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Abstract 
This research deals with experimental study of the rheological behavior 

of polymer solutions, solid suspension and the effect of adding polymers to 

solid suspensions. All polymers studied in this work are water soluble and 

used in industries as a rheology control additive (rheology modifiers), these 

are: CMC-Carboxymethyl cellulose, XC-Xanthan Gum, HEC-Hydroxyethyl 

cellulose and PVA-polyvinyl alcohol. Solid suspensions used are: Bentonite, 

Graphite and Corn starch. 

The rheological properties of these materials were investigated using a 

Couette coaxial cylinder rotational viscometer Fann model 35A with range 

between 3-600 rpm; by measuring shear stresses versus shear rates (i.e. Flow 

curve). 

Seventy Six runs were performed with the range concentration for all 

polymer solutions used: CMC, HEC, XC (4-40) g/L, PVA (2-10) g/L and the 

range concentration of solid suspensions: Bentonite 50-120 g/L, Graphite 30-

90 g/L and Corn Starch 300-800 g/L. The range temperature for runs: 0-55 °C  

It was found that as polymer concentration was increased, the flow 

behavior index (n) decreased, and the range of n was between 0.7-0.4 at 20°C. 

Increase the concentration of solid suspension the flow behavior index (n), the 

range of n was between 1-1.3 at 35°C. Correlations were developed that 

describe the effect of polymer solutions and solid suspensions concentration 

on flow behavior index for each material used in this study and presented in a 

linear form. 

The viscosities of three polymers CMC, XC and HEC were decreased 

with increasing temperature and shear rate. It was found that XC polymer was 

more affected by concentration than other polymer used in this study and it 

has higher viscosity than other polymer used.  
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It was found that the viscosities of solid suspensions were increased 

with increasing shear rate. The flow curve of experimental polymer solution 

and solid suspension was studied using the power law model. 

The variations in temperature influence the value of n and k. The 

increases in temperature cause are increase in flow behavior index (n) and 

decrease in concsistency index (k).   

By using the Solver Add-in in Microsoft Excel, the Bingham plastic 

model was found to be the best fits the experimental results of adding 

polymer to solid suspensions (PVA to Bentonite suspensions). 

The effect of PVA polymer on the rheological properties of the 

Bentonite slurry was modifier the data for apparent viscosity. This 

experimental evidence shows that the apparent viscosity of Bentonite/PVA 

decreases with increasing shear rate, while the experimental data for 

Bentonite/water (with out polymer) show that increase of apparent viscosity 

with increase in shear rate 

The Bingham yield stress decreases when adding PVA polymer, when 

the concentration reaches 14-15g/l the yield stress start to increase. 

 

 

 

 

 

 

 

 

 

 

 II



List of Contents 
Contents Page

Abstract I 

List of contents. III 

Nomenclature VII 

List of table. IX 

List of figures. XI 

   

Chapter One: Introduction. 1 

1.1 Introduction. 1 

1.2 Aim of this work. 4 

   

Chapter Two: Literature Survey. 5 

2.1 Introduction. 5 

2.2 Understanding rheology: viscous and elastic response. 6 

2.3 Fundamentals of rheological terms. 7 

   2.3.1 Deformation. 7 

      2.3.1.1 Elastic deformation. 7 

      2.3.1.2 Shear deformation. 8 

   2.3.2 Viscoelastic. 10 

   2.3.3 Shear rate. 10 

2.4 Shear viscosity. 13 

2.5 The general form of the viscosity curve for suspensions. 14 

2.6 The general form of the viscosity curve for polymer 

solution. 

