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ABSTRACT

The concentration effect of Xanthan gum (XG) solutions
(1.0, 1.5, 2.0, 2.5% wiv) on the rheological flow parameters are
examined using stress controlled rheometer and gravity driven
flow set-up measurement at 25°C. Concentrated XG solutions
has yielding behavior obtained by fitting results through
Herschel-Bulkley (HB) model with highest regression
coefficient R?= 0.995 and R?= 0.993 respectively by rheometer
and set-up measurement. The results agreed well each other
from these measurements. Increasing the concentration of XG
solutions promote dynamic and static yield stresses due to
increase of entanglement structure density of XG solutions.
Also, the magnitudes of consistency index, K, have increasing
trend with XG concentration as a result of increasing
entanglement density of XG structure. Static yield stress values
are much closely dynamic stress values getting from under
gravity dynamic flow indicating that supplies undisturbed
moleculer structure of XG due to nature of creeping flow.

Keywords: Xanthan Gum, dynamic yield stress, static yield
stress, rheometer.

Yiksek derisimli ksantan gam sivisinin akis
analizleri

0z

Bu ¢alismada, %1.0, %1.5, %2.0, %2.5 w/v derigimine
sahip Ksantan gum (XG) sulu ¢ozeltilerinin reolojik akis
parametreleri 25°C de stress kontrollii theometre ve yergekimi
giidiimlii akis diizenegi ile incelenmektedir. Akis igin esik
streslerine sahip olan yiiksek derisimli XG ¢ozeltileri,
reometrede R? = 0.995 ile akis diizeneginde ise R? = 0.993
olmak iizere yiiksek regresyon katsayilar1 ile Herscel-Bulkley
akis modeline uyum gostermektedir. Ayrica, her iki deneysel
yontem icin sonuglar birbirleri ile tutarhidir. XG derigimi
arttikca, XG c¢ozeltisindeki dolaniklik yapt yogunlugu arttigi
icin dinamik ve statik esik stresleri de artmaktadir. Ayni
zamanda, viskositenin 6l¢iisii olan, K, akis paramteresi de artig
gostermektedir. Yergekimi gidiimlii akis diizenegi, ¢ok diisiik
hiza sahip akis sagladigindan ve de XG molekiiler yapisini
bozmadigindan duragan esik stres degerleri, akis diizenegi
6lgiimlerinden elde edilen dinamik esik stres degerlerine
oldukca yakin bulunmustur.

Anahtar Kelimeler: Ksantan Gam, dinamik esik stresi, statik
esik stresi, reometre.

1. INTRODUCTION

For pipe line design considerations of non-Newtonian
fluid flows, rheological investigation is a critical issue
especially in getting constitutive equatiions for given
viscosity information."” Main difference between
Newtonian and non-Newtonian fluids comes from non-
linearity relation with shear rate and shear stress data.’
Hence, viscosity is variable based on applied steady
shear rate on the fluid. Using a strain or stress controlled
rheometer, the steady shear flow properties of solutions
can be measured over a wide range of shear rates.” There
are many several inelastic and viscoplastic flow models
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consisting yield stress parameter to get quantitative
evaluation of steady shear flow of non-Newtonian flow
models in the literatiire.” Bingham, Casson, Herschel-
Bulkey models are used frequently to describe the yield
and viscosity behaviour of flows.” For industrial
applications, non-Newtonian fluids have been used
widely because of their shear thinning or thickenning
rheological properties.7 Herein, Xanthan gum fluid has
been choosen as a non-Newtonian fluid model for the
identification of rheological parameters. Xanthan gum
(XG) is a naturally occurring polysaccharide consisting
primarily chain of glucose.8 It is used widely as a
thickening and stabilizing agent especially in food and
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pharmaceutical industries because of high solubility in
water, low cost, biodegradable, and non-toxic.” Xanthan
aqueous solutions have a non-Newtonian rheology, with
a shear-thinning and yielding behavior under increasing
shear rate. Yielding behavior is related to the hydrogen
bridging between xanthan molecules networks when
mixed with water due to hydrophilic natiire.” If the
applied stress reaches above the vyield stress,
entanglement structure is broken down and chains align
through the flow generally for yielding fluids as in Figure
1.

=
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Figure 1. Non-Newtonian structure variation during the flow.

It is expected that entaglement density increases with
the increased concentration of the fluid. Applied shear
rate or the flow time decides the flow structure.
Microstructure and rheology of XG solutions differ with
respect to XG concentration. It also produces high
viscosity solution with vyield stress even at low
concentrations.” Rheological properties of XG solutions
have been performed using dynamic shear tests and small
amplitude  oscillation  test using  conventional
rheometers.’>** However, obtained results from these
conventional tests need to be verified with empirical
equations.”>™ Analytical equations are derived from
basic momentum conservation equations with pipeline
design considerations based on flow profile of flowing
fluid."*** The objective of the current study is to
investigate the rheological flow properties as dynamic
and static yield stress, consistency and flow index of
highly concentrated Xanthan solutions using stress
controlled rheometer and gravity driven flow set-up.

