
gas holdup was calculated from the height of the col-
umn and the liquid level containing solid particles
measured by stopping the feed of gas and slurry
simultaneously.  The experimental conditions in
continuous operations are summarized in Table 1,

2. Analysis of Concentration Distribution of Solid
Particles

According to a sedimentation diffusion model in
which the longitudinal movement of suspended solid
particles is assumed to be caused by longitudinal
dispersion and settling of solid particles and liquid
flow, the concentration distribution of solid particles
in the bubble column in steady-state, continuous
operation is expressed by the equation”

C=(Co+—zf%c*> exp(— vp_ulz)-— ; “i %
P

Vot L, —u,
— U % &J—ul _ _ U, %
(CL+ vp—ulc ) exp[ E, (Z Z)] Vp—iy ¢

(1)
By normalizing Eq.(1) with substitution of X=C/C*,
Xi=CofC*, Z=z2[L, P,B=v,L|E, and PyuB=u,L|E,,
the following equation is obtained:
X:(Xl_}__P;BI_J_P_!ETB*)exp{(P,,B-PPIB)(I—Z)}
P,B
~P,B—P,B

2)
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Fig. 2 Gas holdup in bubble columns containing suspended
solid particles

In the case of batch operation with slurry, Eq.(1)
reduces to the following equation, and P,B can be
calculated from the observed concentration of solid
particles and the axial height from the bottom of the
column.

C|Cy=exp(—v,yz/E,)=exp(—P,B-Z) (3

By substituting X=X, at Z=0.1 and X=X, ¢ at
Z=0.76, respectively, into Eq.(2), the resulting equa-
tion is rearranged as follows:

P,B
P,B-P.B
14 Xonsexp {(P,B—P, B)(0.76—0.1)}— Xo.s (4)
1—exp {(P,B~ P, B}{0.76—0. 1)}

Assuming that £, and v, are both independent of
u, (this was verified from experimental results) E,
and v, can be separately obtained in the following
manner. By substituting P,B obtained from batch
operation, and X;,; and X, 5 obtained from continu-
ous operation into Eq.(4), the value of P, B which
satisfies Eq.(4) can be obtained, and then E, can be
obtained from P, B, #, and L. Furthermore, this
E,, P,B and L give v,. In the above calculations,
the value of P,B in batch operation was corrected
by using the correlation, P,B o> .27, and Eq.(6) to
a value under the liquid temperature and the average
solid particle concentration in continuous operation,
and the values of X,., and X;.7s used were obtained
from the smoothing curve of the experimental values.

3. Experimental Results and Discussion

3.1 Gas holdup

Gas holdup data in bubble columns in which glass
spheres were suspended are shown in Fig. 2. In the
region of low gas velocity, the gas holdup of the air-
water-glass sphere system is somewhat less than that
of the air-water system; and the larger solid particles
show a somewhat smaller gas holdup. According to
visual observation, this is considered to be caused by
the larger rising velocity of coalesced bubbles in the
presence of solid particles. In the region ol high gas
velocity, where large coalesced bubbles rise frequently,
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Fig. 3 Example data of concentration distribution of solid
particles in batch operations

the effect of the concentration of solid particles on gas
holdup becomes gradually smaller as gas velocity
increases.

3.2 Concentration distribution of solid particles in
batch operations

Example data of the concentration distribution of
solid particles in batch operations with slurry are shown
in Fig. 3. For an exact analysis of the concentra-
tion distribution of solid particles it is necessary to
consider a voidage function at any local position, such
as that used by Imafuku e al.. However, because the
logarithm of the solid particle concentration is almost
proportional to the axial height from the bottom of
the column in this experimental region, we made an
approximation of the concentration distribution of
solid particles in batch operations by Eq.(3).

In the case of solid particles, 88~105 in diameter,
P,B is proportional to the 0.75th power of the termi-
nal velocity of a single solid particle », as the liquid
This is shown in Fig. 4.

P,,B oo p 078 (5)

Fig. 5 shows the relationship between P,B and the
volume fraction of liquid in slurry o;(=1-Clp,).
P, B decreases with a decrease in ¢,,or with an increase
in C (this may be caused by a mutual interference be-
tween solid particles) and can be approximated by the
equation

temperature varies.

P,B=P, B¢ (6)

where P,B? is the value of P,B extrapolated to ¢,=1.
Fig. 6 shows the eflects of solid particle diameter,
column diameter and gas velocity on the value of P, B
corrected for temperature in batch operations. FP,B
decreases with an increase in #, and D7 and a decrease
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Fig. 5 Effect of ¢, on P.B in batch operations

in d, (or a decrease in v,). The interpolated value
of P,B of solid particles of different sizes shown in
Fig. 6 under the experimental conditions given in
Fig. 4 (Dr=6.6 cm, ,==10.0 cm/sec and C=0.1 g-
solid /em®-slurry), is on a straight line in Fig. 4 and
satisfies Eq.(5).
3.3 Concentration distribution of solid particles in
continuous operations

‘When the concentration distribution of solid parti-
cles in continuous operations is plotted, with the axial
beight from the bottom of the column as the abscissa,
against the logarithm of solid particle concentration
as the ordinate, curves depending upon the operating
conditions are obtained as shown in Fig. 7. The
solid lines in Fig. 7 are the concentration distribution
curves of solid particles calculated as follows: Eq.(2)
is transformed to have the term, X;;. The value of
P,.B obtained by the method mentioned in section
2, together with P,B and X, ,, is substituted in the
transformed equation, and the values of X correspond-
ing to Z are calculated. The values of C obtained
by multiplying X by C* and Z give the concentra-
tion distribution curve of solid particles. All of the
calculated curves fully satisfy the observed values;
and, therefore, this sedimentation diffusion model
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Fig. 7 Exomple data of concentration distribution of solid
particles in continuous operations

is considered to be applicable to express the concen-
tration distribution of solid particles in continuous
operations.
3.4 Longitudinal dispersion coefficient of suspended
solid particles and liquid

The effects of particle diameter d > column diameter
Dy, average solid particle concentration C, slurry
velocity #;, and gas velocity 7, on the longitudinal
dispersion coefficient of solid particles £, are shown
in Fig. 8. The effects of d,, Dy, C, @, and i, on
the longitudinal dispersion coefficient of liquid in
slurry E,; are shown in Fig. 9. In Fig. 8 the data of
£, obtained by Imafuku et al.) are also plotted, and
the data of E,; of this experiment are shown by broken
lines. In Fig. 9 the data of E® in the air-water
system are shown by broken lines. E, E, and E,
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increase with an increase in #, and are proportional
to the 1~1.5th power of Dr. E, and E,;, are
independent of #; as is the case of E;; and E, is
almost independent of the average solid particle con-
centration. In the case of large d, (or large v,), at
low @, E, is less than E,;; but as i, increases, E,
gradually approaches E;. In the case of small d,
(or small v;), E, is nearly equal to E;;, including the
range of low #,. When the column diameter be-
comes as small as 6.6 cm, the effect of d, on E, be-
comes very small.