16 

2.7 Newtonian fluids. 17 

2.8 Non-newtonian fluid. 18 

 III



   2.8.1 Non-newtonian fluids-time independent. 19 

      2.8.1.1 Pseudo plastic (shear-thinning) behavior. 19 

      2.8.1.2 Dilatants (shear-thickening) behavior 20 

      2.8.1.3 Bingham behavior 22 

   2.8.2 Non-newtonian fluids-time dependent. 23 

      2.8.2.1 Thixotropic fluids. 23 

      2.8.2.2 Rheopectic fluids. 24 

2.9 Water soluble polymers. 26 

2.10 Cellulose and cellulose derivatives 27 

2.11 Polymer solutions. 29 

   2.11.1 Solubility of polymer. 30 

   2.11.2 Dilute and concentrated polymer solutions. 31 

2.12 Previous works 32 

   

Chapter Three: Experimental Work. 41 

3.1 Solid suspension used. 41 

3.2 Polymers used. 41 

3.3 Sets of experiments 42 

3.4 Equipments used. 44 

3.5 Instruments to measure rheological properties. 46 

3.6 Viscometer (the model 35 viscometer). 47 

3.7 Calibration of viscometer. 48 

3.8 Solid suspension. 50 

   3.8.1 Bentonite suspension. 50 

   3.8.2 Corn starch suspension. 50 

   3.8.3 Graphite suspension. 51 

3.9 Polymer definition. 51 

 IV



     3.9.1.1 Sodium carboxymethyl cellulose (CMC). 51 

     3.9.1.2 Hydroxyethyl cellulose (HEC). 52 

   3.9.2 XC polymer (xanthan gum) 52 

   3.9.3 Polyvinyl alcohol (PVA). 53 

3.10 Preparation of CMC, HEC and XC polymer solutions. 53 

3.11 Preparation of PVA solution. 54 

3.12 Rheological measurements 55 

3.13 Preparation and measuring of rheological properties of 

solid suspension (bentonite, graphite and corn starch). 

55 

3.14 Preparation of add PVA to bentonite suspensions. 56 

   

Chapter Four: Results and Discussion. 56 

4.1 Introduction.       56 

4.2 Results of polymer solution. 58 

   4.2.1 Study shears flow behavior. 58 

   4.2.2 Effect of polymer concentration on flow behavior index  62 

   4.2.3 Effect polymer concentration on flow curves.  64 

   4.2.4 Apparent viscosity of polymer solution. 68 

   4.2.5 Effect of temperature on polymer solution viscosity. 71 

   4.2.6 Effect of polymer type on viscosity. 74 

4.3 Results of solid suspension 76 

   4.3.1 Shear flow behavior. 75 

   4.3.2 Effect o f solid suspension concentration on flow 

curves. 

77 

   4.3.3 Effect of solid suspension on flow behavior index (n). 79 

   4.3.4 Viscosity of solid suspension. 82 

   

 V



4.4 Steady the effect of adding PVA to bentonite for 

different concentration. 

84 

   4.4.1 General of rheological properties. 84 

   4.4.2 Flow model selection. 87 

   4.4.3 Bingham plastic model.  92 

   4.4.4 Effect concentration PVA polymer on bingham yield 

stress. 

95 

   4.4.5 Apparent viscosity of bentonite/PVA. 96 

   

Chapter Five: Conclusions and Recommendations for Future  

Work. 

99 

5.1 Conclusions. 99 

5.2 Recommendations for future work. 100 

   

References. 101 

Appendices.   

Appendix A: The flow curves of the experiments (shear stress versus  

shear rate). 

A-1 

Appendix B: Experimental data shear stress versus shear rate.  B-1 

 

 

 

 

 

 

 

 VI



Nomenclature 
Symbol Meaning Unit

A Area m2

b Outer radius coaxial rheometer cm 

E Young’s modulus N/m2

F Force N 

h Length of inner cylinder m 

K Consistency index Pa. sn

k1 k2 Conversion factors in Equations (4.1) and (4.2) - 

L Length m 

lo Initial length m 

n Flow behavior index - 

N Rotational speed rpm 

P Pressure Pa 

R Radius  m 

 r o Inner radius of cylinder.  cm 

Rc Radius of the cone m 

Ri Radius of inner cylinder m 

Ro Radius of the outer cylinder m 

t Time  s 

V Velocity m/s 

   

   

   

  
 

 

  

 VII



Greek Letters Unit

γ&  Shear rate s-1

α Constant - 

ε Strain or deformation - 

θ Dial reading deg 

σ Normal stress Pa 

τ Shear stress Pa 

τc Shear stress critical Pa 

Δp Pressure difference N/m2

τPl Plastic viscosity Pa 

G" Storage modules Pa 

G´ Elastic modules Pa 

η Viscosity Pa. s 

Abbreviations  

   

CMC Carboxymethyl Cellulose.  

