
Coke Slurries with Improved Higher Heating
Value and Good Processability via Particle
Shape Design

Coke-water slurries can be used as biogenic intermediates in conversion of residu-
al biomass into high value fuels such as liquefied petroleum gas or synthetic natu-
ral gas. The effect of particle size and shape on the flow behavior of slurries
including coke particles obtained from fast pyrolysis was investigated. Particles
were shaped in a planetary ball mill and equivalent sphere diameter and circularity
were used to characterize size and shape. An increased circularity resulted in a
strong decrease in slurry viscosity. Accordingly, a higher mass fraction of particles
can be mixed into the slurry, thus, increasing the higher heating value while still
preserving good processing properties.
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1 Introduction

Coal-water slurries play an important role in classical energy
conversion processes. As the conventional crude oil resources
are running low, new opportunities have to be found for pro-
ducing carbon-based fuels and chemicals. One such possibility
could be the bioliq�-process, developed at the Karlsruhe Insti-
tute of Technology. Residual biomass, e.g., wheat straw or
beech wood, is converted to synthesis gas in a two-step proce-
dure. The first step consists of a fast pyrolysis of the biomass,
which is converted into a high-energy-density biogenic inter-
mediate fuel that serves in the second step as feed for high-pres-
sure entrained flow gasification (EFG) to produce synthesis gas
[1]. This synthesis gas is treated in a subsequent gas cleaning to
obtain high-value products, such as methanol, liquefied petro-
leum gas (LPG), or synthetic natural gas (SNG) [2].

The solid product of the pyrolysis is coke, which is used in
suspensions in subsequent processing steps. The flow behavior
of those suspensions has to be controlled carefully for success-
ful and efficient processing. This requires thorough under-
standing of the effect of particle size (distribution) and shape
on suspension rheology. Slurries with carbonaceous solids
should have a certain higher heating value (HHV), e.g., to
increase the energy output by enhancing the input. Using an
aqueous continuous phase, the required HHV can only be
reached suspending a high mass and, therefore, volume frac-
tion of coke in such slurries. The particle packing plays an
important role to accomplish this challenge.

For spherical particles it is well-known that the maximum
packing fraction fVmax

1) at which viscosity diverges can be

increased using bi- or multimodal particle size distributions.
Freely flowing suspensions with fV > 80 % can be achieved as
the finer particles fill the voids between the coarser ones [3].
For bimodal systems at a given total solids content viscosity
reaches a minimum for a fine particle fraction of about 30 %.
The maximum packing fraction of anisotropic particles is high-
er than for spheres [4] but little is known about the variation of
fVmax

with size distribution and its effect on flow behavior.
Consequently, starting in the early days of rheology, numer-

ous investigations have been performed regarding the effect of
anisotropic, non-Brownian particles on the flow behavior of
suspensions, including experimental, theoretical, and numeri-
cal investigations [5–14]. In general, at a given particle loading,
low shear viscosity increases with rising particle anisotropy.

Prior work with carbonaceous solids suspended in fluids
mainly focused on the flow behavior of coal slurries with water
or oil as continuous phase. Those kinds of fuels were of partic-
ular interest as substitute for fuel oil during the oil crisis in the
1970s [15]. The packing of nonporous spherical coal particles
in aqueous slurries has been investigated. Based on data for
suspensions including coal particles of distinctly different sizes
in various mixing ratios, the so-called reachable concentration,
i.e., the particle concentration at which an upper viscosity limit
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acceptable for coal slurry processing is reached, could be
increased by about 3 %. Particularly low viscosities could be
achieved for mixtures with large size ratio ( » 1:10) [16, 17].

Papachristodoulou and Trass discussed the rheology of coal-
oil slurries covering a broad coal range. Flow behavior is New-
tonian up to mass fractions of fm = 30 % and beyond this point
it can be described with the Bingham plastic model due to the
emerging yield stress. This flow characteristic is a consequence
of dominating attractive van der Waals (vdW) interactions
among particles. A decrease of the viscosity and yield stress
with increasing mean particle size was observed, especially for
high solid concentrations as a consequence of the 1/d scaling of
the stress related to the vdW attraction [18]. Similar trends for
yield stress and viscosity were found by Shivaram et al., though
biochar was used instead of coal. Lower viscosities at similar
solids loading were achieved using polymeric additives (car-
boxymethylcellulose sodium salt and poly(butadiene-maleic
acid) sodium salt), which may be adsorbed on the particle sur-
face, thus, reducing attractive vdW interactions [19].

Several investigations have shown that coal-water slurries
exhibit shear thinning flow behavior. Viscosity could be
reduced using a certain amount of fine particle content. For
further viscosity reduction, different surface-active additives
were used as dispersing or wetting agents, thus, an agglomera-
tion of particles could be prevented and an increase of solids
loading of the slurry could be achieved due to reduced attrac-
tive interactions among particles [20–26].