In the same manner as the arrangement concern-
ing E, in a previous paper®), Peclet number (Pe)yp
including E,, and (Pe),; including E;, are plotted as
the ordinate against Froude number Fr as the ab-
scissa in Fig. 10 and Fig. 11, respectively. The re-
lationship between (Pe),; and Fr and the relationship
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T T T T T ] |
1= w4
— AN
o8l ﬁ;gev%”
g é; . -
— 06}~ uﬁ;ﬁ‘;& -
T N
2 &
= LY.
u\j‘ 04 - n% _l
& ”};Vﬁkﬁ b Eq.7)
03| 0 Y E - Eq(8) -
" 0¢Se’
-2 Keys same as in Table !
Q; a0
02 .
%
| I [ B . L J
002 003 004 008 008 01 0.2 03

Fr=g,//g0; [—]

Fig. 11 Relationship between (Pe)y; and Fr

between (Pe), in the case of small 4, and Fr are shown
approximately by the solid line and are expressed by
the following equation:

(Pe)y ={Pe},=13Fr[(14-8Fr) ]
The broken lines in Fig. 10 and Fig. 11 show the
values calculated from the following empirical equa-
tion, which was reported previously concerning F; for
the gas-liquid system in a bubble column with diam-
eter larger than 12.2 cm, using a perforated plate of

hole diameter more than 0.2 cm or a nozzle as a gas
distributor®:

#,Dr|E,=13Fr/(1+6.5Fr"%) (8)
In Fig. 10, the value of (Pe), of large d, is larger
than that of small d, at low Fr, but gradually ap-
proaches that of small d, as F¥ increases. This tend-
ency is pronounced for the 21.4 cm column. Led
by the examination of the correlation between (Pe)y
and Reynolds number Re,(=dv./v) at Fr=0.02 and
Fr=0.05 in this column, the relation is expressed by
(Pe),=(Pe)y(1+aRe,), where (Pe); is the value of (Pe),
calculated from Eq.(7). The relation between & and
Fr has been approximated by =0.009Fr7'=.  As-
suming that these relations are applicable to the 12.2
and 6.6 cm columns, all data are plotted with (Pe),/
(14+0.009Re, Fr—"%) as the ordinate and Fr as the
abscissa, as shown in Fig. 12, and then the following
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empirical equation can be obtained:
(Pe),=13Fr(140, 009 Re, Fr"-8)/(1+8FrH5)  (9)
3.5 Mean settling velocity of solid particles
As E, is almost independent of the average solid
particle concentration C in the range of C=0.048~
0.20 g-solid/cm®siurry, the following equation be-
tween v,, and ¢, is obtained from Eq.(6):
v,=vdp 20 (10)
where v} is the value of v, extrapolated to ¢,=1. As
most of these experiments were carried out under the
condition of C=0.1 g-solid/cm®slurry, denoting the
value of ¢, at C=0.1 g-solidjecm®slurry by % the
mean settling velocity of solid particles corrected to
the value at C=0.1 is expressed as v,(¢¥/¢;)?-%. The
ratio of v,(¢F/9.)* ¢ to the terminal velocity of a single
particle »,, namely v,(¢¥/¢.)?-%/v;, is plotted as the
ordinate against #,/v, as the abscissa as in Fig. 13.
v, is almost independent of Dy and #, and can be
approximated by the following equation:

v =1.200,(@,{v,)"*( f@])? (11)
where ¢7=0.,96. Substituting this value into Eq.(11),
it reduces to the equation

v, =1, 330, (F,fv,)" -2 25 (12)

3.6 The ratio of the solid particle concentration in

slurry at the top of the column to that in effluent (or
feed) slurry

In the case of cocurrent flow, the solid particle

concentration in the effluent (or feed) slurry C¥ is
less than that in slurry at 2=1, C;, as shown in Fig. 7.

20 T T T
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v 15 %6& < 0‘30 Aog 9¢° -
_ - “@oﬁ_qj,.%ﬁa
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U /v [—]
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N ~
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1 |

_7 e
L1007 — /° —
B —

-xd a ° [+

6 - S ®
© Keys: same as in Table1
ik o7 =
F]
[ L 11
4 8 Byt 2 L 6 843

ck.. [g-solid/cm3-slurry]

Fig. 15 Comparison of calculated and cbserved effluent
(or feed) concentration of solid particles

Suganuma ef al.® recognized this relationship qual-
itatively, but they did not present the empirical equa-
tion. In this experiment, X;=C./C* is almost in-
dependent of Dy, C and @, but it decreases with an
increase in 7, and with a decrease in v,. Then X
was plotted as the ordinate against (i ,fv,) as the
abscissa in Fig. 14, and is expressed as a function
of (@#,fv,). As X, should reduce to unity when 1, is
infinity and v, is infinitesimal, the following empirical
equation was obtained:
Xi=140,5{7,fv,)""* (13)
3.7 Comparison of observed values with calculated
values
The concentration distribution of solid particles and
the concentration of solid particles in effluent (or feed)
slurry can be calculated from empirical Eqgs.(9), (12)
and (13), the basic Eq.(2) and the following Eq.(14).

Y=(x_  IuB exp(P,B— P, B)—1
=(x LPyB—Fp B S s )
P,.B
—-ppth—n- 14
P,B—P, B (14)

The broken lines in Fig. 7 show the values calculated
from the above equations and agree satisfactorily
with the observed values. The largest difference
between observed and calculated concentration of
solid particles seems to occur in the concentration of
effluent slurry. This comparison of calculated and
obserbed effluent concentration of solid particles is
shown in Fig. 15. The calculated values agree with’
the observed ones within +209.
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Conclusion

The longitudinal concentration distribution of solid
particles and liquid mixing have been studied. The
concentration distribution of solid particles was ana-
lyzed by using a sedimentation diffusion model.

Empirical equations (9), (12) and (13) were obtain-
ed for the longitudinal dispersion coeflicient of solid
particles, the mean setiling velocity of solid particles
and the ratio of the solid particle concentralion in
slurry at the top of the column to that in effluent slurry,
respeciively. The longitudinal dispersion coefficient
of liquid in slurry was correlated by Eq.(7). Fur-
thermore, the values of solid particles concentration
calculated from Eqs.(9), (12) and (13) and Eqgs.(2}
and (14) agree with the observed ones within 4-20%,
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Nomenclature

c = concentration of solid particles in slurry
[g-solid/cm?®slurry]

Co = concentration of solid particles in slurry at 2=0
[g-solid/cm®*slurry]

Cy = concentration of solid particles in slurry at 2=L

[g-solid/cm3-slurry]

C* = concentration of solid particles in feed or effluent
B [g-solid/cm?-slurry]
C = average concentration of solid particles in slurry
[g-solid/cm®slurry]
dy = diameter of a solid particle V)
d, = mean diameter of solid particles [cm]
Dy = diameter of column [em]
E; = longitudinal dispersion coefficient of liquid based
on actual mean liquid velocity for gas-liquid
system [em?/sec]
E, = longitudinal dispersion coefficient of solid parti-
cles based on actual mean slurry velocity
[em?/sec]
E; = longitudinal dispersion coeflicient of liquid in slurry
based on actual mean slurry velocity [em?/sec]
Fr = #gYgDy, Froude number [—]
g = gravitational acceleration [em/sec?]

L = height of column [em]
{Pe)p = #yDr/E,, Peclet number based on E, [—]
(Pe)y = ty,DrlEg, Peclet number based on Eg [—]
PpB = u,LIE, 1
P,B* = value of P,B extrapolated to p,=1
PuB = wL|E, : [—]
Re, = d,v,/v, Reynolds number —1
¢ = temperaturc of slurry [°Cj
ag = superficial velocity of gas based on empty

column ' [em/sec]
i, == superlicial velocity of slurry based on cmpty

column [cmy/sec]
Uy = i,f{l—¢,), actual mean velocity of slurry

[em/sec]
vy = mean settling velocity of solid particles
[em/sec]

vl = value of v, extrapolated to ¢;=1 [em/sec]
v, = terminal velocity of a single solid particle in

stagnant liquid [em/sec]
X = C[C*, normalized concentration of solid particles

_ (—1
X = C|C*, normalized average concentration of solid

particles [—]
Xo,1 = value of X at Z=0.1
Xp.76 = value of X at Z=0.76 [—1
X, = C,/C* value of X at Z=1 [—1]
2 = axial height from the bottom of column {cm]
Z = z[L, normalized axial height from the bottom of

column [—]
€y = gas holdup [—]
v = kinematic viscosity of liquid [cm?/sec]
op = density of solid particle [g/ecm®]
o, = volume fraction of liquid in slurry=1-(volume

fraction of solid particles in slurry) [—1
¢ = value of ¢; at C=0.1 [—]
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58] ARHAERDER 12.2 cm O -OWT O HEEIC

