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Abstract

Flow of water-bentonite dispersions is encountered in a variety
of situations in oil-well drilling, chemical, petroleum and waste
treatment industries and in complex geometries like pipe, concentric
and eccentric annulus, and rectangular ducts. Most of the time, the
flow of these dispersions is laminar and analytical solutions have
been developed for a variety of rheological models like the Casson,
the Robertson-Stiff, and the Herschel-Bulkley models. Couette
viscometers are often used to determine the applicable rheological
model but most of the time the shear rates experienced by the fluids
are often computed as if the fluids were Newtonian or using a
narrow gap approximation, giving thus only approximate values
of the rheological parameters for the particular model. Recent
advances, though, enable the computation of the true shear rates
for any of the three models mentioned. Using Couette viscometric
data from the literature, the three models are applied to obtain the
rheological parameters using Newtonian and true shear rates in the
narrow gap of the viscometer and the best fit model is determined.
The flow parameters in laminar flow for pipes and annuli, such

as velocity profile, pressure drop gradient as well as the onset of

the transition to turbulent flow are then predicted. Differences
in the rheological behaviour for all three models and from using
Newtonian or true shear rates, as well as on the prediction of the
flow parameters are evaluated and discussed.

1 INTRODUCTION

Water bentonite dispersions are used in many industries
and in particular in oil-well drilling where they perform
several important tasks for which determination of
rheological properties is of primary importance. The shear
stress — shear rate curves obtained with a Couette viscometer
are most often characterized by non-linearity and exhibit
yield stress (Bourgogne et al. 1991; Kelessidis et al. 2006;
Kelessidis and Maglione 2006; Kelessidis et al. 2007;
Kelessidis and Maglione 2008). Many rheological models
have been suggested to describe the non-linear rheograms of
these dispersions which relate shear stress t  to shear rate g
, with three of them being of particular relevance to drilling
fluid industry. These are, the three-parameter Herschel-
Bulkley model (Herschel-Bulkley 1926; Fordham et al.
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1991; Hemphil et al., 1993; Maglione and Ferrario 1996;
Maglione et al. 2000; Kelessidis et al. 2005) given by

t =t +K (@) fort =t (1)

with t and g, are the yield stress and the shear rate of
a Herschel-Bulkley fluid, K the flow consistency index
and 7 the flow behaviour index; the three-parameter
Robertson-Stiff model (Robertson and Stiff 1976; Beirute
and Flumerfelt 1977)

t =A@, +g)" fort > Ag) 2

with A, 8,, M the three rheological constants; and the
two-parameter Casson model (Casson 1957; Bailey and
Weir 1998)

Vb=, +mg fort >t 3)

with t ;,m,, the Casson yield stress and the Casson plastic
viscosity, respectively. Equations (1) and (3) state that there
is no flow until a stress is developed which overcomes the
yield stress, while equation (2) states that there is no yielding
of the fluid until an initial strain is overcome.

The fluid rheograms (t ; —g, data) are obtained using
a variety of instruments. In oil-well drilling industry the
instrument of choice is the narrow-gap Couette viscometer
with a gap of 1.170 mm and a diameter ratio of 1.06780
(Bourgoyne et al. 1991; API 1993). Most of the time the
shear rate values used in the reported rheograms are the
values obtained assuming the fluid as Newtonian (by us-
ing the Newtonian shear rates, g, ). If the fluid behaves
according to one of the above mentioned models, the
actual shear rates experienced by the fluid are different
and depend on the particular model. This difference has
been assessed for various rheological models by many
investigators in the past (Krieger and Maron 1952, 1954;
Krieger and Elrod 1953; Krieger 1968; Govier and Aziz
1972; Hanks 1983; Darby 1985; Joye 2003) using series
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expansion algorithms. It has been shown recently, though,
that differences between the Newtonian shear rates and the
true shear rates for Casson fluid, g’t-, and for Robertson-
Stiff fluid g s , albeit small, exist and should be taken into
account (Kelessidis and Maglione 2006). Furthermore, the
differences between Newtonian shear rates and Herschel-
Bulkley fluid shear rates, g 4 » Are even more significant
(Kelessidis and Maglione 2008).

The choice of the best rheological model that
characterizes water-bentonite dispersions is of extreme
importance for computing pressure losses and velocity
profiles, with the former contributing to oil-well safety
(Bourgoyne et al. 1991) and the latter contributing to well
cleaning from cuttings (Pilehvari et al. 1999; Kelessidis
and Bandelis, 2004). The choice is normally done using
non-linear regression with the best model giving the
highest correlation coefficient Rf but use of a linear
regression correlation coefficient has been questioned
for non-linear models (Helland 1988). Other statistical
regression indicators have therefore been used such as
the sum of square errors, SSE, and the root mean square
error, RMSE (Maglione and Kelessidis 2006). In view
of the fact that shear rates are also different for the
different models, one has to wonder what would be the
best fit rheological model of water-bentonite dispersions
and whether evaluation of rheological parameters using
Newtonian or true shear rates will have an effect on the
particular choice. Similarly, the particular model chosen
has an effect on the flow parameters of these dispersions,
such as pressure loss and velocity profiles for flow in
pipes and annuli, the typical geometries encountered in
oil-well drilling.