The effect of particle porosity and shape were not taken into
account in those investigations. However, Zhang et al. eval-
uated the influence of pores in coal particles on the viscosity of
coal-water slurries. Dry coal particles (lignite) absorbed water
from air filling the pores partially, resulting in sealed pores.
The effective particle porosity is reduced through this phenom-
enon, which results in a lower viscosity at a given solids con-
tent. This effect was not observed for activated carbon or coke
particles, since the whole pore volumes were filled with the
absorbed water [27].

The effect of particle size distribution (PSD) and porosity on
flow behavior at different volume fractions was investigated by
Boylu et al. Here, the porosity remained constant during treat-
ment in a laboratory-scale ball mill. A viscosity decrease at con-
stant volume fraction and PSD was observed for coal from low-
er to higher rank. The dependency of coal-water slurry
viscosity on particle shape was hypothesized and the sphericity
was suggested as shape parameter but no systematic data were
presented [28].

He et al. demonstrated that milling of petroleum coke for
petroleum coke-oil slurries resulted in an increased viscosity
and they attribute this to the decreasing width of the PSD [29].
The particle size was reduced and more isometric particles
were obtained by dispersing raw Indian coal in ionic liquids.
Microscopic images of the raw coal indicate irregular shapes
and rough surfaces but the shape was not analyzed quantita-
tively [30]. However, it is well-known that particle shape has a
significant influence on the flow behavior of suspensions
including non-spherical particles.

As the information about the influence of particle shape on
flow behavior is rare for coal respectively coke-water slurries,
this work focuses on manipulation of the particle shape and its

impact on the viscosity in dependency of the shear rate. There-
fore, two coke types with different milling properties were sys-
tematically studied.

2 Materials and Methods

2.1 Materials and Equations

Coke particles from wheat straw and beech wood were used in
this study. Water served as bulk phase, acting as a model fluid
for the aqueous pyrolysis condensate. The volumetric equiva-
lent sphere diameter, as a parameter for the particle size, was
determined through Fraunhofer diffraction (HELOS H0309,
sympatec GmbH, Clausthal-Zellerfeld, Germany). An ultrason-
ic wet dispersing unit (QUIXEL, sympatec) was applied for dis-
persing the particles in water. Porosity e was measured with
mercury intrusion porosimetry (AutoPore IV, micromeritics,
Norcross, USA) using a powder sample. The characteristic
sharp bend in the intrusion curve separates the regime of inter-
and intraparticle pores [31]. Determination of the density r
was done using a pycnometer according to Gay-Lussac (Carl-
Roth GmbH, Karlsruhe, Germany).

The mass fraction of the dispersed solid particles fm is calcu-
lated from the mass of the solid msolid and the mass of the liq-
uid phase mliquid:

fm ¼
msolid

msolid þmliquid
(1)

Then, the density of the solid particles rsolid can be calculated
from fm and the measured densities of the suspension rsusp

and the liquid phase rliquid:

rsolid ¼
fm

1

rsusp

� 1�fm

rliquid

(2)

Volume fraction fV of the coke-water slurries was obtained
by Eq. (3), where Vsolid is the volume of the solid, Vliquid is the
volume of the liquid, and Vpore denotes the particle pore
volume.

fV ¼
Vsolid þ Vpore

Vsolid þ Vliquid
(3)

Vpore is defined through (4):

e ¼
Vpore

Vsolid þ Vpore
(4)

Substituting Eqs. (4) and (1) into Eq. (3) results in the final
equation for calculating fV:

fV ¼
1

rsolid

1þ e

1�e

� �
1

rsolid

þ 1�fm

fm rliquid

(5)

with rsolid as the density of the solid and rliquid as the liquid
density, assuming that all pores are filled with the liquid.
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2.2 Particle Size and Shape Design

A planetary ball mill (PM200, Retsch GmbH,
Haan, Germany) was used for manipulation of par-
ticle size and shape. Coke-water suspensions with
fm = 25 % particles were mixed 1:1 (mass ratio)
with zirconium oxide balls (diameters 5 mm) in
two grinding jars with a volume of 125 mL each.
The sun wheel speed was set to 600 min–1 and the
milling time was varied between 0 to 15 min in
5-min steps. After the milling process and extrac-
tion of the milling balls the suspensions with the
milled particles were centrifuged (Universal 320,
Hettich GmbH, Tuttlingen, Germany) at 9000 rpm
for 15 min and the remaining particles were dried
at 105 �C for 24 h. A change of physicochemical
properties was not observed through this particle
treatment.

