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Figure 1 Experimental apparatus (anaerobic digester)

Table 1 Sludge concentration for viscometric test
Sludge concentration (g/L)

Mesophilic

AD sludge 72,66, 63, 57, 55, 53,49, 39, 19
Thermophilic

AD sludge 67,59, 48, 37, 35,27
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r:yp[—?) (n<1) M

y
n=a-exp(b-X) )
Hy = c-expld- X) 3)

Where, 1: shear stress (Pa), u,: pseudoplastic viscosity
(Pa s"), n: flow behavior index for pseudoplastic model
(-), (-avidy): shear strain rate (s™), a: empirical constant
on # (-), b: empirical constant on » (-), ¢: empirical
constant on u, (Pa s"), d: empirical constant on y, (-),
X: sludge concentration (g/L)
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Where, 4P: trans-pressure (Pa), L: length (m), V,,: mean
velocity in pipe (m/sec), D: diameter of pipe (m)
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Figure 2 Experimental apparatus (Viscometer)
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Figure 3 Identification of up and » for mesophilic
sludge from laminar flow area
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Figure 4 Identification of empirical constant n of
mesophilic and thermophilic sludge. (O: mesophilic
anaerobic digestion sludge, /\: thermophilic anaerobic
digestion sludge)
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Figure 5 Identification of empirical constant up of
mesophilic and thermophilic sludge(: mesophilic
anaerobic digestion sludge, A: thermophilic anaerobic
digestion sludge)
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Where, A:constant (-), B:constant (-), T:temperature (K)
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Figure 6 Thermophilic sludge concentration showing
comparable viscosity to mesophilic sludge
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Figure 7 Temperature effect on sludge(X = 67 g/L) and

water™ viscosity
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Table 2 Available viscosity empirical modes for anaerobic digestion sludge

Viscosity L. . Sludge Temp
Reference Empirical equation Viscometer ~concentration o
model (L) °C)
Mesophilic sludge .
t, =0.018-expl0.071- X), n=0.68exp(-0.0069- X) Pipe 19-72 33-35
This study P
Thermophilic sludge ) i
ty =0.0095-expl0.070- X) 1= 0.66- exp{—0.0069- X) Pipe 48-67 50-53
Murakami, , #,=0.041-exp(0.0959-X), n=0.521-exp(-0.0102-X)  Rotational  10.544.2 20
8)
2001 4y =0.104-exp(0.0959- X) , n=0.322-exp(~0.0178-X) Pipe 10.5-44.2 2
Moeller. _ . Not
g =0.2758 p=
1997 P Hp ,n 0.4268 Rotational 10.5 available
TERE, -5 ol -0 )
log0" P U, =616-107  X"70 n=227. x703% Pipe 430 20-30
N P up=5.19-107 X% n=203 X704 Rotational 6.5-16 10-36
i6)
1993 75 =0.00135- X232 np =0.000247 - X Rotational 6.5-16 10-36
1, =(~0.0024X —0.0358)X +0.021
P n=(0.00011X —0.0163)X —0.876
Lottio 1, =343-107- X237 n=2397. x 04
9 Rotational 12-76 20
1997 g = (- 0.000003 X +0.00099)X - 0.01
B g = (0.00416 X +0.2406)X — 3.845
5 =0.000175- X372 o —0.0126 - x 1856
¥3 -353
Slattter, r, =13400—————, 5, = ,UW(I ——-——] . 31.7,46.4,
199726} Y 0425-X 1 0425 Rotational 66.2 35
m=—0.0000156X" —0.00459X +1
) ) . o du A . au)"
P: Pseudoplastic; 7= Hy ;}—) ,B: Bingham Plastics; 7 =7 +7]; E , Y2 Yield Pseudoplastic; 7 =17 +7, -
T\ dy

where, 75 : yield stress for Bingham Plastics-model (Pa), 5 : plastic viscosity for Bingham Plastics model(Pa s), 7y : yield stress
for Yield Pseudoplastic model model (Pa), #y : plastic viscosity for Yield Pseudoplastic model(Pa s), m : yield stress for
Bingham Plastics model (Pa), uy- viscosity of water(Pa s)
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S