PENIHFUEFK GRE A Ay T8 cER#HLET.

o
Nomenclature
a = contact area of gas-liquid per unit volume of n = number of holes []
column [m2/m? of column] P0, = mean partial pressure of oxygen [atm]
C = average concentration of solid particles R = gas constant [cal/ °K-mol]
[g/cm? of slurryl T = absolute temperature [°K1
Dr = diameter of column [em] #g = superficial velocity of gas based on empty
dp = mean diameter of solid particles [p] column [em/sec]
dp = mean diameter of bubbles fem] W = absorption rate of oxygen per unit volume of

K¢ = overall absorption coefficient liquid [kg-mol/hr-m?® of liquid]
[kg-mol/m?-hr-atm] d = diameter of hole [em]
Kga = overall volumetric ahsorption coefficient per unit €z = gas holdup [—1]
volume of column [kg-mol/hr-atm-m? of column] €1, = liquid holdup [—1]
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Gas Holdup and Overall Volumetric Absorptien
Coefficient in Bubble Columns with Suspended
Solid Particles——Absorption Rate of Oxygen by
Aqueous Sodium Sulfite Solution—, Y. Kato, A.
Nishiwaki, T. Kago (Kyushu Univ.), T. Fukuda and
S. Tanaka (The Govt. Ind. Develop. Lab., Hokkaido)
Kagaku Kogaku, 36, 1333~1337 (1972)

Experiments were conducted on the gas holdup and
the rate of oxygen absorption by aqueous sodium
sulfite solution containing cupric ions as catalyst in
bubble columns of 12.2 and 21.4cm diameter with sus-
pended glass spheres as solid particles. The effects
of solid particle diameter, average solid particle con-
centration, gas velocity, column diameter and kinds
of gas distributor on gas holdup and overall volume-
tric absorption coefficient were investigated. Further-
more, the values of gas-liquid contact area and mean
diameter of bubbles were evaluated.
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Table 1 Experimental conditions
n Lﬂ N ﬁlTTT
[—] [em] [—] [em/sec]
9 100 4 +0.095, +0.4
" 200 4 +0.051, +0.09, +0.2, +0.4
" " 8 +0.051, +0.095, =#0.2, +0.4
" 300 4 +0.095, +0.4
" " 12 +0.095, —0.2, +0.4
19 100 4 +0.095, +0.4
" 200 4 +0.051, +0.095, +0.2, +0.4, +0.69,
" " 8 +0.061, £0.09, X0.2, *0.4, +0.69, +1.0
i 300 4 +0.095, +0.4
" " 12 +0.095, —0.2, =0.4, +0.69, *=1.0
31 100 4 +0.095, 4-0.4
" 200 4 40,051, +0.095, +0.2, +0.4, +0.69, +1.0
" # 8 +0.051, +0,095 0.2, 0.4, +0.69, +1.0
" 300 4 +0.085 +0.4, +1.0
" " 12 +0.095, *0.4, —0.69, =1.0
43 200 8 +0.095, +0.2, +0.4, £0.69, +1.0
" 300 12 40,095, —0.2, £0.4, —0.69, 1.0
73 405 4 +0.1, +0.4
" " 8 +0.1, +0.4
" " 4 +0.1, +0.4, +1.0
" " 8 +0.1, +0.4

Plate material bronze, plate thickness 1mm
In countercurrent operation, L expresses average total height of gas-liquid

Symbols, + and —, express cocurrent operation and countercurrent operation,
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Nomenclature
Ar = open area ratio of perforated baffle plate [—1]
d = diameter_of hole in perforated baffle plate [cm]
Dr = diameter of column [em]
E: = longitudinal dispersion coefficient of liquid in
stage based on actual mean liquid velocity
[cm?/sec]
E($) = external age distribution function —1
I =total length of column [cm]
n = number of holes in perforated baffle plate [—]
N = total number of stages [—]
PeB = wil/E;, modified Peclet number [—1
#z = back-flow velocity of liquid between stages
based on empty column [em/sec]
iy = superficial velocity of gas based on empty
column [em/sec]
#; = superficial velocity of liquid based on empty



column [em/sec]
w1 = #i/er, actual mean velocity of liquid [cm/sec]
B = up/i1, back-flow ratio [~]
dz = distance between perforated baffle plate [em]
€t = liquid holdup [—]
) = time [sec]
fr = L/ui, mean residence time of liquid [sec]
¢ = @#/0r, normalized time [—]
< Subscripts>
max = value in maximum concentration of tracer flowing
out of column or maximum of E(¢) function
max/? = value in one-half of maximum concentration of
tracer flowing out of column or in one-half of
maximum of E(¢) function
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Back-Flow Ratio of Liquid between Stages in Multi-Stage Bubble Columns

Akio Nishiwaki, Tokihiro Kago and Yasuo Kato

Dept. of Applied Chem., Kyushu Univ., Fukuoka
Shigenobu Tanaka and Takashi Fukuda

The Gov. Ind. Development Lab., Hokkaido, Sapporo

Longitudinal mixing of liquid in multi-stage bubble columns was measured by a delta-response method for

cocurrent and countercurrent operations. Response curves obtained were analyzed by the diffusion/back-flow

model, in which it was assumed that the diffusion model was applicable in each stage and there was back-flow

between stages, and the back-flow ratio, 8, was determined.

B in the range of 1.5~4.5 cm/sec of superficial gas velocity, iZg, is a function of both superficial liquid

velocity and open area ratio of perforated baffle plates, and an empirical equation is obtained. B in the range

of #,=13~20 cm/sec is approximated by two empirical equations, one for non pulsating flow region and other
for pulsating flow region. 8 in the range of #;=4.5~13 cm/sec can be read by the straight line which passes

values of 8 on a log-log graph at #,=4.5 cm/sec and #y=13 cm/sec calculated from the above equations.

[’fbiiigﬁ%i%; 1: p-86 - 91(1975)]
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Nomenclature

Er=longitudinal dispersion coefficient of liqu-

id [ cm? /sec]
'H =height of fluidized bed [cm]
Hp=packed height [cm]

Kca=over-all volumetric absorption coeffici-
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ent [kg-mol/hr-atm - m? of column]

AP =pressure drop [cmH. O]
APL =pressure drop due to the liquid head
[cmH:0]

APp =pressure drop due to packing [emH:0]

APt =total pressure drop [cmH-0]

R=gas constant [cal/* K -mol]

T =absolute temperature K]
Up =average rising velocity of bubbles
[cm/sec]
Ug =superficial gas velocity bassed on emp-
ty column [em /sec]
Ul=superficial liquid velocity based on em-
pty column [cm/sec]
l—p=gas holdup -]
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Table 1 Estimated values of 1/8x calculated
by Eq. (19)
1/6xu sec=1]
—
No.  Difem] L/Di[~]1 —1 nlsec?] ny=4 ny=2
1 15.0 1 0.5 6.7 0.225
2 15.0 2 0.5 6.7 0.11s
3 10.6 2 0.5 5.0 0.10; 0.071
4 10.6 2 0.5 10.0 0.13; 0.090
5 10.6 2 0.5 16.7 0.18 0.12
6 10.6 2 0.5 23.3 0.22 0.15
7 10.6 2 0.7 5.0 0.085 0.060
8 10.6 2 0.7 10.0 0.125 0.090
9 10.6 2 0.7 16.7 0.20 0.13
10 10.6 2 0.7 23.1 0.26 0.17
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Fig. 11 Experimental correlation between (nfar)-:

x(L/D¢) and Np/e
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1) BEBHEORRAEMIL, EHBRC L - TR
HXhhEEOEFhFhy, E2BE&ervET52E
MBREETFATRIFERTE 5.

