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Abstract:
The composition of high concentration ash slurry requires careful selection of particle size distribution (PSD) to
achieve the required rheological properties for efficient disposal through pipelines. In the present study, the
maximum static settled concentration, CW-max , tests and rheological measurements were carried out for a total
eighteen nos. of ash samples (nine nos. of fly ash samples and nine nos. of fly ash–bottom ash mixture samples)
in the concentration range of 60– 70 wt%. It was observed that the CW-max value reached maximum for the com-
position of mixture slurry consisting of fly ash and bottom ash with d50 as 6.4 mm and 144 mm respectively at a
fixed blend ratio (weight ratio of fly ash to bottom ash) of 4:1. This was attributed to the packing effect and was
correlated to the ratio of surface to surface separation for the coarse bottom ash particles, b, to the average fly
ash particle size, d50-f , to achieve higher solids concentration. The rheological behaviour of the ash slurry sam-
ples were described by non-Newtonian power law model in the range of solids concentration studied. Also a
substantial reduction in viscosity was observed for the same composition of mixture slurry sample which was
attributed to the poly-dispersive characteristics of the ash particles. It was indicated that the slurry viscosity was
very much influenced by particle size ratio (l = dlarge/dsmall ) and volume fraction of solids. The study revels that
the blending of fly ash and bottom ash at a controlled PSD may be employed for preparation of high concen-
tration ash mixture slurry for pipeline transport.

Zusammenfassung:
Die Formulierung von hochkonzentriertem Staubschlamm erfordert eine sorgfältige Auswahl der Partikelgrö-
ßenverteilung (PSD), um die rheologischen Eigenschaften für einen effektiven Transport durch Pipelines einzu-
stellen. In der vorliegenden Arbeit, wurden die Bestimmung der maximalen statischen Sättigungskonzentrati-
on (CW-max), und rheologische Messungen für achtzehn Staubproben (neun von Flugstaubproben) und neun von
Bettasche-Schlammmischungen) im Konzentrationsbereich von 60-70 Gew.-% durchgeführt. Es wurde festge-
stellt, dass der CW-max-Wert sein Maximum für eine Zusammensetzung einer Mischung aus Flug- und Bettasche
mit einem d50 von 6.4 mmbzw. 144 mmbei einem konstanten Blendverhältnis (Gewichtsverhältnis von Flugstaub
zu Bettasche) von 4:1 annimmt. Dieser Effekt wird der Packungsdichte zugeschrieben und wurde mit dem
Verhältnis von Oberfläche zu Oberflächentrennung für die gröberen Bettasche-Partikel, b, und dem Durch-
schnittswert der Flugstaub-Partikelgröße d50-f , in Beziehung gesetzt, um einen höheren Feststoffanteil zu erzie-
len. Das rheologische Verhalten der Staubschlammproben wurde mit dem nicht-Newtonschen Po tenz -
gesetzmodell im Bereich der Feststoffkonzentrationen beschrieben. Darüber hinaus wurde eine wesentliche
Reduktion der Viskosität bei derselben Konzentration der Mischstaubproben festgestellt, die der polydispersen
Charakteristik der Staubproben zugeschrieben wird. Es wurde gezeigt, dass die Schlammviskosität sehr stark
von dem Partikelverhältnis (l = dgroß/dklein) und dem Volumenanteil des Feststoffs beeinflusst wird. Diese Unter-
suchung zeigt, dass das Mischen von Flugstaub und Bettasche bei einer kontrollierten Partikelgrößenverteilung
für die Herstellung von hochkonzentrierten Aschmischungen für den Transport durch Pipelines benutzt werden
kann.