2.3 Particle Shape Determination

Microscopic images for particle shape determina-
tion were taken with an inverse light microscope
(Axio Observer D1, Carl Zeiss GmbH, Jena, Germany),
equipped with a A-Plan 40·, N.A. 0.65 lens combined with a 1·
optovar magnification changer. Images were taken using a
sCMOS camera Zyla X (Andor Technology Ltd., Belfast,
United Kingdom) with a 21.8 mm diagonal sCMOS sensor size
resulting in a maximal size of 2560 ·2160 pixel. The dimen-
sions of the taken images were 2048 ·2048 pixel with a resolu-
tion of 0.155 mm per pixel for this setup resulting in a side
length of 317mm.

A small amount of particles was dispersed in ethanol using a
turbulent beater blade. Afterwards, the suspension was dripped
onto a microscope slide. Microscopic images were taken after
the ethanol evaporated and the particles were uniformly dis-
tributed on the slide. Image analysis was performed using an
in-house developed image analyzing tool based on Matlab�

(version R2015a, The Mathworks Inc., Natick, MA, USA)
scripts. Filters for particle size separation were applied for the
detection of agglomerates or too small particles, which appear
almost round due to the resolution limits of the taken images.
Particles touching the image edges were also eliminated. An
example image is shown in Fig. 1.

A light microscopic image of standardized, well-character-
ized spherical silica particles (Kromasil 100-7-SIL, batch no.
11937, Akzo Nobel, Bohus, Sweden; purchased from MZ-Ana-
lysentechnik GmbH, Mainz, Germany) with a nearly mono-
modal PSD (d50 = 6.1 mm) is presented in Fig. 1 a and a typical
filtered and contrast-enhanced image is displayed in Fig. 1 b.
Several agglomerates were purposely left in the image to dem-
onstrate that the applied filters successfully excluded such
agglomerates and only single particles were analyzed. Circular-
ity was chosen as the particle shape parameter since it could be
detected with a higher accuracy and reproducibility than the
aspect ratio of the coke particles. Circularity not only charac-
terizes the overall particle shape but also accounts for their
roughness [32].

Generally, a change in aspect ratio also results in a change in
circularity. The definition of circularity C is given in Eq. (6),
where A is the detected particle area and P the perimeter of this
area. For the spherical silica particles, our image analysis strat-
egy provided a monomodal circularity distribution with C » 1.

C ¼ 4 pA
P2 (6)

A detailed insight into the irregular shape, roughness, and
porosity of the coke particles investigated here is provided by
SEM images as exemplarily shown in Fig. 1 c.

2.4 Sample Preparation

Coke particles were slowly mixed into the water using a turbu-
lent beater blade at an angular mixing speed of 200 rpm. An
additional stirring period at 400 to 700 rpm, depending on sol-
ids content, of 20 min was performed after all particles had
been added to the sample to break remaining agglomerates. All
rheological measurements were performed right after sample
preparation.

2.5 Rheological Characterization

Shear rate-dependent viscosity h _gð Þ measurements were per-
formed using a strain rate controlled rotational rheometer
(MARS II, Thermo Fisher Scientific, Karlsruhe, Germany)
equipped with a coaxial cylinder geometry (inner diameter
20 mm, outer diameter 21.7 mm) in controlled strain mode.
These measurements were conducted using a shear rate ramp
(initial shear rate: _glow = 1 s–1, final shear rate: _ghigh = 1000 s–1),
holding the shear rate for 30 s or until the measured stress
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Figure 1. Particle shape analysis. (a) Light microscopy image of SiO2 particles;
(b) image processed using the in-house Matlab scripts; (c) SEM image of a single
coke particle.
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reached a steady state (Ds/s)/Dt < 0.01 % s–1 before recording
the shear stress and the corresponding viscosity. Preliminary
experiments showed that no hysteresis occurred for a shear rate
ramp with interchanged initial and final shear rates. All mea-
surements were performed at least three times at a temperature
of 20 ± 0.1 �C.

2.6 Intrinsic Viscosity

Determination of the intrinsic viscosity was performed using
an Ubbelohde viscometer type I (Schott AG, Mainz, Germany)
with an inner capillary diameter of 0.63 mm and a device con-
stant of 0.009869 mm2s–2. The measurements were conducted
in a dilute regime where the relative viscosity hrel, which is the
ratio of the suspension viscosity h to the viscosity of the matrix
fluid hfluid (see Eq. (7)), depends linearly on fV ( £ 0.01).
Intrinsic viscosity was determined from an extrapolation of
hrel � 1ð Þf�1

V to fV = 0. Standard deviations were calculated
from the results of five repeated measurements of each sample.
All experiments were performed at 20 ± 0.1 �C.

hrel ¼
h

hfluid
(7)

3 Results and Discussion

3.1 Influence of Milling

Figs. 2 a and c show a sample image of wheat straw coke par-
ticles at tmill = 0 min and 15 min, respectively. Comparison
indicates the decrease in particle size, also the shape of the

milled particles seems smoother than that of the untreated
ones. Corresponding images for beech wood coke particles are
displayed in Figs. 2 b and d. While a decrease of particle size is
clearly visible, a shape change like for the wheat straw coke par-
ticles is not obvious from visual inspection. Deeper insight into
the effect of milling on the shape of the coke particles is
revealed by quantitative image analysis.