7: shear stress (Pa)

1, : pseudoplastic viscosity (Pa s")

n : flow behavior index for pseudoplastic model (-)
(-dv /dv) : shear strain rate (s™')

a : empirical constant on 1, (-)

b : empirical constant on y, (-)

¢ : empirical constant on # (-)

d : empirical constant on 7 (-)

X : sludge concentration (g/L)

AP : pressure difference (Pa)

L : length (m)

V., : mean velocity in pipe (m/sec)

D : diameter of pipe (m)

7p : yield stress for Bingham Plastics model (Pa)

1g : plastic viscosity for Bingham Plastics model(Pa s)
7y : yield stress for Yield Pseudoplastic model model (Pa)
7y : plastic viscosity for Yield Pseudoplastic model(Pa s™')
m : yield stress for Bingham Plastics model (Pa)

Hw: viscosity of water(Pa s)

A : constant (-)

B : constant (-)

T': temperature (K)

FHEDO—EIL, FrrRAF— - EERFRAER
HHB(INEDO)IZ L /34 F = Az L X — &) Riliz
BEWRAE o P2 hO—BTBZ2bhr-.

S5 30k

VRS, SREE, KEHE, FhEh  BAEED
BSMHILICRETEARDREDNEE, tATRRE,
No.622/VIH-11, pp.73-80, 1999.

2 Li Y.Y., Noike T., Katsumata K. and Koubayashi H.:
Performance Analysis of the Full-scale Egg-Shaped Digester
in Treating Sewage Sludge of High Concentration, Wat. Sci.
Tech., Vol. 34, pp.483-491, 1996.

» Lu J. and Ahring B. K.: Effect of Temperature and Hydraulic
Retention Time on Thermophilic Anaerobic Pretreatment of
Sewage Sludge, ADSW Conference Proceeding, Vol. 1, pp.
159-164, 2005.

4 Clarence G. Golueke: Temperature Effects on Anaerobic
Digestion of Raw Sewage Sludge, Sew. and Ind. Wastes, Vol.
30, No. 10, pp. 1225-1232, 1958.

YRR, BIRE R, KEHE, BiuEt, FEK : SRk
SHEHLEEZ BV BRE TABROMEEY, 1A%
SFRICE, No. 622/VII-11, pp. 35-43, 1998.

® U. S. Environ, Protect.: Agency Design Information Report.
Anaerobic digester mixing systems, J. Water Pollut. Control
Fed., Vol. 59, No. 3, pp162-170, 1987.

" Buzzell J. and Sawyer C.: Biochemical vs. physical factors
in digester failure, J. Water Pollut. Control Fed., Vol. 35, No.
2, 1963.

® Murakami H., Katayama H. and Matsuura H.: Pipe Friction
Head Loss in Transportation of High-Concentration Sludge for
Centralized Solid Treatment, Water Environ. Research, Vol.
73, No. 5, pp. 558-556, 2001.

Y Lotito V., Spinosa L., Minini G. and Antonacci R.: The
theology of sewage sludge at different steps of treatment, War.

Sci. Tech., Vol. 36, No. 11, pp. 79-5, 1997.

' Rose-Innes 1. H. and Nossel S.: The rheology and pumping
of thickened activated sludge, War. Sci. Tech., Vol. 15, No. 1,
pp- 59-76, 1983.

WERBEARR, SRR - FTARIEIROEERSRHRICET
D ERERIIISE, TARSHIHELE, No. 301, pp. 71-82,
1980.

' Frost R. C.: Sewage siudge pumping, Water Serv., Vol. 87,
No. 1051, 407-410, 1983.

3 Carthew G. A., Goehring C. A. and Van Teylingen J. E.:
Development of dynamic head loss criteria for raw sludge
pumping, J. Water Pollut. Control Fed., Vol. 55, No. 5, pp.
472-483, 1983.