HEC Hydroxyethyl Cellulose.  

PVA Polyvinyl Alcohol.  

XC Xanthamonas Campestris.  

   

   
 

 

 

 

 

 VIII



List of Tables 
Table Title Page

2-1 Characteristic shear-rate ranges (in s-1) occurring in some 

industrial processes. 

11 

3-1 List of all experiments. 42 

4-1 Flow behavior index (n) and concsistency index (k). 62 

4-2 The influence of the temperature on the values of n and k for 

polymer solutions at 10 g/l. 

73 

4-3 Flow behavior index (n) and concsistency index (k) 82 

4-4 Model selection for (Bentonite/PVA) using add-in solver 

microsoft excel. 

89 

4-5 Flow equations for flow models. 90 

B-1 Shear stress versus shear rate for CMC polymer at 

concentration 4, 10, 20, 30 and 40 g/L. 

B-1 

B-2 Shear stress versus shear rate for CMC polymer at 

concentration 7, 15, 25 and 35 g/L. 

B-1 

B-3 Shear stress versus shear rate for HEC polymer. B-1 

B-4 Shear stress versus shear rate for XC polymer. B-2 

B-5 Shear stress versus shear rate for PVA polymer. B-2 

B-6 Apparent viscosity versus shear rate for CMC polymer. B-2 

B-7 Apparent viscosity versus shear rate for CMC Polymer. B-3 

B-8 Apparent viscosity versus shear rate for HEC polymer. B-3 

B-9 Apparent viscosity versus shear rate for XC polymer. B-3 

B-10 Effect of temperature in apparent viscosity for CMC at 10 g/L. B-4 

B-11 Effect of temperature in apparent viscosity for CMC  at 15 g/L B-4 

B-12 Effect of temperature in apparent viscosity for CMC at 25 g/L. B-4 

B-13 Effect of temperature in apparent viscosity for CMC at 40 g/L. B-4 

 IX



B-14 Effect of temperature in apparent viscosity for HEC at 10 g/L. B-5 

B-15 Effect of temperature in apparent viscosity for HEC at 20 g/L. B-5 

B-16 Effect of temperature in apparent viscosity for HEC at 30 g/L. B-5 

B-17 Effect of temperature in apparent viscosity for HEC at 40 g/L. B-5 

B-18 Effect of temperature in apparent viscosity for XC at 4 g/L. B-6 

B-19 Effect of temperature in apparent viscosity for XC at 10 g/L. B-6 

B-20 Effect of temperature in apparent viscosity for XC at 20 g/L. B-6 

B-21 Effect of temperature in apparent viscosity for XC at 40 g/L. B-6 

B-22 Shear rate versus shear stress for bentonite suspension. B-7 

B-23 Shear rate versus shear stress for graphite suspension. B-7 

B-24 Shear rate versus shear stress for corn starch suspension. B-7 

B-25 Apparent viscosity versus shear rate for bentonite suspension. B-8 

B-26 Apparent viscosity versus shear rate for graphite suspension. B-8 

B-27 Apparent viscosity versus shear rate for corn starch 

suspension. 

B-8 

B-28 Shear stress versus shear rate for (bentonite/PVA). B-9 

B-29 Shear stress versus shear rate for (bentonite/PVA). B-9 

B-30 Bingham yield point and plastic viscosity versus shear rate for 

(bentonite/PVA). 