It is, therefore, essential to be able to choose the best
rheological model describing the rheological behaviour of
these dispersions and to determine the consequences on the
variables of interest, because the integration of rheological
parameters with the hydraulic parameters is of special
importance to drilling industry (Maglione et al. 1999). The
flow of such yield-pseudoplastic fluids in various conduits
such as pipes, annuli and ducts has been the subject of
work of many investigators (Fordham et al., 1991; Van
Pham and Mitsoulis, 1998; Bird et al., 2007; Mitsoulis
2007) but not taking into account elastic properties (Patil
et al., 2008). The purpose of this paper is, hence, to analyze
rheological data of water-bentonite dispersions reported
in literature obtained with Couette viscometers, using
Newtonian and true shear rates, and determine the best
rheological model, among the three considered, using three
statistical indicators. Then, the effect of using true versus
Newtonian shear rates for the best chosen rheological
model, for a suspension flowing in a pipe or an annulus,
on pressure loss, velocity profiles and transition from
laminar to turbulent flow is considered, using the models
developed by Kelessidis et al. (2006) and Founargiotakis
et al. (2008).

2 THEORY

For a Newtonian fluid, the shear stress, U ; , developed on
the inner cylinder of a narrow-gap viscometer with the outer
cylinder rotating with a speed /N, revolutions per minute, is
given by (Govier and Aziz 1972, Bird et al. 2007),

= J[szi )(m) )

Fres T G
MooprtL \dP-1 )L 60

where T is the torque developed on the stationary inner
cylinder, 7; is the radius of the inner cylinder, [ , is the
cylinder length, d , is the radius ratio of the viscometer (
d =1.0678( for narrow-gap viscometers used in oil-well
drilling) (Bourgoyne et al. 1991), and M is the Newtonian
viscosity. Equation (4) gives the Newtonian shear rate,
g;\"f’ , as,

. [ 2d° 2p,r\r',.] S
Eni = d 2 1 60 ( )

The true shear rate in the narrow-gap viscometer for
a Casson fluid, g, can be computed (Hanks 1983; Joye
2003; Kelessidis and Maglione 2006) as

g'n =L [ﬁm _t_ulndj
a0
mp

dr 4dh,

@) @1
e

An equation for the true shear rate on the inner cylinder
for a Robertson-Stiff fluid, g, , has been suggested by
Zaho (Maglione and Romagnoli 1999) and given in a final
form as (Kelessidis and Maglione 2006)

s =2 2% ig 2d*™"Ind _, ,
=60 g 1) S| mlg? o) |7

For Herschel-Bulkley fluids, the true shear rate, g,
, can be expressed as a series of j terms (Kelessidis and
Maglione 2008). The flow problem becomes a mathematical
inverse integral problem for which analytical solution has
not been found and in order to derive the series expansion
solution, two cases must be considered (Kelessidis and
Maglione 2008): for t, < 2t L which is usually true for
values of rotational speed between 3 and 6 rpm, the true
shear rate can be given by,
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For t, >2t , normally satisfied for rotational speeds
greater than 6 rpm, the true shear rate is given by,
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The sum of square errors, SSE, and the root mean
square error, RMSE , can be computed for any of the
suggested models by,

SSE=> ¢, -ty (10)
, SSE
RMSE = (11)
m P
where tAf. is the predicted shear stress value, N, is the

number of measurements and P are the degrees of freedom
(the number of parameters in the rheological model), which
for the Casson model is two and for the RS and the HB
models is three.

In order to compute the effects of different approaches
on pressure loss estimation, these are estimated for a series
of flow rates covering laminar flow of such fluids in pipes
and annulus as well as the onset of transition to turbulent

flow for these geometries, as these are dependent strongly
on the values of the rheological parameters. The procedure
followed to predict the onset of laminar to transitional flow
regime was developed by Founargiotakis et al. (2008). To
this end, the flow equation for laminar flow is analytically
solved using the Kelessidis et al. (2006) approach. For
transition to turbulent flow, defined by the Reynolds number
where departure from laminar flow friction factor data is
observed (Dodge and Metzner 1959), use of the local power-
law assumption is made, as follows,

t w o K'(g_\,“_ )*.
(12)

The expressions of the local-power law parameters were
provided by Founargiotakis et al. as,

. n(l—Xan +n +1)

(13)
l+n+2nx +2n°x?
and
‘) +K(2n Hg'Nw]
37
Jot= = (14).
(gNw)]
and
t,
X =t—'— (15)

The values of Newtonian shear rates, g_\_.“_ , are given, for
circular conduits by,

. 8V
g Nw — :
d

and for concentric annuli, which is considered as a slot, by,

(16)

.1
b T-d)

Onset of transition from laminar to ttransitional flow
occurs at values of the modified Reynolds number which are
function of n’, taken from the Dodge and Metzner (1959)
graph as,

(a7

Re, =3250-1150(x') (18)

where the generalized Reynolds number for the flow of
Herschel-Bulkley fluid, with m, =t /g, , in an annulus
becomes,



Teyv. Xpov. Emot. 'Exd. TEE, tevy. 3 2010 Tech. Chron. Sci. J. TCG, I, No 3

214
2= '
Re, < [Vi=d)_tVd-dy
m k(2]
while in a pipe becomes,
& il
Re_-\-ﬂ'ﬂp (20).

Thus, the transition points are not fixed but they are
function of fluid rheology, flow rate and conduit diameters
thus requiring iteration, where one assumes that flow is
laminar or transitional, and solves the system, with the
ultimate check that the calculated flow rate matches the
given flow rate.

3 MATERIALS AND METHODS

Rheological data from four water-bentonite dispersions,
taken from the literature (Kelessidis et al. 2005), samples
S1, S2, S5, and S7, at different bentonite concentrations
and densities ranging from 1,050 and 1,080 kg/m’, have
been analyzed to determine which amongst the Casson,
the Robertson-Stiff (RS), and the Herschel-Bulkley (HB)
models fitted better the raw experimental data. The sets of
experimental data were taken with a Grace M3500a Couette
viscometer, with an inner cylinder radius of 1.7245 cm, an
outer cylinder radius of 1.8415 cm, and cylinder length of
3.80 cm. Preparations and mixing procedures were carried
out according to API 13 A guidelines (API 1993). The disper-
sions were left for 16 hours for complete hydration of ben-
tonite particles, and then agitated vigorously for 5 minutes
before making viscometer measurements. Rheological data
is listed in Table 1.