2) Mk g(=u'/u) X, Figs. 5, 6, TRARLALITL
&, Vu BT 5, « XELFRE, BEK L/D A
T LTHIRE—ETH 52, HEPRoEEZERE, H
BEOWME & HIHERT S,

3) W L L BEAHHE 0y TFHRERRE 0 £O
Bz, Eq. (21) 23T 5. Lic#ioT, glELR
THBORD 0y ¥ALUTHEIRETH S,

4) ERTEAGYE (n8x)™' B Np, HER.
DI BEq. (19) MRZL, Lichi-T, #ifik g
Eq. (23) kL, EHN PEALTHETE S,

[ ## FEETG I S RSP, NEIEE, G,
HEREOZFREHELEL T
Nomenclature
< = concentration of tracer Imol/cm?]
¢, = concentration of KCl solution in left vessel
[mol/cm?]
co = concentration of KCI solution in right vessel
[mol/cm?]
D; = diameter of impeller [cml]
D: = diameter of vessel [cml
E($) = distribution function for residence time -]
E($)max = peak value of the impulse response, E(¢) [—]
g = acceleration of gravity lem/sec’]
L = length of vessel {eml]
Nrr, = Froude number (=»2Di/g) ]

On Mixing Characteristics of Horizontal Stirred
Vessel with Baffle Plates, Koji Ando (Muroran
Inst. of Tech.), Takashi Fukuda (The Gov. Ind.
Developement Laboratory) and Kazuo Endoh (Hok-
kaido Univ.)

Kagaku Kogaku, 38, 460~465 (1974)

Experiments were performed in the horizontal
stirred vessel with baffle plates. Studies were made
of the mixing of liquid in the vessel by the é-response
method.

Resuits obtained were:

1) The mixing characteristics may be expressed by
the model of back-flow cell (consisting of 2 perfectly
mixed cells divided by an impeller)

2) The back-flow ratio f(=n'/u: #’ is the reverse
flow and = is the volumetric feed rate) increased in

Np = Power number= (Pge/n3D;%) [
N = number of perfectly mixed cells in system [—]
7 = rotational speed of impeller [1/sec]
7y = number of blades [—]
P = power consumption [G-cm/sec]
@ = exchange rate of liquid [em3/sec]
g = discharge rate of liquid from impeller [cm?/sec]
7 = vyolumetric flow rate [cm3/sec]
#' = backflow rate from one cell to another upstream
[cm?/sec]
Vo = volume of vessel lem®]
Vi = volume of liquid in vessel [em3)
v = back flow ratio (=u'/u+u") [—]
€ = ratio of volume of liquid to volume of vessel
(Vi/ Vo) —1
(] = time [sec]
6o = time when the concentration of tracer flowing
out of the vessel is peak value —l
0z = time for sufficient mixing [sec]
#r = mean residence time of liquid [secl
T = relaxation time of mixing [sec]
¢ = dimensionless time 8/6r [}
BB mey = dimensionless time #o/6r I
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proportion to l/z. 1he value of proportional constant
was held constant to different length ratio L/D: (ratio
of length of vessel L to diameter of the vessel D¢)
and increased with rotational speed of impeller and
number of blades

3) The relation between B and 07/0, was expressed
as follows:

B:0.855T/01|1
where #7 is the mean holding time, #y is the mixing
time. 0 is estimated by the following relation:
b))~ (L/D)=2.3x10-2(N /)07

where Np is Power number and ¢ is the ratio of
liquid to the volume of the vessel. From the above
relation, we can estimate the mixing characteristics
B from N.

[{L¥T %, 38, p-460~465(1974)]
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Nomenclature

D: = diameter of vessel [em]

L = length of vessel [em]

! = distance between impellers [em]

Nrr = Froude number [~

Np = power number [—]

%y = number of blades [—1]

é = angle of blade of impeller to another
{mpeller [—1]
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Effect of Distance between Two Impellers on
Various Characteristics of Horizontal Stirred
Vessel, Koji Ando (Muroran Inst. of Tech.), Taka-
shi Fukuda, Koji Sato (Govt. Ind. Dev, Laboratory,
Hokkaido) and Kazuo Endoh (Hokkaido Univ.)
Kagaki Kogaku, 38, 540~542 (1974)

Studies were made of the power consumption and
the absorption rate of gas in a horizontal stirred
vessel with two impellers. The experimental results
were compared with those obtained for a vessel with
one impeller, reported previously,

Under the condition that distance ratio {'D; (ratio
of distance between impellers I to diameter of vessel
D¢) is larger than 0.5, value of N, Kga for two im-
pellers is about twice that for cne impeller obtained
in state A4; and baffled state.

[{b2 T2, 38, p.540

~542(1974)]
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Studies on the Method of Continuous Operation
in a Horizontal Stirred Vessel

Takashi Fukuda*, Kiyoshi Idogawa*, Koji Satoh™
and Koji Ando

Abstract

Experiments were conducted on the pressure drop of the gas flowing through the vessel,
which was related to the stability of continuous flow of gas and liquid, and to the amount of
cntrainment in the exit gas, over wide range of the volumetric ratio of liquid in the vessel.

Results obtained were as follows:

By setting baffles in the vessel, the pressure drop was lowered markedly and it is proved
that this equipment can be operated continuously in practical use. Also, some information on
the improvement of the equipment design was obtained.
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Activated Sludge Treatment using a Bubble Column

Yorikazu Sonoda, Shigenobu Tanaka*, and Yuzo Ishida*®*

Fermentation Research Institute, Inage, Chiba-shi
*Government Industrial Development Laboratory, Hokkaido
Toyohira-ku, Sapporo-shi
**Taisei Corporation, Chuo-ku, Tokyo

The oxygen absorption efficiency and the flow characteristics in a bubble column type
aerator were compared with that in a conventional cubic type aerator, and the application
of a column type aerator for activated sludge treatment was studied.

Three types of aerator were used in this study, i.e, 1- and 6-stage column types (1504
% 3,000mmH) and a cubic type (700X 120Wx1,000mmH), each having a 50 capacity.
A 6-stage column aerator was divided into 6 sections with 5 perforated plates (2mm? x
19 holes). The capacity of oxygen absorption in the 1- and 6-stage bubble columns, as
determined by the sulfite method were about five times higher than that of a cubic type aerator
with the same air flow rate. The flow characteristics of liquid in column aerators were
recorded by a flow-cell type photometer using red ink as a tracer, and the delta response
of liquid flow in the 6-stage column aerator indicated a type of piston flow behavior.

The continuous activated sludge treatments were carried out using a synthetic waste,
containing 750ppm of BOD, in the range of BOD loading : 0.9~~3.6g/l/day at 25°C. The
sludge in the 1-stage column and cubic type aerators caused “bulking” with 2.7~3.6g/1/d
of BOD loading, while this trend was not observed in the case of the 6-stage column.
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Fig. 1. Flow diagram of the experimental

set-up.