B-9 

B-31 Model selection for bentonite/PVA at concentration (80+4) 

g/L using add-in in microsoft excel. 

B-10

B-32 Model selection for bentonite/PVA at concentration (80+10) 

g/L using add-in in microsoft excel 

B-10

B-33 Model selection for bentonite/PVA at concentration (80+14) 

g/L using add-in in microsoft excel 

B-10

B-34 Model selection for bentonite/PVA at concentration (80+20) 

g/L using add-in in microsoft excel. 

B-11

 

 X



List of Figures 
Figure Title Page

2-1 Laminar flow of a Newtonian liquid in simple shear. 6 

2-2 Elastic deformation. 7 

2-3 Shear deformation in space. 8 

2-4 Shear deformation of a fluid placed in between two parallel 

planes. 

9 

2-5 Schematic representation of the flow curve of a concentrated 

suspension (A) and (B). 

13 

2-6 Schematic representation of the flow curve of polymer 

solutions. 

14 

2-7 A characteristic of Newtonian liquids (A) shear stress is 

directly proportional to rate of shear. (B) Viscosity is 

independent of rate of shear. 

15 

2-8 Alignment of particles.                17 

2-9 Breaking down of particles. 17 

2-10 The structure of shear thinning behavior. 18 

2-11 τ versus γ`, η versus γ` in shear thinning behavior. 18 

2-12 Packing of particles. 19 

2-13 The structure of shear thickening behavior. 19 

2-14 τ versus γ` and η versus γ` in shear thickening behavior.  20 

2-15 τ versus γ` and η versus γ` in Bingham plastic model.  21 

2-16 Viscosity dependence on time for Thixotropic fluids. 22 

2-17 Viscosity and shear rate dependence on time for rheopectic 

fluids. 

22 

2-18 The setup of the particle tracking velocimetry. 33 

   

 XI



2-19 Schematic representation of adsorption of PVA polymer on 

bentonite particles as a function of concentration of polymer. 

34 

2-20 Coaxial rotating cylinder, couette flow device the outer 

cylinder (red) rotates while the inner cylinder remains fixed. 

39 

3-1 Fann VG-viscometer, model 35A     44 

3-2 Hamilton beach mixer and cup 45 

3-3 Classification of rheological instruments 46 

3-4 The essential elements of rotational viscometer 47 

3-5 Shear stresses versus shear rate for water at 20 °C 49 

3-6 Molecular structure of Bentonite slurry. 50 

3-7 Molecular structure of graphite. 51 

3-8 Molecular structure of CMC 52 

3-9 Molecular structure of HEC 52 

3-10 Molecular structure of XC polymer 53 

3-11 Molecular structure of PVA 53 

4-1 Flow curve for CMC polymer solution at concentration 20g/l 

at 20°C. 

59 

4-2 Flow curve for HEC polymer solution at concentration 20g/l 

at 20°C. 

59 

4-3 Flow curve for XC polymer solution at concentration 20 g/l at 

20°C. 

60 

4-4 Flow curve for CMC polymer pollution at concentration 20g/l 

at 20°C. 

60 

4-5 Flow curve for HEC polymer solution at concentration 20 g/l 

at 20°C. 

61 

4-6 Flow curve for XC polymer solution at concentration 20 g/l at 

20°C. 

61 

 XII



4-7 Effect of XC polymer concentration on flow behavior index 

at 20°C. 

64 

4-8 Effect of HEC polymer concentration on flow behavior index 

at 20°C. 

64 

4-9 Effect of CMC polymer concentration on flow behavior index 

at 20°C. 

65 

4-10 Effect of HEC polymer concentration on flow curves at 20°C. 66 

4-11 Effect of XC polymer concentration on flow curves at 20°C. 66 

4-12 Effect of CMC polymer concentration on flow curves at 

20°C. 

67 

4-13 Effect of HEC polymer concentration on flow curves at 20°C. 68 

4-14 Effect of XC polymer concentration on flow curves at 20°C. 68 

4-15 Effect of CMC polymer concentration on flow curves at 

20°C. 