Non-linear regression was performed on the raw experi-
mental data sets (t ; — N ) using standard non-linear regres-
sion packages to fit the Casson, RS and HB model equations
by first assuming that shear rates in the gap of the viscometer
are Newtonian, given by Eqn. (5), and the appropriate rheo-
logical parameters for each model were then determined.
Non-linear regression to the experimental data set was also
performed, to determine the rheological parameters also
with the use of the Casson and Robertson-Stiff true shear
rate equations, given by equations 6 and 7, respectively. The
rheological parameters using Herschel-Bulkley true shear
rates, equations 8 and 9, were determined using a numerical
algorithm presented before (Kelessidis and Maglione 2008).
Following the evaluation of the rheological parameters, the
three statistical indicators were then estimated, the correla-
tion coefficient, Rf , the sum of square errors, , and the root
mean square error, .

The appropriate rheological model, either using the

Newtonian shear rate or the true shear rate, was chosen as
the best fit of the rheograms to the raw experimental data ac-
cording to the statistical correlation parameters. Differences
in the prediction of flow parameters in laminar flow by using
the best fit model, both in pipes and annuli, such as velocity
profiles, pressure drop gradient, and onset of the transitional
flow regime when using Newtonian and true shear rates were
then evaluated.

4 RESULTS AND DISCUSSION

Figure 1 shows the behavior of the experimentally-de-
rived and computed Newtonian shear rates-based rheograms
for sample S1. Table 2 reports the rheological parameters
that characterize the three rheological models related to the
four bentonite dispersions as well as the statistical coeffi-
cients Rf , SSE and RMSE , for the case of using New-
tonian shear rates. As it can be seen from all three statistical
indicators, the HB model exhibits the best fit of the raw ex-
perimental data in two out of the four cases (samples S1 and
S2) while for samples S5 and S7, the best fit is observed for
the Casson and for the RS model, respectively, but the HB
model exhibits very close values of these indices to those
from the other models.

Figure 2 shows the comparison of the experimentally
derived and computed true shear rate-based rheograms for
sample S1. Table 3 reports the true rheological parameters
that characterize the three models as well as the related
statistical correlation coefficients. It can be seen from the
reported tables that in the case of using true shear rates, the
HB model exhibits the best fit of the experimental data in
three cases (S1, S5 and S7) while for the sample S2 data the
RS model gives the best fit, although HB model performs
equally well.

Figure 3 shows the ratio of the true shear rate to the
Newtonian shear rate for each model for sample S1. The
lines connecting the points reported on Figure 3 are drawn
with the purpose to give a more immediate overall view to
the trend of the ratios. For shear rates greater than 200 s,
the computed Newtonian shear rates are higher than the true
shear rates, for all three rheological models, with the ratio
floating around 1.20, and at lower shear rates, Newtonian
shear rates are much higher than true shear rates, with the
ratios ranging between 1.5 to 3.5 for all rheological models.
A similar behaviour was also observed for samples S2, S5,
and S7, not shown here for brevity. Thus, assumption of
Newtonian shear rates leads to higher values than those by
using the true shear rates which results in predicting larger
rheological parameters for all tested models.

The oscillations observed of the ratio of the true shear
rate to the Newtonian shear rate for the HB model might be
the consequence of the irregular trend of the experimental
data set, above all at low shear rates. Oscillations for the
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same ratio, though smoother, were also observed on the S2,
S5, and S7 samples. This behaviour might be also attributed
to calculation noise in the procedure to determine the true
shear rate that may occur with a different weight for different
experimental data set.

The above comparison indicated that the HB model based
on true shear rates is the best rheological model, amongst the
three considered models, to describe the rheological viscom-
eter data set. Use then of the HB rheological parameters was
done to determine the effect on the flow parameters.

Figure 4 shows the velocity profiles for laminar flow in
a pipe, with internal diameter (ID) of 0.1085 m (4.27-in), at
500 L/min and 1,000 L/min (132 and 264 gpm) predicted by
the HB model for sample S1. Computations were performed
with the Kelessidis et al. (2006) model using rheological pa-
rameters derived with the Newtonian shear rate and the true
shear rate. In Figure 5 the velocity profiles in a (0.2159 m
by 0.127 m — 8.5 by 5.0-in) annulus at 750 L/min and 1,500
L/min (198 and 397 gpm) predicted by the HB model are
also reported for both shear rates for Sample 7. Figure 4 and
5 show small differences amongst the velocity profiles of
the water-bentonite dispersions computed by the HB model
derived either by the Newtonian or the true shear rate, with
the plug width being larger when using Newtonian shear rate
derived rheological parameters.

Tables 4 and 5 report the plug flow region related to the
HB model derived by either Newtonian or true shear rate, for
samples S1 and S7, and for each pump rate. It can be seen
from the values of the radii R, and R, respectively the
onset and the end of the plug flow region, a relatively high
reduction (with values as low as -55.1%) of the extension of
the plug flow when the velocity profile is calculated by mak-
ing resort to the HB true shear rate.