Dimensions of apparatus :

B-1 : 1-Stage column type aerator, 150mm¢
%3,000mmH, Sparger ( 1 mm@x73
holes) 1

I3-6 : 6-Stage column type aerator, 150mm¢
% 500mmH X6, Sparger (1 mmeX73
holes) 1
Perforated plate ( 2 mmex19 holes) 5

C : Cubic type aerator, 700mmL X120mmW
% 1,000mmil

Settling tank : 200mme X 700mmH
Working volume 15/

Exhaust

0, anaiyzer

Recorder

] [ 08N-Na;305+7H,0
1G° M-CuS0,+ 5H,0

Air

Fig. 2. System for determining the O, absorp-
tion rate in the aerator.-
The determination of the O, content in the
exhaust was performed during the circulation
of a sulfite solution in the 6-stage column
type aerator (D=0.2 hr™"), but circulation
was not carried out in the 1-stage column
and cubic type aerators.
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Fig' 3. Comparison of the O, absorption rate
by the sulfite method.
—(O— Column type aerator (1-and 6-stage)
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Fig® 4. Comparison of flow characteristics.
(Dilution rate = 0.2 hr™)
—(O— 1-Stagecolumn and cubic type
aerators
—@— 5-Stage column type aerator
The air flow rates were 0.1 vvm in the 1-
and 6-stage column type aerators, and 0.4
vvin in the cubic type aerator respectively.
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Table 1. Composition of synthetic waste.

Glucose 0.5 g/l
Peptone 0.5 g/l
KH,PO, 0.5 g/1
BOD 750 ppm
COoD 530 ppm
TTTT T 1T 177 T T T T 1T
Air flow: 0.4 YYM ‘ 0.0 VWM L 0.l v¥M
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Fig. 5. Distribution of DO in cubic and colu-

mn type aerators. ‘
BOD loading : 1.8 g/l/day, 'at 25°C.

The feed rates of waste and ' return sludge
were controlled by a diaphragm pump which
was driven by the intermittent action of a
twin-timer. (2 min. ON - 3 min. OFF in
this case.)
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Fig. 6. Change of DO value in a 6-stage
column type aerator under continuous
treatment.

D : Dilution rate of waste

‘ BOD loading(g/lid)
2501 _gg-+i—~18 2.7 a6
| »
2004 I _ {'/
'5] H
—~ 150 {
E !
> 1001 ‘
B-6
504 ¢ o
0 | I
4] 5 0 15 20 25

Time (day)

Fig. 7. Change of SVI value under continuous
treatment.
—(O— 6-Stage column type aerator (B-6)
—@— 1-Stage colum type aerator (B-1)
-1~ Cubic type aerator (C-1
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Table 2. Progress of continuous activated sludge treatment.

D P BOD No. of Sludge DO Effluent
loading
-1 SV MLSS SVI BOD COD
e 00 G/ aerator (%) (pm)  (mlp) PP (oomy (ppm)
B-1 19 4,100 45 8.8 3> 8.6
B-6{ B) 18 4,100 44 7.3 3> 11.4
C 14 3,200 44 6.8 3> 10.3
B-1 26 5,800 44 8.2 5> 13.1
0.10 10 1.8 B-6(T) 19 5,200 37 8.5 5> 12.0
B-6(B) 19 5,500 35 5.7 5> 14.0
C 28 5,100 53 4.6 5> 13.0
B-1 45 5,700 80 5.2 5 20.0
0.15 6.7 2.7 B-6(T) 18 4,200 42 6.8 3> 16.0
B-6(B) 21 4,900 42 3.5 3> 15.0
C 42 5,600 75 0.8 3> 16.0
B-1 85 4,200 200 — — —
0.20 5 3.6 B-6(T) 34 6,200 54 5.6 — 15.0
B-6(B) 63 9,000 70 0.1 — 37.0
C 56 4,500 214 — — —
No. of aerator B-1 : 1-Stage bubble column type aerator
B-6(T) : Top of 6-stage column type aerator
B-6(B) : Bottom of 6-stage colum type aerator
C : Cubic type aerator

D : Dilution rate of waste

¢ : Retention time of waste in aerator
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Fig.56 The structure of mixed culture developed in:

(@) continuous feed tank (SVI: 284)

(b) intermittent feed tank (time interval : 5min, SVI: 129)
(c) intermittent feed tank (time interval 10min, SVI: 64)

(d) intermittent feed tank (time interval : 15min, SVI: 57)
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AT P OUBRERIE I Z Rk, TankEAr
Brel2id, Sphaerotilus d%&d4 25 ¢34 s 4, 2N
X2 CBRTO 7 oA bk TS
BNDZETIEEVE VI RErH DT

2—-2-5 FAKE #HR0oaT

TEAT BBRDME, HS 2 WIS 2
MU 2 v 7= P EIPA TN D, RO hE
LWBBTl3, B Toig sy 8 & At
@Eﬁ%ﬁﬁﬁﬁk?éo_mtbxivV#Mﬁmt

it L, FoME»N8kic? 2 F TMLSS 239>

Lftivhkﬁ%écLt#of,%%%@%ﬁﬁf
ELETRBE LTS EWETH B, SVIH

BACL LR, A7 POMRBEE 1009 g T

BT Z 3B TH DL, Al %iﬁﬁ“@?ﬁm
%0) 2HEIRIRZ D L9 L TEh TR X7 5700,

KB E e L vads, ML i?jt
&%%* BUTHLORETH B, —Ehicidkm) 5
L7ethty, —5% RN L THHT 5 = & 25 Fh i
WEHILH S,

HBEWRIC LB 5 v 7 a— FoyEE- &5 LK
DEBNLEALT A SV L 20 b v 5 s %
B350 Z AN LR L P ORI 1 B O I
<o AT Boffk (Deflocculation) #JEHE - 2 3
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DEREENTNEY

AR H DRI B AR LY, %O
A RV L INX 2 FOREICE 5747, EREL 5 A
o UnREECREPELRIZTE R, LA, a v
7a—PFrkitEo N ELERITAZ SiIc ks TINE
YD IR N BB EH LY BARAICE
TIRERIC RIS TE AU TIRIRL TAT
(S, Thbbh, AT v UHEEENCY 2 v 7u—F
BT BEAIT L SVIEERRT B che o
T, 2 E Y SO TRET 5,

2—3 RSUNAOBUE

EMER T v U7 a3, WA B LU
BOZOOBESEIC IR TES, INbLN b, FRNA
F . SOEYREEBSET 2 NEB L0 T WA, R
REUEOERRRD R LR, BEHEC L 25RIEOE
WO, IR BAE (FIT AL, TIHEE
g r BB,

2—3—1 E&HDpH

Keefer *Meisel ™ |21 2 s pH#»16 ~ 9 O&HEANT
IS L o 72y FNLIAO pHAIR TR IE
B S DIIER LV EV D, —RICTHICB
WO | L) & T AEE, mT IV VEOBRK
HEBICHL I E ke (, EEoREic k- TE
Y 2 s 2 ipH # I U TR FIFARIRSH LD T,
a2 2NOpH 2 ERIR 9 LR Rz Tvwb Z &k
HWTHAD , —HEHEEKOEAE, T4 EH
e E R L e pHp 5 LTI 22 e 4% 5, B
Mgy 7a—RiERTy SEANRRIC D SVIZE
LE3e2d,

2—3—2 REHOEBE

30°C BLckiE % FF3 LRI RRED 2T DH
BT B L VO WEYH B Y —HT,5 TUTIRTIFS
LR IR Y ZREITHR0C TRIEFLAT Y
PERT DL CIRENH LT L L, KRV E S
PEEEESHD LIZS L0, L L, KEITENE
ATiE, — O E R L & IR D T L
BRI K BNT, OGN NIT AN TS
YAEEIC VX Y PRETTREE S D L kD, &
72, AKIBHE AT IASRE I PIRT T 50T, HExt

£1 BRREO R BIEER T DO LR O HE
i 9c | 18C | 27C

B

7K 5 (95) | 97.60| 99.20| 95.67

73 S (EmERY%) | 10.74| 10.85| 9.66

kAt ( " )| 21.92% 16.50| 10.31

4w FE( " ) 5.48| 6.23] 6.83
)