After the described milling procedure, the volumetric equiv-
alent sphere diameter was measured for both coke sorts using
Fraunhofer diffraction. Fig. 3 a illustrates the differential and
cumulated particle size distributions q3 and Q3, respectively, as
a function of the particle diameter dparticle for wheat straw coke
particles. A monotonic decrease of the particle size with
increasing milling time is observed and a similar trend is found
for beech wood coke particles, as seen in Fig. 3 b.

Both initial samples exhibit a broad PSD but the beech wood
powder exhibits a distinct bimodality. This feature vanishes
upon milling and for both coke types milling results in a nar-
rower PSD. Tab. 1 summarizes the characteristic particle sizes
d16, d50, and d84, PSD width sPSD, porosity e, and density rsolid

data together with the corresponding milling times tmill. The
median particle diameters of the unmilled coke types were
essentially equal (d50 » 20 mm).
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b)

d)

Figure 2. Raw images of wheat straw coke particle at
tmill = 0 min (a) and 15 min (c) as well as beech wood coke parti-
cles at tmill = 0 min (b) and 15 min (d), qualitatively indicating
particle shape and size.

Figure 3. Differential PSD q3 and cumulated PSD Q3 as functions
of the particle diameter dparticle for (a) wheat straw coke and (b)
beech wood coke after different milling times in a planetary ball
mill.
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After similar milling time, the equivalent sphere diameters of
both coke types were still in the same range, e.g., with a milling
time of 15 min the median diameter d50 of both samples
decreased to 7 mm. Moreover, the d16 and d84 values are also in
the same range. Mercury intrusion porosimetry measurements
reveal that the particle porosity is not affected by the grinding
procedure even after extended milling. The same is true for the
density. Manipulation of particle size in a planetary ball mill
provides reproducible results regarding the PSD for both coke
feedstocks.

The shape of the particles was analyzed with the method
described above using the circularity as characteristic feature.
At least 5000 individual particles were analyzed for every parti-
cle batch. In Fig. 4, the corresponding differential circularity
distributions are shown. The dashed lines indicate the basis
splines between the measured points, which fit to the measured
data sets. Fig. 4 a displays the circularity distribution of the
wheat straw coke particles. A transition from lower to higher
circularity with increasing milling time is clearly observed, sug-
gesting a change to a more spherical and smoother particle
shape. Fig. 3 b demonstrates the circularity distributions for
beech wood coke particles after different milling times. Those
curves exhibit no significant change with increasing milling
time, indicating that the particle shape remains the same within
experimental uncertainty. Comparing the distributions of both
coke types at tmill = 0 min indicates that the beech wood coke
particles are rounder than the wheat straw coke particles in
their original state.

3.2 Influence of Mass and Volume Fraction
on Flow Behavior

The viscosity functions for a wheat straw coke slurry (WSCS)
with unmilled particles (tmill = 0 min) at different mass, respec-
tively volume fractions (fm = 10–25 % or fV = 20.9–56.4 %)
are depicted in Fig. 5 a. At low mass fractions, the slurries
exhibit Newtonian flow behavior, i.e., the viscosity is constant

over the whole shear rate range. This constant value is assumed
also to be valid for shear rates which could not be measured
here. Note, the shear rate range was limited due to the sensitiv-
ity of the experimental setup at low shear rates and due to the
onset of secondary flows at high shear rates. This Newtonian
behavior is common for dilute suspensions of spherical par-
ticles (fV £ 30 %) without thermodynamic interactions [33].