In Figures 6 through 8 results are reported for the pre-
dicted pressure drop gradient in laminar flow regime in the
same pipe for the HB model derived by Newtonian shear
rate and by true shear rate for the samples S1, S7, and
S5, respectively. The results show that the pressure drop
gradient calculated with rheological parameters derived
using the true shear rates is all the time lower than the
corresponding one computed with rheological parameters
determined using the Newtonian shear rates. The maximum
differences range around (-8.7%) for sample S1, (-7.4%)
for sample S2, (—19.1%) for sample S5 and (-15.9%) for
sample S7, noting also that as the flow rate is increased
these differences become a bit smaller. Differences on
the onset of the predicted transitional flow regime is also
anticipated when the simulation is performed using the
HB rheological parameters derived by the true shear rates.
The largest difference was found for sample S5, where the
prediction of the onset of the transitional flow was at 481
L/min (127 gpm), when computed by the Newtonian shear
rate, and at 436 L/min (115 gpm), when calculated by the
true shear rates.

Figures 9 and 10 show the pressure drop gradient in

the same annulus as above, in laminar flow regime for the
HB model, with rheological parameters derived by New-
tonian shear rate and true shear rate, for samples S7 and
S5, respectively. The results show that, as in the case for
flow in pipes, the pressure drop gradient calculated with
rheological parameters estimated using true shear rates is
always smaller than the corresponding ones computed with
rheological parameters estimated using Newtonian shear
rates, with differences ranging from (—18.0%) for sample
S5 to (-13.3%) for sample S7. In addition, the onset of the
transitional flow regime is different, with the largest differ-
ence found for sample S5, where onset of the transitional
flow was predicted at 1,163 L/min (308 gpm), when com-
puted with rheological parameters estimated by using the
Newtonian shear rate, and 1,077 L/min (285 gpm), when
calculated with rheological parameters estimated by using
the true shear rate.

Figure 11 shows the ratio of the computed critical flow
rates for the onset of the transition from laminar to transi-
tional flow regime, in pipe and in annulus, derived with
rheological parameters estimated using the true shear rate
and the Newtonian shear rate, for the four analysed samples.
It is evident that in all the cases considered for both pipe and
annuli, the ratio of the critical flow rates is below 1.0 and
ranges between 0.91 and 0.97 with sample S5 showing the
smallest ratio.

5 CONCLUSION

Rheological experimental data of water-bentonite disper-
sions have been analysed to determine whether they can be
described by Casson, Robertson-Stiff, or Herschel-Bulkley
model. Equations have been used which allow the determi-
nation of the true shear rate experienced by the fluid in the
gap of a Couette viscometer when using any of the three
rheological models. This allowed the determination of the
rheological parameters for all three models using both true
and Newtonian shear rates.

Differences were observed between the rheological pa-
rameters computed by applying either the Newtonian or the
true shear rate expressions for all tested models. The three-
constant parameters of the Herschel-Bulkley rheological
model computed using the true shear rates gave the best fit
to the experimental data for all tested samples while compu-
tation with Casson model gave the lowest accuracy.

For flow of water-bentonite dispersions in pipe and
annulus, using the best fit rheological model (Herschel-
Bulkley model), differences were observed between the
computed flow parameters using the rheological parameters
derived with Newtonian shear rates versus those determined
with true shear rates. Up to (-19.1%) differences have been
estimated for the pressure drop gradient, indicating that
with current normal practice, errors in estimation of energy
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losses are of the same amount. On the other hand, only small
differences have been found for the velocities profiles, both
in pipes and annuli, indicating that cuttings transport is not
jeopardized using current practices. Variations in the critical
flow rates for the onset of transitional flow from laminar to
turbulent flow in pipes and annuli, have also been observed
which ranged between (-9.0%) and (-7.0%) respectively for
the fluids tested.
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Table 1 Rheological data of the samples used “

[Mivaxag 1. Peoloyika dedopévo. yo to. deiyuato mov ypnoiuomworOnxoy

RPM S1- S2 - S5 - S7 -
t,Pa | 7,,Pa | 7,,Pa | 7,,Pa
600 28.50 48.42 10.25 18.17
500 2775 46.83 8.92 16.67
400 26.83 44.58 7.83 14.75
300 25.00 41.58 5.92 12.75
200 22.58 37.83 4.75 9.92
100 21.00 35.67 3.42 6.50
80 21.00 33.25 3.08 6.17
60 20.08 30.83 2.92 5.75
30 16.67 27.42 2.00 4.00
20 17.50 27.83 1.67 4.17
10 16.00 21.90 1.25 3.33
6 14.67 2375 1.00 325
3 13.20 19.90 0.50 2.80

*from Kelessidis et al. (2005);

6.42% Zenith bentonite-water dispersions.

Table 2 Rheological parameters derived by Newtonian shear rate and statistical correlation coefficients for all samples

[Mivaxag 2. Peoloyikés mopauetpor mov eAngOnooy ue ypiion Nevtdveiwy poBumv d1atunong kai o1 oTaTioTikol OeiKTeS

S1 S2 S5 S7
Casson R-S H-B Casson R-S H-B Casson R-S H-B Casson R-S H-B

7,,7, [Pa] 14.540 - 8.475 22.00 - 9.807 0.710 - 0.675 2.173 - 2.3965
/tp,K,A 0.0026 9.209 3.401 0.0057 13.08 6.918 0.0054 0.112 0.073 0.0080 0.261 0.127
[Pa-s"]