Résumé:
La composition des boues contenant de grandes concentrations de cendre requiert une sélection attentionnée
de la distribution en tailles des particules (PSD), afin d’obtenir les propriétés rhéologiques requises pour l’é-
pandage par tubage. Ici, la concentration statique établie et maximum, CW-max , des mesures d‘essais et des
mesures rhéologiques ont été établies pour un total de 18 nos d’échantillons de cendre (neuf nos. d’échantillons
de cendre volante et neuf nos. d’échantillons de mélanges de cendre volante et de fond) dans un régime de con-
centration allant de 60 à 70 % en poids. On a observé que la valeur de CW-max atteint un maximum pour la com-
position de boue mélangée faite de cendre volante et de fond avec un d50 de 6.4 mm et 144 mm, respectivement,
et un ratio fixe de mélange (ratio en poids de cendre volante sur cendre de fond) de 4 :1. Ceci est attribué à un
effet de remplissage et est corrélé avec le ratio  de la surface de séparation pour les grosses particules de cen-
dre de fond, b, sur la taille moyenne des particules de cendre volante, d50-f , afin d’obtenir des concentrations en
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ash particles. The increase in CW-max values for the
fly ash-bottom ash mixer samples S10, S11, S13,
S14, S15, and S16 influenced by excluded volume
effect was explained by the ratio of the surface
to surface separation for the coarse bottom ash
particle, b, to the average fine fly ash particle size,
d50-f , i.e. b/d50-f . The rheological studies conduct-
ed for the eighteen ash samples indicated that
the flow behaviour of ash slurry can be very well
fitted to non-Newtonian power law model in the
studied range of concentrations (60– 70 %) by
weight. The addition of coarse bottom ash parti-
cles to finer fly ash slurry affects the slurry vis-
cosity at high solids concentration. An apprecia-
ble amount of reduction in viscosity in the order
of 10 –63.6 % was obtained for the samples S10,
S11, S13, S14, S15, S16, and S17 in the slurry concen-
tration range of 65 –67.5 wt%. 

The ash samples S3, S9, S11, S13 and S17 with
size ratio in the range of 44.42 –68 indicated less-
er viscosity as compared to other samples at high
solids concentration. The reduction in viscosity
for the composition of mixture samples at a fixed
blend ratio of 4:1 (weight ratio of fly ash to bot-
tom ash) could be explained by correlating the
viscosity to particle size ratio (l = dlarge/dsmall) and
volume fraction of solids. The distribution mod-
ulus, nfarris, values in the range of 0.15 –0.2 com-
puted for the ash samples indicated lower vis-
cosities at high solids concentration. The ash
sample S11 with nfarris value of 0.17 indicated near
minimum viscosity and maximum packing den-
sity which is in reasonable agreement with the
theoretical prediction of Farris. The results thus
illustrates that the magnitude of viscosity reduc-
tion and maximum solids concentration can be
achieved by controlling the diameter ratio and
composition of fly ash-bottom ash mixture slur-
ry. This will be beneficial for efficient disposal of
high concentration ash slurry through pipelines
by lowering the pumping costs. 

ACKNOWLEDGEMENTS
The authors are gratefully indebted to Professor
B.K. Mishra, Director, Institute of Minerals and
Materials Technology, Bhubaneswar for giving
permission to publish the paper and wish to
thank, Department of Science & Technology, Fly
Ash Unit, New Delhi for their financial support on
the investigation.

REFERENCES
[1] Parida A, Panda D, Mishra RN, Senapati PK, Mur-

ty JS: Hydraulic Transportation of Fly ash at high-
er concentration, In: Ash Ponds and Ash disposal
Systems, V.S Raju VS, Datta M, Seshadri V, Agar-
wal VK, Kumar V (Eds.), Narosa Publishing House
(1996) 17 – 28.

[2] Seshadri V, Singh SN, Agarwal VK, Datta M,
Kumar V: Alternate Coal Ash disposal systems for
thermal power plants, Central Pollution Control
Board, New Delhi (2001).

[3] Bantin RA, Streat M: Dense-phase flow of Solid-
water mixtures in pipelines, Proc. Hydrotransport 1,
BHRA Fluid Engineering, Cranfield (1970) Paper G1.

[4] Elliot DE: Hydraulic transport of coal ash at high
concentration, Proc. Hydrotransport 1, BHRA Flu-
id Engineering, Cranfield (1970) Paper G1 – 25.

[5] Wright D, Brown J: Hydraulic disposal of P.F. ash
from C.E.G.B. Midland Region Power Station,
Proc. Hydrotransport 6, BHRA Fluid Engineering,
Cranfield (1979) Paper H3, 379.

[6] Sive AW, Lazarus JH: A comparison of some gen-
eralized correlations for the head loss gradient of
mixed regime slurries, Proc. Hydrotransport 10,
BHRA Fluid Engineering, Cranfield (1986) Paper
E2, 149.

[7] Verkerk CG: Some practical aspect of correlating
empirical equation to experimental data in slur-
ry pipeline transport, Bulk Solids Handling 5
(1985) 801 – 811.

[8] Singh B: Continuous mixing and pumping of high
density fly ash water slurries. Laboratory and Pilot
plant studies, Seventh Conference of Electrical
Power Supply Industry, Brisbane (1989).

[9] Bunn TF, Chambers AJ: Experiences with dense
phase hydraulic conveying of Vales Point Fly ash,
Inter. J. Powder Handling Proc. 5 (1993) 35 – 44.