Y »( " 4.83 5.35| 7.59

HICEERIC e VR (EREET S,

RO, FUORT I, B ARECHES
TIEER T o Do RGO 2 T-> T b, T
Ic kB &, eiRAduiEE, 9°C TIE2TCIc T 21
b ->TEY, BHORIMEER T v P Liud
PNFY TEETEENEAH ) LIRS,

2—-3—3 BEME (DO) ME

DOBEICOWT L EEDEALFEL LIS DE
Bl ALTE 7205, Orford &1 (3EHEN %S ¢ oy ERR
F— g BIEATL, IBATEPODOMBE X AT v oo Ik
BRI HE T BRI 2~ b lb T B,

LT L —i a »BOBMGINE L JEETE S &
VI fgE B BAY, TV — 3 V3RS LIRS
TR L v ) ZOVER S D, B 9E 7o TH
HEOBSHERERAD T B B &V ) SRk H B & [l
i, TR LTy RA > F7ay 70T A
HHhHsb,

—l IS RN DO L 1ppm Pl Edh T dne
ANTHY, —RECEIE TE- TOEE VX
ZICIZEE O T v, EEONGT LEREEEIHIETH
nE, BHEBEFFEPRER X IRRT I L3k
WiEA 9,

—F, FEERE AN TV SEERBEAE T, EFRESE
BE% 8 ~10 ppmIcfE DI &I k- THHEEN L WE
BUNHDLATZ P EFTNS,

3. SuFrFOMECHT SR

SNX Y TR LERR T v Vi, BERELL
ANz 52 EDTCE L9, FEHEHERICHLT 5
P T K, AR RS R 2 22 OfE
DEDRR e BDTEH D, ZI T, » x> 70
RECRIL T T LN T BER 2T 425 IREIC S
BEEMREDL - B ) LTV nT, WL BUER
LD E|XT 0T,

3—1 EYEOFRICHTS REMELL (A/VEL) ©

B L /={RER

ST HIE ORI & 0 LRI 5 RIS
Fex v, Lichto T, SRIRMeED S e, TR
EHEH LT B IUVEFRRLEIIHLTT ey Y
TRk & e L AR R s > TESFRIC L 2T
B2 2w oh AV HEHTH B, Pipes” 122
(R & - TRETARPC AR E o EOGEIC#EES
S E L TERBETEL L LTWED, SLX TR
DI OB DB, TNTOBAFHPTESD
FTidv, SR IR LTWAEA L) Tk
VAT BT AEETE L L T BRI D B i
7y RO b ), S LIZENLAH



PR TR IUTERERIC L - TE ORI T2
1255, EERCHEA LB BRI 25 s, Rtk
MBI bHET RN D Z L b ETH S,

32 FERMEEHR S v o

EHEAT v P70 ANNBTTETER ), iy
TEECEUET 2 DICUE L RN TWRERE ) bk
TEL Wi &I, SRR S B o) sk b <ol
PiE BN BB L, ERAe  2e ) EE AT
7259 L3 RETH L, HW.van Gils? j1pisk -
BROWFELPEZ D Z L2 L - TR IR 2 115
BB & EEEIITR 2D L S Bt B F i

%2 C/NEAELEWRAR TR TES L 7Bk
ATy VOREER, AR Ok

I wmEE | Rkt | & &
B CONE | 0 20y | comesin o) | i ot
A 3 1251 3.1 5.2 X107
B 10 1324 3.3 4.7 X107
C 20 1124 6.1 3.5X107
D 40 300 6.2 2.5X107

Tnd, Thbb, SROBIECIIDT B & Rk
LD EHBIHEIML T3, Bk iSBEDRAL
Yoty - CEIDTRATS OBAIIE, BRIEL WL L
TRDH T EDVINF L IR ED—&MHC 2 B, Ll
MBI SRE % BRI IR L Tk i v ¢
LOEIEFEAT v ORI B2 LR LD,

3—3 BEIRHIEERR

AR L D L 70y ZRREMIC L TR
ERT &) WEDFERRICEZ N T L X 250 i
PNEZ TERBITIELS EWIRHETHL, SHE
ELTR72/—0 2T, TATE R EsEL L
NEHY, B LI b S ICHIET 2 BT a2 ¢
HLOLH 5,

TRFEA F U ATRIRBE L ) 47 9 VR
U THEGCHEEZRL pPHAMR G S 38R 5 o 38
FREIC LB &), E2pHA BMEL B -, 7
S =N DD AR B,

ZOWEHZIRIIL 72 DIz, Sotkies 3 il Eass
EVE ) AR B, BRI T AR T 2
v T TBERESN I L T L ) s R O Tl s

REEZ LB,

3—4 [FERYRRE
&R Ty Wi W 2 IR B 5y S0t o R
B EMET DR T T o 7R kB M i

TEBEVIRHETH B, SHCROMEMRI AR

MEN LELICA/VIEDRE WoT, &L 2 jLongE
B3 2 LT W KT 2 B RS ESL
DMEDVEEIRC L 27559 L W) T L Th B, Zh

(57)

I, SRRME LR > FOOSBEIC 137 & 70y, Larsen 2V

12, AR IER RIEIEAT » UEh biga L TL
FoTNEY IHRID LI HERL TV 525 R
LB Ty TADEYEIRET B0 70y ZH
TERTE 52 AR N T WO TFS e 3G
Hiree, 272, EHIGEREI N, MK EFLAT &
EWER T DHRICFER B GBS Y LT
B,

3—5 MRS H T 2 FEMERE
EBLIEER T v POz 2T o kot dpie £ 1n
MO 2 5 IR O RS O R
ENTATRESHTTEL L EHTH LD, EED
7R L) TR WIRIETIT - 22EBR T
WSRO THILER I N W Ea%hh o T,

316 EBRAE R

DA BRI 3 — R B MR & I L5 T
EZE 5T BT UBKISTRT Monod s tELE 1L
5,

S
Ks+S
Z T IeBEERE (1 ,/hr)
Mmaxy OBE (FEEHIEO L A0 IS 5E
HE) (1/hr)
Ks' #EEs (MR FREN] 25 RT iF
DFEME) (mg/p)
SR RE (mg/) THE,

ZOHIZL B LB EIREOR AT A B S>> Ks
DEZE, plIEIT gmax ITh>TEF Y, WcHEH
RREDEAET L hES<<Ks DEE(F n i3 tmax &
BEERIRLC Ksick-»Ta 22754, MEER
pmax & KSIIBUEYREIC & TRA 20 IR
HEREIC & = TRASRF O & DR B8 7 B s
EFELEEbLNE,

Monod m % IRAFRICHEHES A A I 257 1Y
TEHTEZ DI E07CE 3 HIGETIIE, MekdmEn
SHEVEICEDRE D D S RS ER OB L e - T
Bhndz ik d,

REREMEN, B2 OE—ILEIC DV TG L1172 5
EHNT— 5 M LTI tmax & Ks OBRIZER 1
DEINTT - 72,

PIZISK1 DT 7 F—=RIZDWTOER D L ICRA
HRATIE OO YRR T b 7 B & B EL, Mo-
nod A F AL TA LD, AL pmaxa =0.28
WKsa=1, #Bid umaxe =0.58L1 Keg=507
HB & L THEFERE - AR ORIE % SHE L 2o dk R
2THh 5, HHBEDE & X358 A ORI e
BOXi ENizanrickz vy, BAORLSRAIZ BT

M= dmax
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1.4k «* Peil, Gaudy; 1971