}‘,0 [1/s] - 6.499 - - 6.184 - 21.2 - - 47.360 -
n,m - 0.162 0.256 - 0.188 0.247 - 0.646 0.700 - 0.611 0.699
RCZ 0.955 0.986 0.988 0.955 0.988 0.996 0.994 0.993 0.9937 0.9970 | 0.9980 | 0.9978
SSE [Pa’] 14.090 4.486 3.877 50.040 13.480 12.840 0.719 0.910 0.800 1.260 0.760 0.919
RMSE [Pa] 1.132 0.670 0.623 2.133 1.167 1.133 0.256 0.302 0.283 0.338 0.276 0.303
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Table 3 Rheological parameters derived by true shear rates and statistical correlation coefficients for all samples

ivaxag 3. Peoloyixés mopauetpor mov eAgOnooy ue ypron mpoyuotikdy poOumy o16Tunong Kol ol oTatioTiKol OEIKTES

S1 S2 S5 S7
Casson R-S H-B Casson R-S H-B Casson R-S H-B Casson R-S H-B

70,7, [Pa] 13.670 - 5.970 20.770 - 9.030 0.666 - 0.410 2.039 - 1.46
y K. A 0.0026 8.754 4.140 0.0056 12.44 | 6.166 0.0054 0.11 0.08 0.0079 0.255 0.225

P b s
[Pa-s"]
}}0 [1/s] - 6.090 - - 5.79 - - 19.86 - - 44.380 -
n,m - 0.162 0.236 - 0.188 0.259 - 0.646 0.690 - 0.611 0.619
R? 0.9580 0.986 - 0.956 0.976 - 0.994 0.993 - 0.9970 0.9980 -

.
SSE [Pa’] 13.217 4.489 2.420 48.14 13.48 14.74 0.718 0.910 0.299 1.26 0.760 0.635
RMSE [Pa] 1.096 0.670 0.469 2.092 1.16 1.214 0.255 0.302 0.173 0.338 0.276 0.252

Table 4 Plug flow region extension computed by the HB model rheological parameters derived by either the Newtonian or the true shear

rate for sample S1
[Tivaxag 4. Opiouog mepioyng pong uforov ue vroroyiouo HB povitédov e yprion Nevtaveiwv kai mpayuatikdv poludv oldtunong yia to
oetyuo S1.
Sample S1
Q=500 L/min Q= 1000 L/min
HB-Ne shear rate HB -True shear rate HB-Ne shear rate HB-True shear rate
Plug flow Ry [m] 0.0343 0.0435 0.0363 0.0448
Plug flow Ry gy [m] 0.0741 0.065 0.0721 0.0637
Difference [%] - -46.0 - -47.2

Table 5 Plug flow region extension computed by the HB model rheological parameters derived by either the Newtonian or the true shear

rate for sample S7
Mivaxag 5. Oprowog meproyng pong eufolov pe vroloyiouo HB poviédov ue ypnon Nevt@veiwy koi mpoyuatik@dy poludv o16Tunong yio. 1o
oetyuo. S7.
Sample S7
Q=750 L/min Q = 1500 L/min
HB-Ne shear rate HB-True shear rate HB-Ne shear rate HB-True shear rate
Plug flow R ja [m] 0.0770 0.0815 0.0789 0.0827
Plug flow Ry e [m] 0.0944 0.0900 0.0925 0.0888
Difference [%] - -51.1 - -55.1
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Shear Stress [Pa]

Fig. 1

2ynuo 1. Peoypduuoro ard to mpoypotird dedouéve kai ektiunbévea, ue ypron Nevtdveiwv pvBudv didtunong yio to oeiypa S1.
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Experimentally-derived and computed Newtonian shear rate-based rheograms for sample S1

Shear Stress [Pa]

Fig. 2

Zynua 2. Peoypauuora amo to mpayuotiid dedouéva kot ektiunéveo ue ypron mpayuotikoy poluwv o1atunong yio 1o ogiyuo S1.
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Experimentally-derived and computed true shear rate-based rheograms for sample S1
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Fig. 3 Ratio of true to Newtonian shear rate for sample S1

Zynua 3. Aoyor mpayuotikdy mpog Nevtwveiwy poBudv diazunong yia to detyua S1.

2.5
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Fig.4  Predicted velocity profiles in pipe (ID=0.1085 m) in laminar flow for HB model rheological parameters derived by Newtonian
and true shear rate for sample S1

2ynuo 4. Extiucopevo mpogil tayvtntog yio owlipve (ID=0.1085 m) oc otpwti pon yia poviédo HB, e ypiion mpayuotik@y kor Nevtwveiwmy
polucdy oraTunong, yio. 1o deiyuo S1.
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Fig.5  Predicted velocity profiles in annulus (0.2159 x 0.127 m) in laminar flow for HB model rheological parameters derived by
Newtonian and true shear rate for sample S7

2ynua 5. Extiuapevo mpogid toyvtnrog yia doxtodio (0.2159 x 0.127 m) oe owpwti pon ya poviélo HB, ue ypron mpayuotikdv kol
Nevraverwv pvOudv didzunong, yio to oeiyua S7.
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Fig. 6  Predicted pressure drop gradient in pipe (ID=0.1085 m) in laminar flow regime, for HB model rheological parameters derived
by Newtonian and true shear rate for sample S1

2yniua 6. Extiucuesvy mrdon micons yia owinve (ID=0.1085 m) o¢ otpwth pon yo. poviéio HB, e ypiion mpayuotikaov kor Nevtwveiwv
PpLOucV drazunong, yio to deiyua SI.
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Predicted pressure drop gradient in pipe (ID=0.1085
m) in laminar flow regime, for HB model rheological
parameters derived by Newtonian and true shear rate
for sample S7

Exuuouevn mroon nicons yio owinve (ID=0.1085 m)
oe otpwth ponj yio. poviédo HB, e ypnon mpayuotikoy
ko Nevtaveiwv poQudv diazunong, yia to deiyua S7.