[10] Biswas A, Gandhi BK, Singh SN, Seshadri V: Char-
acteristics of coal ash and their role in hydraulic
design of ash disposal pipelines, Indian J. Eng.
Mat. Sci. 7 (2000) 1 – 7.

[11] Senapati PK., Mishra BK, Parida A: Slurry pipelines
for fly ash –A design method for energy efficient
fly ash disposal by hydraulic conveying, Bulk
Solids Handling 26 (2006) 556 – 562.

[12] Verkerk CG: Transport of fly ash slurries, Proc. 8th
Int. Conf. Hydraulic Transport Solids, BHRA,
Hydrotransport 8 (1982), 307 – 316.

[13] Senapati PK, Panda D, Parida A: Studies on high-
concentration fly ash-bottom mixture slurry,
Bulk Solids Handling 25 (2005) 386– 390.

[14] Vlasak P, Chara Z: Flow behaviour and drag reduc-
tion of fluidic ash-water slurries, Proc. 17th Int.
Conf. Hydraulic Transport Solids, BHRA, Hydro-
transport 17 (2007) 39 – 55.

[15] Seshadri V, Singh SN, Jain KK, Verma AK: Effect of
additive on head loss in the high concentration

23480-9Applied Rheology
Volume 21 · Issue 2

This is an extract of the complete reprint-pdf, available at the Applied Rheology website
http://www.appliedrheology.org

This is an extract of the complete reprint-pdf, available at the Applied Rheology website
http://www.appliedrheology.org



slurry disposal of fly ash, Institution of Engineers
(I) Journal-MC 89 (2008) 3 – 10.

[16] Zaman AA, Moudgil BM: Rheology of bidisperse
aqueous silica suspensions: a new scaling method
for the bidisperse viscosity, J. Rheol.42 (1998)
21 – 39.

[17] Barnes HA, Hutton JF, Walters K: An Introduction
to Rheology, Elsevier, Amsterdam (1989).

[18] Farris JR: Prediction of the viscosity of multimodal
suspensions from unimodal viscosity data, Trans.
Soc. Rheol. 12 (1968) 281 – 301.

[19] Greenwood R, Luckham PF, Gregory T: Minimiz-
ing the viscosity of concentrated dispersions by
using bimodal particle size distributions, Colloids
& Surface A 144 (1998) 139 – 147.

[20] Maron SH, Pierce PE: Application of Ree-Eyring
generalized flow theory to suspensions of spher-
ical particles, J. Colloid Sci. 11 (1956) 80–95.

[21] Krieger IM, Dougherty TJ: A mechanism for non-
Newtonian flow in suspensions of rigid spheres,
Trans. Soc. Rheol. 3 (1959) 137 – 152.

[22] Kitano T, Kataoka T, Shirota T: An empirical equa-
tion of the relative viscosity of polymer melts
filled with various inorganic fillers, Rheol. Acta.
20 (1981) 207 – 209.

[23] Metzner AB: Rheology of suspensions in poly-
meric liquids, J. Rheol. 29 (1985) 739 – 775.

[24] Storms RF, Ramarao BV, Weiland RH: Low shear
rate viscosity of bimodal dispersed suspensions,
Powder Technol. 63 (1990),247 – 259.

[25] Chang C, Powell RL: Effect of particle size distrib-
utions on the rheology of concentrated bimodal
suspensions, J. Rheol. 38 (1994) 85 –98.

[26] Chong JS, Christiansen EB, Baer AD: Rheology of
concentrated suspensions, J. Appl. Poly. Sci. 15
(1971) 2007 – 2021.

[27] Larson RG: The structure and rheology of complex
fluids, Oxford University Press, Oxford (1999). 

[28] Toivakka M, Eklund D: Prediction of suspension
rheology through particle motion simulation,
Coating Fundamental Symposium (1995) 161 – 177.

[29] Barnes HA: A Handbook of Elementary Rheology,
University of Wales Institute of non-Newtonian
Fluid Mechanics, Aberystwyth (2000). 

[30] Hoffman RL: Factors affecting the viscosity of uni-
modal and multimodal colloidal dispersions, J.
Rheol. 36 (1992) 947 –965.

[31] Miller BG: The development of coal-based tech-
nologies for Department of Defence facilities,
Semiannual technical progress report for the
period 3/28/1993 to 9/27/1993 by the Consor-
tium for Coal-Water slurry fuel technology, The
Pennsylvania State University, Pennsylvania
(1993).

23480-10 Applied Rheology
Volume 21 · Issue 2

This is an extract of the complete reprint-pdf, available at the Applied Rheology website
http://www.appliedrheology.org

This is an extract of the complete reprint-pdf, available at the Applied Rheology website
http://www.appliedrheology.org