2. MATERIALS AND METHODS

2.1. Materials

The XG powders were dissolved in distilled water at
25 °C for 6 h using a magnetic stirrer with gentle shaking
(400 rpm) in order to prepare 1, 1.5, 2 and 2.5% (w/v)
stock solutions of XG. The solutions to be studied were
left to stand overnight at 4°C to get complete hydration of
XG remove the bubbles of the solutions.

2.2. Rheological and flow measurements

To get flow behavior of XG solutions, dynamic shear
tests measurements were performed by a stress
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controlled rheometer (Malvern Kinexus Pro, UK) fitted
by a cone-and-plate system at 25°C. Diameter and angle
of the cone were chosen as 40 mm and 4°, respectively.
The gap between the cone-and-plate was fixed at 0.15
mm for all measurements. A peltier plate assembly was
used for temperature controlling purpose during the
measurements with +0.1°C precision. Dynamic flow
measurements were performed with the supply of gravity
driven flow loop as in Figure 2. Test fluid was
recirculated using peristaltic pump to move high
concentrated XG solutions. Pressure drop was measured
at the ends of the pipe with a constant length of 1.50 m
using pressure transducer. To get the gravity flow, the
storage tank height between 50-100 cm was also
adjusted.
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Figure 2. Flow system: 1. Storage tank, 2. Pump 3.Pressure
Transducer.

2.3. Theoretical considerations of pipe flow

To evaluate shear viscosity in pipe flow, an
incompressible fluid undergoes steady pressure-driven
flow. There are many assumptions: laminar flow, no slip
on the pipe wall, end effects are negligible.””*® The
conservation of linear momentum, which equates
pressure forces to viscous forces, provides the
relationship between the shear stress, o, and radial
position, ris as in Eq. (1).

—APT
2L

o(r) = o))

Shear stress at the maximum at the pipe wall, radius r,
r =R, oyis written as in Eq. (2);

_ —APR
T 2L

O]

Ow

To evaluate the shear rate, volumetric flow rate, Q can be
given as in Eq. (3);

dQ = u2nrdr (€))



Int. J. Chem. Technol. 2018, 2 (2), 135-140

DOI: 10.32571/ijct.468529

Where u is linear velocity at r; the total volumetric rate
is found as integration of velocity over the flow area (Eq.

(4));

RZ
Q=-n[, r’du

(4)

u can be expressed as in Eq. (5) as function of shear
stress with changing radius, r ;

—f(o)dr

du

(5)

Whereris 7 = —R

Ow

(6)

When Eq. (6) is substituted into Eq. (5), we get Eq. (7);

du = —f(a)aida
2p2
2 _ ‘;‘; @)

After mathematically rearrangement, Eq. (8) is obtained
as

Q= [* T (~f(0) ~do)

Q

i =)y 0 f(0)do ®)
According to rheological measurements, Herschel-
Bulkley (HB) model gives best fit as in Eq. (9)
oc=K@y") +oag

fl@) =y = 2OV ©)

After the substitution Eq. (9) into Eq. (8), Eq. (10) can be
written as;

Ow

Q _ 1

TTR3

oy 70

o2 (29 do (10)

When Eq. (10) is integrated over the wall stress, Eq. (11)
gives volumetric flow rate;

Q =
(55) () ()" by e+
gl (11)

If the definition of H.B model is;
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o=K(— Z—l:)" + 0y (12)

The velocity profile is also found after integration of Eq.
(5) over the radius yields (Eqg. (13));

w=f(r) = (o — o)+
AP (1 + —) K1/
14(2
_ ((AZPL)T B Uo) (n)] 13)
3. RESULTS AND DISCUSSION

3.1. Steady shear measurements

Dynamic shear measurements were carried out using
stress controlled rheometer (Malvern Kinexus Pro, UK).
Different XG solution with 1.0, 1.5, 2.0, 25 w/v %
concentration was processed using shear rate ramp
measurements. Figure 3 depicts rheological data (shear
stress and shear rate) to capture flow behavior of XG
solutions over a shear rate range 0.1-100 s™ at 25°C. Plot
of shear stress versus shear rate for XG solutions shows
non-Newtonian behavior with yield stress due to non-
linearity relation between shear stress and shear rate.
The apperant shear stress values are increased with
increase the XG concentration as expected.
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Figure 3. Experimental shear stress v.s shear rate data.

The results in Figure 3 suggest that steady properties can
be modelled by Herschel-Bulkley (HB) model. The
rheological model parameters predicted by HB model are
listed in Table 1. The coefficient determination (R?) is in
the range of 0.985-0.995. R? values show that model
perfectly fits to experimental data. Predicted dynamic
yield stress rises with increasing XG concentrations.
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Flow behavior index, n also gives the tendency of shear
viscosity changing ratio with respect to shear rate. Lower
n values at higher XG concentration indicate highly more
non-Newtonian and shear thinning behavior of solutions.