U]

00 400 600 800 1000 1200

flow rate [L/min]

1400 1600 1800 2000

Fig. 8  Predicted pressure drop gradient in pipe
(ID=0.1085 m) in laminar flow regime, for
HB model rheological parameters derived
by Newtonian and true shear rate for sample
S5

ynuo 8. Extiucduevy  mwrdon weons yio.  owApvo.
(ID=0.1085 m) o€ opwth pon yio. HoviéAo
HB, ue ypnon mpayuotixwv kor Nevtwveiwv
poBuchv drdzunong, yio to oeiyua S5.

Predicted pressure drop gradient in (0.2159 by 0.127
m) annulus in laminar flow regime, for HB model
rheological parameters derived by Newtonian and true
shear rate for sample S7

2ynua 9. Extiuaduevy wecdhon micons yio doxtolio (0.2159 X 0.127
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kv kai Nevtdveiwv pouav didzunong, yia to deiyuo.
S7.
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Fig. 10 Predicted pressure drop gradient in (0.2159 by 0.127 m) annulus in laminar flow regime, for HB model rheological parameters
derived by Newtonian and true shear rate for sample S5
Zynua 10. Extuuouevy wtoon micons yio. doxtolio (0.2159 X 0.127 m) oe owpowth pon yia poviéio HB, ue ypnon mpoypotikdv kol
Nevtdverwv poBucdv didtunong, yia to deiyua S5.
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Fig. 11 Ratio of predicted critical flow rates, true to Newtonian shear rates
2ynuo 11, Adyor ekTiUGUEVOV KPLOIU®Y TOPOoYDY, TPOYUOTIKOY Tpog Nevtdveiwy pvOumy didtunong
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Extended summary

Emioyn Tov Kaivtepov Peoroyikov Movtérov Yo

Awopfipota Mrevrovitn-Nepov
ROBERTO MAGLIONE BAXIAEIOX KEAEXIAHXZ
Mnyavikog Metoddeiov ko [Tetperaiov Avaminpotg Katnyntig
Tuqua Mnyavikov Opvktov [Tépav

Zbvoyn

Porn vdotikadv cuwpnudTwv UTEVTOVITH OTOVTATOL GUYVE OTIS
prounyovies yewtpRoE®V, YNUIKES, TETPEAQIKES KoL O10YEIPIONS
OTOPANTOV OTWG, ETIONS, KOI 0 TOADTAOKES YEWUETPIES OTWS PON
0€ OWANVES, 0 OUOKEVIPO Kal EKKEVIPO O0KTOAMO Kai o€ opboyw-
vikoOg oywyots. Tig mepiocotepes popés 1 pon eivai opwth Kol
&rovv avomtoylel avaAvTikég AVoeIS yio. TV mpoflewn e TTWoNS
TIETNS Y10, O1GPOPO. PEOAOYIKG. LOVTELD OGS Ta woviéda Casson,
Robertson-Stiff kou Herschel-Bulkley. IEwdouetpo tomov Couette
&rovv ypnoiomoinlel yio. 0V mPOGOLOPIGUO TOV KATAAANAOD peo-
Aoyixod povtélov, alAd Tic mEPIoTOTEPES POPES 01 pLBUOT dLdTUNoNS
Tpoadiopilovior wg vo. gival to. pevotd Nevtawvelo i ue m ypron
TS TPOTEYYIONS TOV TTEVOD OLACTHUOTOS, JIOOVTIAS ET01 UOVO KOTA,
TPOCEYYION TIG TIUES TV PEOAOYIKWOV TOPOUETPWV VIO, TO GUYKEKPL-
Hévo povtéro. Televtaieg eCeliels emtpémovy oV vTOAOYIOUO TV
TpayuoTIKOYV poOUdY didTunong yio kabe éva amo to. Tpio Hoviéda
o avapépOnroy. Me t ypon peoioyikav dedopévay omo ™ Pi-
Plioypagio ypnoyomorodviar T Tpio. HOVTEAQ Yi0. VO DTOAOYIGTODY
01 PEOAOYIKES TOPGUETPOL LE TH Ypion NeVTOVEIWY Kal TPOYUOTIKDOV
POOUDY J1aTUNONG KoL EKTILATAL TO LLOVTEAOD TOD TEPIYPOPEL KOAD-
TEepa. To. ogdouéva. Extiudvior oxolovbws o1 wopduetpor pong yio
oTPWTH PON O CWAVES KO JOKTOALO, OTWS TO TPOPIA ToYDTHTOG,
n mwrwon wieong ko1 n perafoon oe twpPadn poyn. Avaldovior de
Ko a0{NTOVVTOL 01 SLAPOPES OTH PEOLOYVIKH GUUTEPIPOPL. TV TPIWDOV
HOVTEAWY ue ™ xpnon poBumv d16uncons Nevtavelon Hoviélov kol
TV TPAYUOTIKOV pOOUDY JIGTUNOHS, OTWS Kol 01 TPOPALWEIS Yl
TIG TOPOLETPOVS POTG.

1. EIXATQI'H

YO0Tikd ot@pfLoTo UTEVTOVITN YPTGLLOTOOVVTOL GE
TOMEG Propmyavieg kot Wwitepo otn Propnyovia ye@Tpm-
oeov [5,19-22]. Ta peoloywkd povtéda, TOV GLVIEOLY TOV
pLOUO StdTunoNng pe TN STUNTIKN TAoT , €ival TO PLOVTEAD
tpudv mopapétpov Herschel-Bulkley [9,14, 15,, 18, 28, 31],
nov didetan amd v e&icwon (1), To emiong TpLOV TOPOUE-
Tpov poviého Robertson-Stiff [3,36] mov didetan amd v
e&iomon (2) kot 10 povtédo dvo mapopétpov Casson [2,6]
7ov 6ideTan amd v e&icwon (3).