1.2

-

pmax (1/Br]
T

P~
\

/ o
0.4
;I}A/- <

o Glucose

O Lactose
A Sucrose
A Sorbitol
® Alanine

OHistidine

X Glucose

/{ Ghosh, Pohland; 1972

DELT I LG N FEAET 5 DTELLHIN
70 27wy

SRBERNAB L U7 0 7RO A O
BT CHFEEH 2 WY 5 T L AW - T B,

4. sy SOXEE IEE

4—1 SV IHTRTHD

SVIiZ, 305-fISV (mé/L) % MLSS (g/1) T&l-
TRLNAETHEL AT v ool FYOREL2ED
TOT, ATy POURBEENRIZEL LU AnbnT
W5, SVIZE T 2EBENERIZI & A EDBERIE
B BV 2 TH B, RRIEEY O 2 B R
R 2-cib~ 7208 ) el e & Did bl o Ty,
SVIIERILAS v o Th->TH MLSS|z k - THED
B 230H 05 O T AT IR TR
Zev, B2 IER 3 ERAICRT & 9 THEESELILTWY
5,

+ Galactose
0.2 g
/
0 | i L | I I J { 1 | L
20 40 60 80 160
Ks {mg/f)
1 . Mmax bed Ks @%4%22)
0.5
| Ks Hmax
(mgs¢)  (I/hr)
0.41
A 1 0.2
B 50 0.5
Sost B
=
s F
0.2f A
0.1
0 | L [l 1 L 1 1 | 1
20 40 60 80 100
S (mg/ ]

2. HEBE & AR BRE

é%ﬁﬁEBtm&ffokk%<&éoﬁ%ﬁ@ﬁﬁ
LlisTlE Z OBBR SEIC 7 N HEB DEIEARE (B ho
Sk ATEA, LT 70y R B 0
T AR & > T B ETIUE, BERENICEE
%E:im%%kﬁa:tuxofﬂwkyﬁ%Wﬂé
NOBEEAIBATE 2, Thbb, BAOEAOORTER
BN WEG T 7 0y 7 TR AT B, XD
BRI 75 - 1255 TR D IGEL
T3 LT, REOMHIHREI AL D TEREL DI
HELHWEWI D ETHD, 272, ELRAHETITE
AR IR 1D O CIRIREE & 7% 0, SRREIED
DIFEAEIEFN B DTH S,
L#L,:@ﬁtih@,@ﬁﬁ@%%ﬁﬂw%7¢

1000 - A 1st day
® 36th day
900 ¢ o 64th day
800~
700+
“ed
~ 600
-
E
p—
500 j
Joi
= System I, D/ul =00
D 400t
300+
0 A, Original sludge
m_“///
wof System 1V, D/uL=0.033
0|||1||1||| %103
1 2 345 6 7 8 9101112
MLSS (ppm)

3. SVIxMLSSoBdfE"™
(BRI

SVIzs100me/gU T Lk 9 kA RWAT v 2
TIEMLSS %&b - THIZ LA EH LAEETTAY, SR
R % (S E TV A AT v ¥ TIEMLSS &y
ko TRESBITEZ LD HED EATREINTN S,
“p kb, SVHERZRTIChlZ-TE, E0LI%
MLSS THisE L 720 2 fA50T 5 2 & HWEIC G 5 5, &
Licix, SVIIZ—EnMLSSa Y & TFR L IziE ) A



BLOT b e/,

600

500 |

=

[

(=)
T

System I, D/ul.=1.06

27th day.

SVI (mé/g)
W
=
T

Original sludge

200 "/"\ 1st day.

100 |-
System III, D/uL=0.17
69th day

T R T R R W N ! X103
0 1 2 3 4 5 6 7 8 9 10

MLSS {(ppm)

X4. SVI +MLSS 2
| (EBRAE)

4—2 ML S SOHE#H
EHWBODEMI  NE > Z% L5 L 0T WESH
NTWBEDTAT w H) OEREAEK T2 ERICEB
TMLSS #5<{$25 2 L3 %> 7B @ fh & 4T
Tlwvzwza, Lal, (sl 2 ERasss
FIATON A DI I RRD L, Z DR OEL,
SVIiZk - TR -T< B, E72, —SEDBRFRENT T
SRR UER IR 1.2 = 2 DA 5 $ ML
SSOEIFFRES 13, D7 0+ 2 CIRIRELE 0
MLSS$1500~5000ppm#SHEH X T 5,
TEATKD K EL A HeBeh e LTV 3584214, MLSS
B RONILEEETE M CEH L FETH D,
SVINEALT 3 L Bz 25 » U2 E - T BDT,
BAKEIZXT 23R4 2 WRIETH 525%H 5 100%
(CHLWIZFTHINT 22 22552, X 5IcSVInE(H:
BEC &, DWICIEATy USRS L ICB LIk L
DENDT, TNEEFEIRT v & L TR %K< = E05%
Lh RN B AR A CIIL T, ®
7w PDEDBIL B EOIEh LIRS BT L 25 %
PENDERMEMAZRDLZ LIZ%E, LIS TouL
X TRMETA Lo B,
WL&L%ﬂ%EBH%&i&%&&%ﬁKﬁM%%
HB™ 5 ZiUz4—8 T,

4—3 X5y SDHEE

ATy PR AT MBI B R T DR
M (MCRT : Mean Cell Residence Time) TH Y Kk
RTEHEND,

(59)

Y RT AFROMEYE (kg)
e = (kg /day)
PAT LEOMEYE (kg

REHLD (GF ) #a g (kg /day)
+ B 2id1b&E (kg/bay)

MCRT (day)=

HHE, A7y L T35~ 7 AP b TV 52
ZORBIZIZFHL R T AHDA T v PHBO1/5~1/7
ZEIIRC ZEDETH L (D ORI I ATEK Rl
TAESS ZEL), 29FHI LItk ATy kg
TF—EIIRIz D Z D5 s M Tn g, Lo
S TREGHIEERIT A Z ETE L, AT v PONE

(HIEMLRI D ENL ) #EEL 2 Thn
O TEREH R THA L L v,

Burchett 5% 13, #£2H\Y % B#HEL TEHER S o
TR ADERE AT 2 HEABERL TS,

4 —4 EREESDEM

2=2-3THA- L9, FEEREEZT v Uk &
T 52O IXEILNDOFEESUETH D, 20
bhEERL ) 2RV DRBETCL O TEEADICH
EY2RTHICE T,

EBHRE) CLFETARCIGELEL FcdEnTw5
DTCRRIC L L5702 W%, Lo L, THEAY & T
7R - T b 85484213 BOD @ 5852 1 )2 4100

5 LSRR I bR T IUE e v E S
TETW5, 8%, U s L TEREEDES b F 1
AT > E=T B L) VB2 ENT 2 onAFT
»5,

4—5 WERIDFTM

—RUZREF 2 - TRIBUE S & B8 2 FiEpus
HKINTOBH, ZOFEMREICH72 - Tl ahiek
PN EIRAIC R 2 2 E 20 fhic 2 B,

4—5—1 18 %

TRIIZNDHWIZHEND B EELATED, EELS
v IHIZ0.3~0.6% (2T PERICHLT) &
My2z 20k, ~uxr 7Ly ool
BEEZSETE 5 L9 .29 L L, EHRICIISOaHE
TERID S 5 D THRMBEICITHLOEZ & |2\ 352
Ty PEROBRERIR T Z Lo B,

452 1REMEKIE

Cole s ™ i3, Z#l & L CRERMEHILT & 1535
(4 BRI KR A TN L 72 BRI OV T L TV 3,

NUFAT—NT Z M IER 50 OEAIRATIRSE
CTERAERERS  34hr, B L L 1T, RE Pk
ATk iz, DO & Sppm Bl HcfRE -7, Hr e
DL ADTSVIODD b D12 25mec 2 2.31) 3 5% {8
D 12A 7y P IRETRIE L AE R - HoO0 IO e
ERL72(5), RIMBRIHRAEKALL 40 omg T



(

[op]
]
—

1000 -
900 (-
300 -
700+
600 -
500

400
Hy02 H202
300 i |
2001 H 1
100l 200mg /¢ 10mg/ L 40mgyt 200mg/é
[0 WV S N N A U T SN VU N [ (NN S D S W |
G 4 § 12 18 20 24 28 32 36 40