69 

4-16 Apparent viscosity of CMC polymer solutions at different 

concentration at 20°C. 

70 

4-17 Apparent viscosity of XC polymer solutions at different 

concentration at 20°C. 

70 

4-18 Apparent viscosity of HEC polymer solutions at different 

concentration at 20°C. 

71 

4-19 Effect of temperature in CMC polymer viscosity at 

concentration 10g/l at 20°C.   

72 

4-20 Effect of temperature in XC polymer viscosity at 

concentration 10g/l at 20°C. 

72 

4-21  Effect of temperature in HEC polymer viscosity at 

concentration 10g/l at 20°C. 

73 

   

 XIII



4-22 Effect of polymer type on viscosity at polymer concentration 

of 10g/l at 20°C. 

74 

4-23 Effect of polymer type on viscosity at polymer concentration 

of 20g/l at 20°C. 

75 

4-24 Flow curve for bentonite suspension at concentration 50g/L at 

35°C. 

76 

4-25 Flow curve for graphite at concentration 70 g/L at 35°C. 76 

4-26 Flow curve for corn starch at concentration 700 g/L at 35°C. 77 

4-27 Effect of bentonite in different concentration on flow curves 

at 35°C. 

78 

4-28 Effect of graphite in different concentration on flow curves at 

35°C. 

79 

4-29 Effect of corn starch in different concentration on flow curve 

at 35°C. 

79 

4-30 Effect the bentonite suspension on flow behavior index at 

35°C. 

81 

4-31 Effect the corn starch on flow behavior index at 35°C. 81 

4-32 Effect the graphite on flow behavior index at 35°C. 82 

4-33 Apparent viscosity of bentonite suspension at concentration 

120 g/l at 35°C. 

83 

4-34 Apparent viscosity of corn starch at concentration 700g/l at 

35°C. 

84 

4-35 Apparent viscosity of graphite at concentration 30 g/l at 35°C. 84 

4-36 Changing result from the shape in flow curve caused by 

adding 2g/0.5L PVA polymer to bentonite slurry at 35°C. 

86 

4-37 Changing result from the shape in flow curve caused by 

adding 5 g/0.5L PVA polymer to bentonite slurry at 35°C. 

86 

 XIV



4-38 Changing result from the shape in flow curve caused by 

adding 7 g/0.5L PVA polymer to bentonite slurry at 35°C. 

87 

4-39 Changing result from the shape in flow curve caused by 

adding 10g/0.5L PVA polymer to bentonite slurry at 35°C. 

87 

4-40 Experimental results and flow models representation for 

PVA/ Bentonite suspension at concentration (2+40) g/l at 

35°C. 

90 

4-41 Experimental results and flow models representation for 

PVA/ Bentonite suspension at concentration (5+40) g/l at 

35°C. 

91 

4-42 Experimental results and flow models representation for 

PVA/ Bentonite suspension at concentration (7+40) g/l at 

35°C. 

91 

4-43 Experimental results and flow models representation for 

PVA/ Bentonite Suspension at Concentration (10+40) g/l at 

35°C. 

92 

4-44 Rheogram for PVA/Bentonite suspension at concentration (2 

in 40) g/L at 35°C. 

93 

4-45 Rheogram for PVA/Bentonite suspension at concentration (5 

in 40) g/L at 35°C. 

93 

4-46 Rheogram for PVA/Bentonite suspension at concentration (7 

in 40 )g/L at 20°C. 

94 

4-47 Rheogram for PVA/Bentonite suspension at concentration (10 

in 40 )g/L at 20°C. 

94 

4-48 The influence of PVA on the bingham yield value of 8% 

(w/w) bentonite water system at 20°C. 

96 

   

 XV



4-49 Viscosity as a function of shear rate for Bentonite/ PVA 

polymer at concentration (2 in 40) g/L at 35°C.  