' Moeller G. and Torres L. G.: Rheological Characterization
of Primary and Secondary Sludge Treated by Both Aerobic
and Anaerobic Digestion, Bioresource Tech., Vol. 61, pp. 207-
211, 1997.

D SRR, ERES, EER, WS | TAAERKRE
ROHTTIHLIC RIET B S FREA OB, BEEN,
Vol. 33, No. 8, pp. 61-68, 2004.

O AR, R, (R, SHEE - FABROE
BEE I 3 ENBMOTESE, RETSHER
£, Vol. 30, pp. 257-266, 1993.

" Sanin F. D.: Effect of solution chemistry on the rheological
properties of activated sludge, Water S4, Vol. 28, No. 2, pp.
207-211, 2002.

' Murakami H., Matsuura H. and Katayama H.: Study on pipe
friction loss in high-concentration sludge transportation for
centralized sludge treatment, Prog. Water Pollut. Control Jpn
(1998), pp. 108-120, 1998.

1) Nicholas P. Cheremisinoff, Editor: Rheology and Non-
Newtonian Flows, Encyclopedia of Fluid Mechanics, vol. 7,
1986

B Mulbarger M. C., Copas S. R., Kordic J. R. and Cash F. M.:
Pipeline friction losses for wastewater sludges, J. Water Pollut.
Control Fed,, Vol. 53, No. 8, pp. 1303-1313, 1981.

ARSI RV A R O— (k) |, pp. 27, WELFERA,
1963.

BORRIMS, REE WEIKTRE, pp. 4, B EIE, 1966,

B KEEER, BRI  BRENBEO RS
WT o EARZSMITIMAE, No. 210, pp. 21-32, 1973,

) Forester, C. F.: The rheological and physico-chemical
characteristics of sewage sludge, Enzyme Microbiol. Technol.,
Vol. 30, pp. 349-345, 2003.

ol Seyssiecq I., Ferrasse J. H. and Roche N.: State-of-the-art:
rheological characterization of wastewater treatment sludge,
Biochem. Eng. J., Vol. 16, pp. 41-56, 2003.

) Slatter P. T.. The rheological characterisation of sludges,
Wat. Sci. Tech., Vol. 36, No. 11, pp. 9-18, 1997.

(2007. 5. 25 24

-693 -



Rheological Characterization of Mesophilic and Thermophilic Anaerobic Digestion
Sludge

Mitsuharu TERASIMA', Rajeev GOEL', Kazuya KOMATSU', Hidenari YASUT',
Hiroshi TAKAHASHI?, Li Yu-You. Y°., Tatsuya NOIKE*

'Kurita Water industries Ltd
? Graduate School of Environmental Studies, Tohoku University
* Department of Civil Engineering, Tohoku University
* Advanced research Institute, Nihon University

Rheological characteristics of anaerobically digested mesophilic and thermophilic sludge was studied
using pipe-line pressure-drop measurement apparatus. Anaerobically digested mesophilic and
thermophilic sludge samples were collected from anaerobic digesters operated at 35 °C and 55 °C
respectively. Rheology of both the sludge was similar to pseudoplastic fluid and was modeled using
power equation . The value of model parameters of pseudo-plastic viscosity (ur) and flow behavior
index (n) were found to depend on sludge concentration (X). The empirical equations describing the
relationship between sludge concentration and model parameters were 1270018010 =0 680N
for thermophilic sudge and 14=0.0095¢*"0 ; n=0.66¢""%*" for mesophilic sludge. The value of p for
thermophilic sludge was found to be significantly lower than mesophilic sludge. Reducing the
temperature from 55 °C to 32 °C during viscosity measurement of thermophilic studge resulted in a g
value, which was still lower than the mesophilic sludge. These observations suggest that the
characteristic of solid in sludge is more influential than temperature in governing the sludge viscosity.
The lower viscosity of thermophilic sludge can be used to operate high rate anaerobic digestion process at
high solid concentration without additional energy input.
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