With increasing particle loading the flow behavior gets more
and more non-Newtonian. A plateau for the zero shear viscosi-
ty is not detectable in the investigated shear rate range. Shear-
thinning behavior is observed for slurries with mass fractions
fm ‡ 12.5 % (fV ‡ 26.5 %). The high viscosities at low shear
rates are due to interparticle forces like, e.g., vdW forces but
with increasing shear rate hydrodynamic forces dominate those
particle-particle interactions and a viscosity decrease occurs;
also particle orientation in the flow has to be considered. This
non-Newtonian flow behavior can be described with the three-
parameter Sisko model [34]; see Eq. (8). Here, h is the viscosity,
KS the consistency index, _g the shear rate, n the flow index, and
h¥ the infinite shear rate viscosity.

h ¼ KS _gn�1 þ h¥ (8)

The Sisko model was already successfully applied to coal-
water slurries, although this model does not include a yield
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Table 1. Characteristic particle sizes at a cumulated PSD of
16 % d16, 50 % d50, 84 % d84, PSD width sPSD ¼ ln d84=d16ð Þ, po-
rosity e, and particle density rsolid at different milling times for
wheat straw and beech wood coke.

tmill

[min]
d16

[mm]
d50

[mm]
d84

[mm]
sPSD

[–]
e
[%]

rsolid

[g cm–3]

Wheat straw 0 6.4 20.0 49.4 2.04 73 1.85

5 3.9 11.3 31.0 2.07 73 1.85

10 3.2 8.7 24.1 2.02 73 1.85

15 2.6 7.0 18.8 1.98 73 1.85

Beech wood 0 5.6 20.8 60.0 2.37 58 1.53

5 3.7 11.0 32.7 2.18 58 1.53

10 3.0 8.6 24.2 2.09 58 1.53

15 2.6 7.0 18.0 1.93 58 1.53

Figure 4. Differential distribution q0 of circularity after different
milling times for (a) wheat straw and (b) beech wood coke. The
dashed lines indicate the basis splines between the measured
points.
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stress parameter. Nevertheless, it describes the flow curves over
a wide shear rate range very well [35].

It has to be mentioned that this model does not preclude the
presence of a yield stress but just does not cover this aspect of
flow behavior. In the case investigated here, a potential yield
stress can be estimated to be well below 1 Pa and, thus, it is not
relevant for technical processing. Resulting n, KS and h¥ values
are summarized in Tab. 2 for the four highest volume fractions
measured for both slurries at tmill = 0 min and 15 min. The vis-
cosity functions fitted with this model are indicated by the
dashed lines through the symbols in all graphs of Fig. 5 for the
non-Newtonian flow curves.

In Fig. 5 b, the viscosity functions for a beech wood coke slurry
(BWCS) with unmilled particles (tmill = 0 min) at different mass
or volume fractions (fm = 10–40 % or fV = 16.1–72.2 %), respec-
tively, are illustrated. Viscosity values are quite similar to those
obtained for WSCS and non-Newtonian flow behavior sets in at
mass fractions fm ‡ 20 % and data for fm > 20 % can also be fit-
ted with the three-parameter Sisko model. For both slurries,
non-Newtonian behavior sets in at fV » 25–30 %, i.e., at slightly
lower fV values than expected for ideal spherical particles and
this is presumably due to the irregular particle shape.

A comparison of WSCS and BWCS with same mass frac-
tions from Figs. 5 a and b reveals that the WSCS has a higher

viscosity, especially at high shear rates, than BWCS due to the
larger porosity of the wheat straw particles resulting in a higher
particle volume fraction for the WSCS at a given mass fraction.
The high shear-limiting viscosity h¥ is independent of thermo-
dynamic particle interactions and solely determined by particle
shape and volume fraction.

The viscosity curves at different mass fractions of milled
wheat straw particles (tmill = 15 min) are presented in Fig. 5 c.
For every mass fraction a significant reduction of the viscosity
compared to the corresponding suspension of unmilled par-
ticles is observed. This also shows up in the h¥ data summa-
rized in Tab. 2. This phenomenon is attributed to the increased
circularity of the milled wheat straw particles, as the density
and porosity remain constant. The influence of the particle
shape is discussed in more detail later. Remarkably, using the
milled particles it was possible to prepare a suspension with
fm = 35 % with essentially the same viscosity function as the
suspension of unmilled particles with fm = 25 %. The milling
step thus turns out to be a valuable tool to increase the energy
density of the slurry.

Fig. 5 d exhibits the corresponding viscosity curves of milled
beech wood coke (tmill = 15 min) with increasing mass content.
In contrast to the WSCS, the BWCS shows minor changes in
the viscosity function upon milling comparing Fig. 5 b with
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Figure 5. Viscosity h versus shear rate _g for (a) wheat straw coke slurries (WSCS), (b) beech wood coke slurries (BWCS),
both at tmill = 0 min and (c) WSCS, (d) BWCS at tmill = 15 min with different mass and volume fractions. Points are mea-
sured values while the dashed lines refer to the fits of the Sisko model to the respective data.