Yropinbnre: 28.9.2009  Eywe dexrij: 26.10.2010

>t Bopnyoavio metperaiov ta peoypappata Aapfivo-
vtan pe Emdopetpa Couette otevod dwakévov 1.170 mm pe
Adyo Swpétpov 1.06780 [1,5]. Ta peoypappata () vroro-
yilovtar pe pvBuovg didtunong Bewpadvrag OTL To. pELOTA
eivar Nevtovela, , evd, €dv To peLTA AKOAOLOOVY Eva TV
AVOTEP® TPLOV LOVTEA®YV, Ot puOpol dtdTunong Ba givat da-
@opetikoi. Ot dtapopés £xovv avaAvbel pe ypron akolovdi-
av [7, 11, 12, 16, 23-26]. IIpoécpata £xet amoderydel 6T Yo
pevotd Casson kot Robertson-Stiff, ou dtapopég porovott
LKPES, VITapYoVV Kol Tpémel va Aappavovtal vedymn [19],
eved yio pevotd Herschel-Bulkley ot dtapopég avtéc sivat
aKoun peyaAdtepeg [22].

H entoyn tov katdAiniov pgoloyuod poviélov givol
OTLLOVTIKT] Y10 VITOAOYIOUO TTAOOTG TEGNG, LETOPOPAG TPLLL-
patov, vToAoyIopd TPoPIA TayvTRT®V [5,17,35] KOt Yo Tov
AOY0 0wTo givar amapaitnTo vo pmopovpe va emAéovpe o
KOADTEPO pEOAOYIKO LovTéro. O GKOTOG TG EPYGING OVTNG
glvat va avoAvoel peodoyikd dedopéva pe yprion Nevtdver-
@V KOl TPOYLOTIKOV pUOU®V SIATUNONG KOl TPOGOI0PIGEL TO
KOADTEPO LOVTEAO EK TMV TPIAV LE YPNOT TPLUOV GTOTIOTL-
KOV SEIKTMV Kol akohoVOmG Vo TPoGdlopiceL TV eminTOON
LLE TOV VTOAOYICUO TNG TTOCNG TiESNG KOl TV TPOPIA Tor -
NTag, LE TN ¥pNomn povtéAwv mov mpotddnkay and [10,20].

2. OEQPIA

H Swotpntin téon yio Nevtdvelo pevoto og 1IE®OOUETPO
oideton amd v e&icwon (4) kot o Nevtdvelog puOuodg d1d-
Tunong oo v e&icwon (5). O mpaypaticdg puBuds drdtun-
ong yw pevotd Casson didetar and v (6) [12,16,19], yu
pgvoto Robertson-Stiff fluid [19] ko yio pguotd Herschel-
Bulkley [22] didovton $11¢c e€iodoeis (8) ko (9). o to kabé-
Vo 0o TO. LOVTEAD UTTOPEL vV VTTOAOYIGTEL TO AOpOIGHO TV
teTpaydvey andkhone SSE ko 1 tetpaymvikh pila tov
uéoov opdrpatog RMSE and $1g eichoeic (10) won (11).
3. Yhké ko peBodoroyio
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Xpnowomomdnkay dedopéva amd TEGGEPH VOUTIKA 10~
Mpata and ) iproypoeio [18], mwov Ttapovsidloviot oTov
[Mivaxa 1. Mg ypfion un YPOUUIKNG TOAVEpOUNGONG VITOAO-
YioTNKOV Ol PEOAOYIKEG TOPAUETPOL Yo TO TPiCt LOVTEA,
TpoTa e TNV VIdBeoT TV Nevtdvelov puBudv didtunong
KoL 0KOAOVO®MG LE TN ¥PNON TOV TPAYHOTIKOV puoudv Sid-
tunong. [opdAinia vroAoyictnkay ot deikteg , , Ka, .

4. AmoteAéopata kot cu{inon

Y10 Zynuo 1. mapovotdfovtor To peoroyikd dedopéva
Ko T0 pedypappo pe xpnon Nevtdvelimv puBudv didtunong
v To dgiypa S1, evd ot peoroyIKEG TOPAUETPOL TOPOVGIA-
Covtar otov ITivaka 2. To HB povtého meprypdpet to dedo-
HEVO KAADTEPO GE HVO OO TIG TECOEPLG TEPITTOGELS, EVA Y10,
70 S5 eivar 1o Casson kot ywo to S7 to RS povtéro, ahAdd to
HB povtého mapovoidler e&icov kadobg deikte.

Y10 Zynqua 2 mapovoidlovral To dedopéva Kat To Ped-
YPOLUO LE XPNOT| TPAYUATIKOV puBUdY StiTUnonS yio to
delyno S1, evd ot pgoAoyiKéG mapapeTpotl mapovolalovrol
otov Ilivoko 3. @aivetoar 6Tt T0 HB poviélo meprypdost
KaAvTEPO TO dedopéva yuo 3 amd TG 4 meputtmoelg (S1, S5
Kot S7).

Y10 Zynqua 3 mapovoidlovtal ot Adyot Tv puBucdv dt-
artunong, Nevtdvelmv Kot TPayHaTiK®y yio to dgiypa S1,
pe moapdpota cvumepipopd v S2, S5, kot S7. Xvvenmdg, M
vroBeon OtL ot pvBpoi dudTpnong eivar Nevtdvetotl didovv
VYNAOTEPES TIWES OO TIG TTPOYUOTIKES TULES KOt YLoL TOL TPio
LOVTELQ.