97 

4-50 Viscosity as a function of shear rate for Bentonite/ PVA 

polymer at concentration (5 in 40) g/L at 35°C. 

97 

4-51 Viscosity as a function of shear rate for Bentonite/ PVA 

polymer at concentration (7 in 40) g/L at 35°C. 

98 

4-52 Viscosity as a function of shear rate for Bentonite/ PVA 

polymer at concentration (10 in 40) g/L at 35°C. 

98 

A-1 Shear stress versus shear rate for CMC polymer at 4, 7, 10 

and 15 g/l. 

A-1 

A-2 Shear stress versus shear rate for CMC polymer at 20, 25, 30, 

35, 40 g/l 

A-1 

A-3 Shear stress versus shear rate for CMC polymer in 10 g/l at 

20, 35 45 and 55°C 

A-2 

A-4 Shear stress versus shear rate for CMC polymer in 15 g/l at 

20, 35 45 and 55°C.   

A-2 

A-5 Shear stress versus shear rate for CMC polymer in 25 g/l at 

20, 35 45 and 55°C 

A-3 

A-6 Shear stress versus shear rate for CMC polymer in 40 g/l at 

20, 35 45 and 55°C.    

A-3 

A-7 Shear stress versus shear rate for XC polymer at 4, 10, 20, 30, 

40 g/l 

A-4 

A-8 Shear stress versus shear rate for HEC polymer at 4, 10, 20, 

30 and 40 g/l.    

A-4 

A-9 Shear stress versus shear rate for XC polymer in 4 g/l at 20, 

35 45 and 55°C.    

A-5 

   

 XVI



A-10 Shear stress versus shear rate for XC polymer in 10 g/l at 20, 

35 45 and 55°C. 

A-5 

A-11 Shear stress versus shear rate for XC polymer in 30 g/l at 20, 

35 45 and 55°C.      

A-6 

A-12 Shear stress versus shear rate for XC polymer in 40 g/l at 20, 

35 45 and 55°C.    

A-6 

A-13 Shear stress versus shear rate for HEC polymer in 10 g/l at 

20, 35 45 and 55°C. 

A-7 

A-14 Shear stress versus shear rate for HEC  polymer in 20 g/l at 

20, 35 45 and 55° 

A-7 

A-15 Shear stress versus shear rate for HEC polymer in 30 g/l at 

20, 35 45 and 55°C.  

A-8 

A-16 Shear stress versus shear rate for HEC polymer in 40 g/l at 

20, 35 45 and 55°C.    

A-8 

A-17 Shear stress versus shear rate for PVA polymer at 2, 5, 7 and 

10 g/0.5L. 

A-9 

A-18 Shear stress versus shear rate for Bentonite suspension at 50, 

80 and 120 g/l. 

A-9 

A-19 Shear stress versus shear rate for Graphite suspension at 30, 

40, 70 and 90 g/l. 

A-10

A-20 Shear stress versus shear rate for Corn Starch suspension at 

300, 400, 500, 600, 700 and 800 g/l. 

A-10

A-21 Shear stress versus shear rate for PVA to Bentonite 

suspension at concentration 2, 5, 7 and 10 g/0.5L to 40 

g/0.5L. 

A-11

 

 XVII



Chapter One 
1.1 Introduction. 

 Rheology is the branch of science that deals with the flow and deformation 

of materials. Rheological instrumentation and rheological measurements have 

become essential tools in the analytical laboratory for characterizing component 

materials and final productes, monitoring process conditions, and predicting 

product performance and consumer acceptance [1]. 

Deformation is the relative displacement of points of a body. It can be 

divided into two types: flow and elasticity. Flow is irreversible deformation; when 

the stress is removed the material does not revert to its original form. This means 

that the work is converted to heat. Elasticity is reversible deformation; the 

deformed body recovers its original shape, and the applied work is largely 

recoverable. Vescoelastic materials show both flow and elasticity, which bounces 

like a rubber ball when dropped, but slowly flows when allowed to stand [2].  