HH (day)

H,0: RIS & B R 5 v & ME R ™)
(N F 27—l

SREATED, EEERICZ T3, Famevic i3200me

JAOTRINC & - T TS E L (35 2 &0°TE,

BUE(LT 20205 Clolid40mg /g OFMma kv L LT
Wb,

ARy VI I TAMIAT T ETV—ra v
HRDT T2 P T, A7y PIBEME o TSVIRL
AL IERC TN, By —ATi320mg /e %2 8
B, X hic40mg/e ZI2HFEML 72 & Z AEHEL 7,
(6 ) KNDr—ATIE200mg/f # 1 BREERNLz & 2
L 72, (B47)

SLUDGE CONCENTRATION INDEX (m £/g)

<
n

500 | H202
t

20mg/e 40mg/

400

3060

SVI (m£/g)

200

100

1] PR SRS VNS NS U SRS SN RS SN VUM RO S N S—
5 7 9 11 13 15 17 19 21 23 25 27 1 3 5 7

2 A 3 A

®6. H.0:30mic & 2SVIozie™
(AF v 7TV —y3)

500 - Hz02

—

40071
200mg /€

300 |-

200

-SVI (m £ /g)

100 |-

UM TR N WA N Y VA MW N DU EO SN W
2 3 4 5 6 7 8 9§ 101

.
®7. HoO. 5 Imic & 2 SVInZ{r™
(ZF 9w 7LTTVv—33 )

Hz Gz 200mg /¢
¥
H{|‘- H2 0z
]
H

400 400mg /8

500

200mg /L

300t

20

SVI (mé/g)

100 -

ol 1 v v 1y 1L L)

25 29 2 6 10 14 i8 22 26 30

5H 6H

8. H20: #¥ i & 5 SVIZEAL™
(BRBRR)

$72, WL UNOX#EN 77> b Cfiklt
W LS LB E v SRR I LD THRA
BEFELTAREZ TS, K8IcAmT L 9icH0: %
T a2 eSVIoREIZEL L b, Ho O
IS % 9°200mg /8 % 24REERE T 72 1%, 400mg /L (2 hE
0L T 4 BT - 72, SRR L 72ds, AT v
THICBT 51T ENBIRNTE b o T2, Bl 400
mg/L oA, Ta vy JORESEEEN, SV
145200m £ /g LA TIC T2 & SSomis itz 5D TE
NPLEH:0: 27U 7% < TSR Ic K<k b,

Cole s, ) |3BHET, SRR S L TH0. 2/m
LB a iRt fEL Twd, Ziut, BAMTET
DO kiBic 7 BEEAICH O: 2B ERRIE X LT3
BICEET DR (HET 220 5N2HD
Th b, EERIGICEESERE L TH:0: 1217 2 - 72354

(PRI R 5 — T TIT-72) L ETRBROEA & L
PR, HEORERIFIIFL TH-2HRAT v PN
eI H: O: MEOSAIFFICE» 72, TB, A
KOVEREIL /0T A 72, He Op THLBLL 7235810 1 3FY
bl 2 h, NHs obrEsidkE (ETL 7,

RSB ESIC T B B RIHEITL, JR
LEESEAT7 2y ZICOWTERETEZ 20 h 5,
H. 0. iz L 2BEMHEGIIBAD & ) Lid o ER T LR E
L 2o W) TR~ B I I3 TERA TH 5,

ERFIC BT LEBEOFEE, DO KIARFC—RHENZE
My AEAICE a2 FICLALETH L Z b7z
(IR B\ $0.0093/m?), F7z, L THEML
7EAE, SVISEOMRLBLIL, 2 X 7DV
570 (% oi, aAELTIZ10mE/ £ ORI T
$0.0066/mTCH D EVI,

4—6 pHER #

pH% 6 ~ 9 DEIFRN Tld a7 v & v ) ik id
R Lo, RS I3, R, HEACRL BbEL
EOERINTEEDOFEAMIRC 35T, AT v AV InF



>TERELLEC, BEEN» PH 6~ 7105 L9i
B THAIT L Z bic k- TE KA B(LR L 2 ¢ %
CRIVBEE 2 BB TE 2 S ]S L TWa,

4—7 ENERTRTCE

IR, T2 A0 UCCH MBS 2-UNOX &+ ¥
HNABFRTEEA T v P E SN, E7F b
TOFERERS) el vy b 752 Mok 2 ABER

(61)

2.30,31,38) ek ¢ e x NTV 5, RER TGRS
I ERABNT ., MBI ST T ~ 4 B2
FHEN TS, HAFKIEREZ S v U E FLics 1
2130 ) R OB TR R SN b IRA S N
ST (RFEETELNS, #HFDO # 8 ~10ppm
THAET 2 0 S IR ORERIB R D B\ P2 22 kS
HATIE 2R & WEERR B 1 255 5 UNOX 3

#3 KE e TORMOUNOX KEHT T > L 0LEHED)
ALER B [nr/day) 9,500
TR (AR (hr) 1.6
DO (ppm) 9.0
MLSS (ppm) 7,000
MLVSS (ppm) 4,500
BODs 775 & 1% (kg-BODs/m? -day) 3.4
BODs 2% «» & &R (kg-BODs /kg-MLVSS.day) 0.8
BRZ Ty UM (ppm} 30,000
= Jed (%) 34
SVI [mé /g] 36
HER Ty DERE (kg-V5S/kg-BODj: =) 0.41
TR EEALN {m3/me-day) 40
A (ppm) ALEE A (ppm ) ErEE(%)
CODc: 325 97 71
BODs 220 23 90
SS 174 19 89
#4 UNOX #: & &8 & o bk &
#H o T k¥ A o e b BEASY
" H UNOX * & iE UNOX e Ko
DO (ppm] 4 ~10 1~2
T ER W T (G Ak i ) (hr) 1~3 3~ 8
MLSS (ppm) 4500 ~ 8000 1000~ 3000
MLV SS {ppm) 3500~ 6000 900 ~ 2600
BOD#E 1% & 4% 2.4~4.0 0.5~1.0 3.6~4.5 | 1.5~2.3
(kg-BOD/m*-day)
BODZ 5w & &% 0.4~1.0 0.2~0.6 0.6~0.9 | 0.2—0.3
[kg-BOD/kg-MLV SS-day)
RIBA Ty ViR (ppm) 15000 ~ 35000 5000~ 15000 27000 12000
BB (%) 20~50 30~100 30~ 60 130
SVI (m£/g) 30~70 100 ~ 150 60~ 80 100
FHAT Y ERR 0.4~0.55 0.5~0.75 0.12 0.3~0.4
(kg-VSS/kg-BODR:£)
BOD 3 (%) 96~98 99
pHIN - 7.2 5.8
pHouT (-] 6.2 7.3
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AU DI R E WEEERSEEE T7H 5, UNOX &
TR ATy DO - SR < % 5 9 TMLSS
WEF R L GEETE, Lz > TEEARIE RS
FTHZENTED, F72, WEEEAL1.5~2hr & L T
LT o tEiE 2 RAET ARV N TS, RER T
o DOEREY AW E EBRICET LN T S,

RS B EEEIC 7 - T B 2 &b BIRESES)
BELE? LN, BRciEknREkr MT NI T
Tl B DY, iR G A SHE TS
PO, EERS L LI TTOI L 2FEIC
AND ESTBERTHLDEE L LD,

4—8 BEKDFRAFTZDBNCE B/30% 2 JilH

L)
4—8—1 ELRACHMLE LKL
BRI BRENHTR L Th, BXIEADESSL

250+

200

1504

100{

50

SVI (m#/g)

F (day)

9. BRI L ASVIZhoE-Y
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