H mopondve odykpion £6ei&e 6tL t0 poviédo HB Po-
OIOUEVO GTOVG TPAYHOTIKOUG puBpovg didtunong eivatl to
KOADTEPO PEOrOYIKO HOVTELO. Me Tn ypnon ovtov Tev
PEOAOYIKMV TOPOUETPOV VTOAOYIGTNKAV Ol EMOPACELS OTIG
TOPAUETPOVS POTC.

Yta Zynquata 4 kot 5 Tapovcstafovtot To TPoPiA ToyOTn-
TG 6€ GOAMV (Yo To deiypa S1) kot dakToAlo (Yo To dely-
pa S7), avtictolyo, Yo SIAPOopes TOPOYEG VTOAOYICUEVOV
pe to povtéro [18], pe xpnon peoAOYIK®V TOPUUETPOV LE
vroBeon Nevtdvelmv Kot TPAyHOTIKOV puiudv didTpnong,
He amOTEAEGHO LUKPEG OL0POPEG oTo TPOPIA ToyvTNnTas. Ot
[Mivaxeg 4 ko 5 6idovv TiG TIWES AKTIVOV, OTOL TAPOVOL-
aletor  pon| epPorov (plug flow) ywo ™ pory HB pevotod
pe Tég vmoAoylodeioeg pe v vrdbeon Nevtdvelimv Kot
TPOYLOTIKOV puOU®OV S1dTUNOTG.

Yta Tyfpato 6, 7, 8 mapovoidlovTol To amoteAécpaT
Y10, TV TTTOOT| TEGNG Y10 TOV COANVA Y10 SIAPOPES TOPOYES,
VIOAOYIGUEV®V [E TO povtéro [20], yia ta deiypota S1, S5,
S7, pe yxpnon peoroyikdv mopapétpmv pe vrobeon Nev-
TOVEI®V KoL TPAYUATIKGOV puOpmv didtunong. Xpnon tov
TPOUYLOTIKOV pLOU®V dtdtunong 8idet TIHéEG TTOONG TiEoNG
xapnAoTePEG amd T yprion Nevtdvelimv puBudv didtunong
pe péyom dwpopd (—8.7%) ywo to S1, (-7.4%) Yo to S2,
(-19.1%) yw to S5 ko (-15.9%) ywo to S7. Emiong, mapatn-
povVTAL S10POPEG OTNV EVapEN TNG LETOPATIKNAG PONG LE TN
peyorvtepn dtopopd yuo to SS.

Yta Zyqpota 9 kot 10 Topovsidlovial Ta amoteAécaTa.
Yo TV TTOCN TEGNG Yo TOV SOKTOALO Y10 S1GPOPES TOPO-

¥€G, Yo Ta dgiypata S7 kot S5 pe yp1ion pEOAOYIKMOV TapaL-
pétpmv pe vmd0eon Nevtdvelmv Kol TPoyUATIKOV puoudv
ddtunong. Xpnon TevV TPAyHOTIKOV publpmv SidTunong
oidel Tyég mrdong mieong yopunAdtepeg and T xpnon Nev-
TOVEL®V pLOp®V ddtunong pe péyiotn dapopd (—18.0%)
vy 0 S5 kot (-13.3%) yw 10 S7. Emiong, mopatnpovvtor
dtapopég otV Evopén TG HeTaPOTIKNG PONG HE TN HEYOAD-
Tep” Srapopd yo to SS.

10 Zynuo 11. tapovsiaovtat ot Adyotl TV VIToAOYIGHE-
VIOV KPIGILOV TOpoYdV Yo T HeTdfacn otnyv TupPdor por|
o€ COMVO KOl SOKTOALO, LLE XPTON PEOAOYIKAV TAPAUETPOV
ekt Bévtov pe Nevtdvelovg Kot TPoyUatikong puipovg
dtdtunong mov kopaivoviar peta&y 0.91 ko 0.97 pe to
delypa S5 va mapovasidlet Tov pkpodTepo Aoyo.

5. Zvumepdopoto

Peoloyticd dedopéva Y10 OATIKG GLMPTLLOTO PTEVTOVITN
avoADONKAY Y10 TOV TPOCIIOPIGUO TOV KAADTEPOL PEOAOYL-
KoV povtédov petald Tov poviédwv Casson, Robertson-Stiff
kot Herschel-Bulkley pe tn gprion Nevtdvelmv Kot tpoypio-
TIKAV pLOUOVY SLaTUNOT|G.

[opovoidotnray SoEopPEG AVALESH OTIG PEOLOYIKEG
TOPAUETPOVG TOV VIOAOYIoTNKAY Yo, OAd T povtéda. To
povtého  Herschel-Bulkley vmoloywopévo pe tm ypfion
TPOUYLOTIKAOV TILOV pLOU®V dtdTUnong £0waoe TNV KoAOTEPT
TePLYPAPn, evd t0 povtédo Casson €0woe T YOUNAOTEPT
axpipeta.

o pofy oe coMyva Kol SOKTOAO HE TN ¥PNOT TOV
TOPAPETPOV Y10 TO KOAOTEPO HOVTELO pe Nevtdvelovg 1
TPOYHOTIKOVG puBRovg ddtunong exTunOnkay Sopopég
GTOV VTOAOYIGHO TOPAUETP®V PONG, TOV TAPOLSLALOVY Lé-
ywoto (-19.1%) ywo v nrdon wieong, evd Ppédnkav pikpég
dtapopég ota TpoPid tayvtnTag. [apatnpnonkav, eriong,
SlPopEG OTIG KPIoYLEG TOPOYES Yo peTdfoor og TupPddn
pon, Tov Kupdvenkav peta&d (-9.0%) wkat (-7.0%).
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