Table 1. Fitting flow characteristics of XG solutions using
rheometer

Rheometer Measurement Results
Consistency  Flow

G
%) DynamicYield

wiv i i 2
( Stress, 60 (Pa) I?SZXS’,,T Indnex, R
1.00% 3.842 0.5678 0.264 0.989
1.50% 5.451 1.2451 0.210 0.985
2.00% 7.656 3.2725 0.189 0.992
2.50% 9.852 5.8010 0.164 0.995

The magnitudes of consistency index, K, have increasing
trend with XG concentration as a result of increasing
viscosity of XG solutions. Another important parameter
for yielding fluid is static yield stress value. Shear stress
ramp results give static yield stress as seen in Figure 4.
Static stress is which initiate the flow notations as in
Figure 4 and they get higher value than the dynamic
stress values as listed in Table 2. These Herschel-Bulkley
flow parameters of XG solutions have similar trend as
earlier reported by Bobade co-workers"’ They analyzed
between the range of 0.3%-0.6% (w/v) of XG solutions.
Maximum dynamic yield stress was found as 1.729 Pa
for 0.6% of XG solution.
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Figure 4. Static Stresses of XG solutions.

3.2. Dynamic flow measurements

In order to investigate the dynamic flow of XG
solutions under gravity flow, the flow set-up were used
as seen in Figure 2. By measuring volumetric flow rate
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and pressure drop of XG flow and using Equations (11
and 12), wall shear stress and wall shear rate values are
derived at the channel wall (r = R). Wall shear stress over
wall shear rate gives the viscosity information of XG
solutions as seen in Figure 5. For gravity flow of highly
concentrated XG solutions,

Table 2. Static yield stresses of XG solutions

Rheometer Measurement Results

XG
(w/vp) Static Yield Stress (Pa)
1.00% 4.890
1.50% 7.920
2.00% 10.123
2.50% 13.021

Table 3. Fitting flow characteristics of XG solutions using
flow set-up

Dynamic Flow Measurement Results

XG . Consistency  Flow
(wiveg) DynamicYield index,Ky index, R?
Stress, o0 (Pa) (Pas") n
1.00% 4.184 0.712 0.277 0.952
1.50% 6845 1.026 0.202 0.982
2.00% 9.865 4.325 0.171 0.992
2.50% 12.108 6.231 0.158 0.993
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Figure 5. Wall shear stress versus wall shear rate.

Reynolds number (Re) changes the range of order 107
and 10 for this flow system. It can be said that it is
creeping flow due to Re << 1. Table 3 shows fitting flow
characteristics of XG solutions by using flow set-up.
Herein obtained dynamic yield stress values are close to
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static ones compared to the rheological results. Static
yield stress emerges at the undisturbed fluid situation in
such a creeping or very slow flow condisitions. However,
during shear test measurements, microstructure of XG
solutions can be easily interrupted by increasing shear
rates and so dynamic yield stress obtained from
rheological measurements has lower values compared to
the flow measurements. The flow curves were obtained
from Eq. (13). Flow profile or flow field explains the
way in which the flow of a fluid behaves or is likely to
behave in a pipeline or channel based on its velocity and
viscosity. The velocity profiles for the flow of non-
Newtonian fluids are given as in Figure 6.

"0 1.00%
o1.50%
A2 ®2.50%

0 01020304 050607 08109 1
wumax

Figure 6. Laminar velocity profile of XG solutions.

These velocity profiles illustrate that with increasing the
yield stress enlarges the radius of flowing down the
center of pipe due to changing of viscosity variation of
XG solutions. Flow profile reaches more plug-flow
shape. The slope of flow curves gives the shear rate of
the flow. %1 of XG solutions has more velocity changing
with respect to radius at channel wall (atr =1 and r = -1).
Hence, maximum wall shear rate is achieved for 1% XG
solution. Due to shear thinning nature of XG solutions, as
shear rate increases, the viscosity decreases through the
center of the channel. Hence, the fluid velocity profile
changes over the cross section of the channel. Non-
dimensional velocity (u/umax) based on maximum
velocity has shifted to lower values as increasing XG
solutions owing to more viscous solutions as expected.

4. CONCLUSIONS

Inspection of flow behavior of highly concentrated of
XG solutions is analyzed using rheometer and dynamical
flow set-up measurements. Dynamic shear stress test and
flow measurement results proved that dynamical and
static yield stresses increased with concentration which is
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an indication of more entanglement of structure of XG.
The steady shear and flow experimental results are
obtained by Herschel-Bulkley model with high R? values.
Static yield stress values are found to be higher than
dynamic stresses. This may be due to molecular structure
deformation of XG during shear tests. On the other hand,
flow measurements occurs creeping flow conditions
which means undisturbed bulk flow and the dynamic
yield results obtained from flow measurements are so
close to static those. Further fundamental studies
including highly concentrated XG systems in oscillation
and creep-relaxation tests with the verification of the
experimental measurements will creat a part of future
work.
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