Research Article 1890



Fig. 5 d or the corresponding KS and h¥ values in Tab. 2. Minor
differences between viscosity functions at the same fm are pre-
sumably due to the differences in the PSD. The suspensions of
milled particles with narrower PSD exhibit slightly lower vis-
cosity than suspensions of unmilled particles. The high volume
fractions of WSCS with milled particles (up to fV = 83.4 %)
and BWCS (up to fV = 72.2 %) are enabled by the broad PSD.
For monomodal suspensions of spherical particles viscosity
diverges at a volume fraction fVmax

= 74 % assuming face-cen-
tered cubic packing. Farris demonstrated that the volumetric
maximum packing fraction fVmax

is strongly dependent on the
PSD and fVmax

> 90 % can be reached for multimodal of very
broad PSDs, since the small particles fill the interstitial volume
between the bigger particles efficiently [3, 36].

At constant mass fractions, the WSCS still show a higher
infinite shear rate viscosity than BWCS with particles which
were treated 15 min in the planetary ball mill. However, the
flow behavior of WSCS is almost Newtonian for mass fractions
up to fm = 22.5 %, whereas BWCS exhibit a shear-thinning
flow behavior starting at a mass fraction of fm = 20 %. It has to
be mentioned that the second Newtonian plateau adjusts faster
for the WSCS with milled particles than for the BWCS. As
described above, an impact of the particle shape on flow behav-
ior occurs for the WSCS due to milling. In contrast, the flow
behavior of BWCS remains constant upon milling since this
processing step affects only the particle size but not their shape.
This is in common with the findings of Thomas, who investi-
gated suspensions with different particle size and also the

matrix fluid viscosity had been varied substantially. No effect of
particle size or fluid viscosity on the relative suspension viscosi-
ty could be observed [37]. The relative viscosity hrel in Eq. (7)
has to be considered as a function of the volume fraction fV.

Fig. 6 indicates the relative viscosities of untreated WSCS (a)
and BWCS (b) suspensions versus volume fraction at various
shear rates between 1.1 s–1 and 1000 s–1; h values are taken from
Fig. 5 and hfluid = 1 mPa s. With increasing shear rate, hrel

reduces due to decreasing relevance of thermodynamic particle
interactions compared to hydrodynamic forces and due to an
alignment of particles in the flow field. The effect of flow align-
ment on particle packing and flow resistance has been thor-
oughly discussed by Donev et al. [38].

Newtonian flow behavior for the dilute suspensions
(fV < 25 %) implies that the respective hrel data lie in a narrow
range. For higher volume fractions, the hrel versus fV curves
obtained at different shear rates diverge reflecting the shear-
thinning behavior. Note, for volume fractions fV > 44 % even
the hrel versus fV curves for the two highest shear rates (94.3 s–1

and 1000 s–1) diverge since the second Newtonian plateau is
attained at higher shear rates as fV increases. Observations
made for WSCS and BWCS are very similar. However, the
non-Newtonian flow behavior starts at higher volume fraction
for BWCS than for WSCS, and the same applies for the second
Newtonian plateau.
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Table 2. Fitting values n, KS, and h¥ of the Sisko model for
WSCS and BWCS at tmill = 0 and 15 min.

Slurry fV

[%]
fm

[%]
n
[–]

KS

[Pa sn–1]
h¥

[mPa s]

WSCS, 0 min 38.0 17.5 0.186 0.074 5.4

44.0 20.0 0.280 0.142 8.9

50.2 22.5 0.263 0.357 19

56.4 25.0 0.312 0.788 55.6

WSCS, 15 min 50.2 22.5 – – 3.6

56.4 25.0 0.000 0.014 5.2

69.4 30.0 0.001 0.196 16.2

83.4 35.0 0.385 0.524 56.6

BWCS, 0 min 42.5 25.0 0.127 0.058 3.8

52.0 30.0 0.150 0.177 7.4

61.9 35.0 0.165 0.623 15.4

72.2 40.0 0.212 1.621 37.3

BWCS, 15 min 42.5 25.0 0.122 0.060 3.6

52.0 30.0 0.140 0.173 7.7

61.9 35.0 0.162 0.636 17.1

72.2 40.0 0.216 1.624 36

Figure 6. Relative viscosity hrel versus volume fraction fV at
shear rates _g of 1.1 s–1 (square), 8.9 s–1 (circle), 94.3 s–1 (triangle),
and 1000 s–1 (diamond) for (a) WSCS and (b) BWCS with un-
treated particles (tmill = 0 min).
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For further investigations regarding the influence of the par-
ticle shape on flow behavior, the relative viscosity, taken at
shear rates of _glow = 1.1 s–1 and _ghigh = 1000 s–1, will be dis-
cussed.