Flow curves are basic rheology characteristics showing static properties of 

flowing materials. They express a relation (function) between shear rate and shear 

stress applied to a material, which flow [3]. 

There are two main types of fluids: Newtonian and non-Newtonian fluids. 

Newtonian fluids possess a constant viscosity at a constant temperature, while for 

non-Newtonian fluids the apparent viscosity depends on shear rate [4]. 

In polymer solutions, polymer molecules are long chain molecules composed 

of many repeating units. The bonds along the polymer backbone are continually 

rotating, and as a result, the molecule itself is continually changing orientation and 

configuration on a length scale much smaller than the equilibrium size [5]. 
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In dilute polymer solutions, the rheology of solution is dependant solely on 

the dynamics of an individual chain and the number of chains (i.e. concentration) in 

the system. At high concentrations, interactions between polymer molecules impact 

the rheology in a significant way. As concentration further increases, polymer 

solutions exhibit a change from fluid-like to more elastic-like behavior [5]. 

The rheology of suspensions, colloidal dispersions and emulsions provide 

critical information for product and process performance in many industrial 

applications, and in order for them to give proper product performance, or to 

process efficiently, they must be stable. But these are often complex formulations 

of solvents (or fluids), suspended particles of varying size and shape, and various 

additives used to affect stability [6]. 

Dispersion of a solid or liquid in a liquid affects the viscosity. In many cases 

Newtonian flow behavior is transformed into non-Newtonian flow behavior, shear 

thickening results from the ability of the solid particles or liquid droplets to come 

together to form network structures when at rest or under low shear. With 

increasing shear the interlinked structure gradually breaks down, and the resistance 

to flow decreases. The viscosity of adispersed system depends on hydrodynamic 

interactions between particles or droplets and liquid [2]. 

The determination of rheological properties of Bentonite-water systems is 

very important for its characterization. Bentonite dispersions have colloid structure. 

The control of the rheological properties of these systems is not only important 

from a technological but also from a scientific point of view [5].  

The rheological behavior of the system is determined by a mutual effect of 

attractive and repulsive forces between clay particles, which interact with each 

other through Coulombic and Van der Waals forces. These interactions can be 
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changed to gain the desired properties with the addition of various electrolytes, 

polymers, surfactants, and organic matters [5]. 

Addition of polymer greatly changed the rheological properties of bentonite 

dispersion. The degree of interaction between polymer molecules and clay particles 

depended on the polymer concentration in the dispersion. The experiments carried 

out by [7] showed that the rheological properties of the sample can be brought to 

desired values by use of polymer concentrations. The polymers added to the 

bentonite dispersions interact with the clay particles, according to their ionic or 

non-ionic character. The ionic polymers induce electrostatic interactions, but the 

non-ionic polymers are adsorbed on the surface by steric interactions (PVA 

molecules attached on the net negatively charged clay particles) [7]. 

Viscosity is the measure of the internal friction of a fluid. This friction 

becomes apparent when a layer of fluid is made to move in relation to another 

layer. The greater the friction the greater the amount of force required to causing 

this movement which is called shear [8]. Viscosity is a property of a fluid which is 

a measure of it's resistance to flow. Viscosities can be measured using a viscometer, 

which has the ability to determine changes in viscosity with time or with shear rate 

or shear stress. Viscometers can also detect if a solution undergoes shear thinning 

or thinking with time. Shear thinning is when a solution's viscosity decreases with 

increasing shear. The property called the apparent viscosity is defined as a ratio 

between shear stress and resulting shear rate of flowing material [8].   

Many flow models have been proposed, which are useful for the treatment of 

experimental data or for describing flow behavior [2]. Such mathematical models 

range from the very simple to the very complex. Some of them merely involve the 

plotting of data on graph paper. Others require calculating the ratio of two numbers. 