3.3 Influence of Particle Shape on Viscosity
in the Low- and High-Shear Regime

Fig. 7 displays the relative viscosity as a function of volume
fraction for coke slurries with particles, which were milled for
different periods of time. For WSCS (Fig. 7 a), a monotonic
decrease of the relative viscosity with increasing milling time of
the particles is observed in the low-shear regime as well as in
the high-shear regime. Nicoleit et al. made similar observations
regarding a decrease of hrel with milled particles, but received a
reduced porosity of the wheat straw coke particles due to their
grinding setup and, therefore, attributed this reduction in rela-
tive viscosity at constant mass fraction to the porosity decrease.
However, the particle shape was not taken into account [39].

Here, one can exclude a change in porosity due to milling
and hence, the decrease of viscosity is ascribed to the increase
in circularity of the particles, as indicated in Fig. 4 a. From a

milling time of 0 to 5 min, hrel at _glow = 1.1 s–1 drops from 710
to 30 at fV = 56.4 % which is a reduction by a factor of almost
25. Similar relative viscosity values are found for milling times
of 5 and 10 min as expected since the circularity distribution is
essentially the same. A further increase in circularity was
achieved for tmill = 15 min, resulting in a further drop of low
shear viscosity to hrel = 17. At a high shear rate of 1000 s–1, the
relative viscosity reduces from hrel = 55 to hrel = 5.6 for a mill-
ing time of 15 min.

The model of Santamaria-Holek and Mendoza was used to
describe the dependence of hrel and fV quantitatively. This
model is a modification of the Krieger-Dougherty approach
[40], taking the effect of particle shape on intrinsic viscosity [h]
and maximum packing fraction fVmax

into account [10]. Their
expression for the relative viscosity is given in Eq. (9). Here, c is
a constant calculated according to Eq. (10).

hrel ¼ 1� fV

1� c fV

� �� h½ �
(9)

c ¼
1� fVmax

fVmax

(10)

This model includes two parameters, namely, the maximum
packing fraction fVmax

and the intrinsic viscosity [h]. The for-
mer depends on the PSD as well as on the particle shape,
whereas the latter is solely determined by the particle shape.
Both parameters are strongly correlated and cannot be fitted
simultaneously. Thus, the maximum packing fraction was held
constant and determined the intrinsic viscosity [h]. A value
fVmax

= 96 % was selected here considering the very broad PSDs
for all used coke fractions and assuming that the change of
shape relevant here is of minor impact. This assumption seems
to be reasonable especially in the high-shear regime where par-
ticle alignment is supposed to occur and only those hrel–fV

data sets were fitted. The intrinsic viscosity is, therefore, the
only fitting parameter. The resulting values for the averaged
intrinsic viscosity values for WSCS are 4.6 ± 0.07, 2.7 ± 0.01,
2.3 ± 0.01, and 2.1 ± 0.01 at milling times of 0, 5, 10, and
15 min. This reduction is consistent with the rising circularity,
i.e., increasing roundness and decreasing roughness. The limit-
ing [h] value for spheres is 2.5 but for anisotropic particles
aligned in strong flow fields even lower values are possible.

In conclusion, the milling step enabled us to increase the
particle mass fraction and hence, the HHV of WSCS without
increasing the viscosity level, thereby guaranteeing good pump-
ability and gasification.

In Fig. 7 b, the relative viscosity versus fV data for BWCS are
displayed. In contrast to WSCS no significant change of the hrel

versus fV curves could be achieved by the milling procedure
irrespective of milling time. Neither at low nor at high shear
rates a measurable effect could be detected as expected, since
circularity distribution does not change during milling time of
the beech wood coke particles (Fig. 4 b). The porosity and den-
sity of the particles also remain constant, and obviously the
flow behavior of BWCS does not depend on the particle size in
the investigated range. Again setting fVmax

= 96 % as for the
WSCS, an intrinsic viscosity [h] = 2.8 ± 0.04 was obtained from
fitting the relative viscosities at _g = 1000 s–1 independent of
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Figure 7. Relative viscosity hrel versus volume fraction fV at
_glow = 1.1 s–1 and _ghigh = 1000 s–1 for (a) WSCS and (b) BWCS
made from coke particles milled for different periods of time.
The lines indicate fits of the model suggested by Santamaria-
Holek and Mendoza keeping the parameter fVmax

constant at
fVmax

= 96 % and using [h] as the only free fit parameter charac-
terizing the change in particle shape upon milling [10].
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milling time. This is in the same range as the value for [h] for
WSCS at a milling time of 5 min.

Finally, it should be noted that the intrinsic viscosity data
obtained from viscosity measurements according to the fitting
procedure described above are in excellent agreement with
direct determinations of this quantity from dilute suspension
viscosity as obvious from Tab. 3.

These consistent results including three independent sets of
experimental data justify to neglect the effect of circularity on
fVmax

allowing for a robust fit of the model described by Eq. (9)
to our experimental data. Note that the intrinsic viscosity val-
ues below the rigid sphere limit of 2.5 can be rationalized,
keeping in mind the high porosity of the particles allowing for
a fluid flow inside the particles [41].

4 Conclusions

The influence of particle volume fraction, size, and shape on
flow behavior of coke-water slurries was investigated. Two dif-
ferent coke feedstocks, namely, wheat straw and beech wood,
with similar initial mean particle diameter were treated in a
planetary ball mill. Both coke sorts exhibited an equal reduc-
tion in particle size with longer milling time. Additionally, the
wheat straw coke particles changed their shape with increasing
milling time, quantitatively evaluated by a rising circularity. In
contrast, the shape of the beech wood coke particles did not
change. In both cases, the particle porosity remained constant
irrespective of the milling time.

Slurries including those coke particles were prepared and
rheologically characterized. For low mass, respectively volume
fractions (fV £ 20 %), the suspensions behaved like Newtonian
fluids, while for higher particle loadings shear-thinning behavior
occurred. The shape of the corresponding viscosity over shear
rate curves is mathematically well-described by the Sisko model.
For WSCS, the viscosity at constant mass fraction decreased with
increasing milling time of particles, which is attributed to the
increased circularity. Accordingly, higher mass fraction of par-
ticles could be mixed into the slurry, at a selected viscosity level
providing good processability. This corresponds to an increased
energy density and, thus, HHV of the slurry. In contrast, the
BWCS exhibited similar viscosity functions independent of the
milling time as their circularity distribution remained unaltered.
Porosity and density of both coke feedstocks stayed constant
during milling and the particle size decreased in the same man-
ner. Obviously, the particle shape is the relevant parameter con-
trolling the change in flow behavior observed for WSCS.

The effect of particle shape on coke slurry viscosity was cap-
tured quantitatively using the model of Santamaria-Holek and
Mendoza describing the dependence of relative viscosity on
particle volume fraction. This model includes two parameters,
namely the maximum packing fraction and the intrinsic viscos-
ity. The former depends on the PSD as well as on particle
shape, whereas the latter is solely determined by the particle
shape. Accordingly, both parameters are strongly correlated
and cannot be fitted simultaneously. Thus, the maximum pack-
ing fraction was held constant and the intrinsic viscosity [h]
was determined from fitting the well-established phenomeno-
logical model to our experimental data.

The intrinsic viscosity values obtained that way remained
unchanged upon milling for beech wood coke while they
decreased for wheat straw coke. This is in line with image anal-
ysis results revealing a constant circularity for beech wood coke
and an increase of this shape parameter upon milling for wheat
straw coke. Moreover, excellent agreement was found of abso-
lute intrinsic viscosity values obtained from modeling the vis-
cosity of concentrated suspensions and those directly obtained
from dilute suspension viscometry. This consistent data analy-
sis including three independent measurements justifies this
simplified but robust approach suggested here for quantita-
tively modeling coke slurry viscosity.

These investigations finally provide evidence that the flow
behavior of coke-water slurries can be tailored by changing the
particle shape. A viscosity reduction can be achieved by milling
of wheat straw coke particles enabling a substantially increased
particle loading, i.e., HHV at a viscosity level still providing
good transport and gasification properties.
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Symbols used

A [px2] area of projection
c [–] constant, see Eq. (10)
C [–] circularity
d [mm] particle size
dparticle [mm] particle diameter
KS [Pa sn–1] consistency index
m [g] mass
n [–] flow index
P [px] perimeter
Dt [s] time difference
tmill [min] milling time
V [cm3] volume
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Table 3. Values of the intrinsic viscosity [h] obtained with an Ub-
belohde viscometer from plots of hrel � 1ð Þf�1

V against fV = 0.

tmill [min] [h] [–]

Wheat straw 0 4.38 ± 0.02

15 2.24 ± 0.05

Beech wood 0 2.74 ± 0.10

15 2.83 ± 0.07
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Greek letters

_g [s–1] shear rate
e [%] porosity
h [Pa s] dynamic viscosity
hfluid [Pa s] bulk viscosity
hrel [–] relative viscosity
h¥ [mPa s] infinite shear rate viscosity
[h] [–] intrinsic viscosity
r [g cm–3] density
s [Pa] shear stress
sPSD [–] width of the PSD
Ds [Pa] shear stress difference
fm [%] mass fraction
fV [%] volume fraction

Subscripts

max maximal
susp suspension

Abbreviations

BWCS beech wood coke slurry
EFG entrained flow gasification
HHV higher heating value
LPG liquefied petroleum gas
PSD particle size distribution
SNG synthetic natural gas
vdW van der Waals
WSCS wheat straw coke slurry
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