Some are quite sophisticated and require use of computers.  
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This kind of analysis is the best way for getting the most from our data and 

often results in one of two constants which summarize the data and can be related 

to product or process performance. Once a correlation has been developed between 

rheological data and product behavior, the procedure can then be reversed and 

rheological data may be used to predict performance and behavior [9]. 

 

1.2 Aim of This Work.  
1- Study experimentally the rheological behavior of solid suspensions in water.  

2- Study experimentally the rheological behavior of polymer solutions.  

3- Study the effect of adding polymers to solid suspensions on the rheological 

properties.  

4- To obtain the best model to calculate the rheological properties of solid 

suspensions and polymer solution. 

5- Study the effect of temperature on the rheological properties of polymer 

solutions. 
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Chapter Two 

Literature Survey 
2.1 Introduction. 

The word “rheology” normally refers to the flow and deformation of 

“non-classical” materials such as rubber, molten plastic, polymer solutions, 

slurries and pastes, electrorheological fluids, blood, muscle composites, soils, 

and paints. These materials can exhibit varied and striking rheological properties 

that classical fluid mechanics and elasticity cannot describe. Though the word 

“rheology” was coined in 1929, the rapid development of the subject began 20 

years later [10]. 

Rheology is used to predict a material's response to differing modes of 

flow and deformation at any point from the processing step through its final end 

use.  

Matter can be rheologically classified into two extreme types: elastic 

solid, which obeys Hooke's law, and a viscous fluid, which obeys Newton's law. 

The application of a constant shear stress to an elastic solid will result in a 

constant shear strain. This leads to Hooke's law,  

σ = G.γ                                                                                    … (2.1) 

Where σ is the shear stress, γ is the shear strain and G is the shear modulus. The 

application of a constant shear stress to a viscous fluid will result in a continuous 

deformation at a constant shear rate. This leads to Newton's Law,  

σ = η. γ°                                                                                  … (2.2) 

Where η is viscosity and γ° is the shear rate. However, most materials 

cannot be solely described by either of these classical extreme laws, because the 

shear stress is dependant on both the shear strain and the shear rate. This leads to 
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the concept of viscoelasticity, where a material possesses both solid–like and 

fluid-like behavior under different experimental conditions [11].  

 

2.2 Understanding Rheology: Viscous and Elastic Response.                                   

Fluid-like behavior is associated with flow: matter being deformed      

continually with time. Fundamental rheological variables can be defined by 

reference to an imaginary purely fluid sample confined between two parallel 

plates, figure 2-1. The plates are separated by a distance x that is small compared 

to the linear dimensions of the plates. The bottom plate is held stationary, while 

parallel to the top plate a certain force per unit area (or shear stress, F/A) is 

applied so that it moves. The fluid in contact with the upper plate moves equally 

fast, with velocity. 

 
Figure 2-1 Laminar Flow of a Newtonian Liquid in Simple Shear [12]. 

 

 The fluid in contact with the bottom plate is stationary. Hence, there is a 

difference in the fluid’s velocity throughout the bulk: the sample experiences      

a velocity gradient dv/dx, which is the shear rate. If the force ceases to be 

applied, the upper plate comes to a rest. Isaac Newton discovered that the 

resistance that arises from the lack of slipperiness originating in a fluid - other 

things being equal – is proportional to the velocity by which the parts of the fluid 
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are being separated from each other.  The proportionality constant is the shear 

viscosity of the liquid η [12]: 

σ = η γ°                                                                                    …(2.3) 

Where: 

σ = F/A, γ°= dv/dx,             (= v/x) 

 

2.3 Fundamentals of Rheological Terms.  
2.3.1 Deformation. 

Deformation is the movement of parts or particles of a material body 

relative to one another such that the continuity of the body is not destroyed, 

resulting in a change of shape or volume or both. Deformation is a change in 

shape due to an applied force. This can be a result of tensile (pulling forces) or 

of compressive (pushing forces) loads being applied [8]. 

 

2.3.1.1 Elastic Deformation. 

Elastic: A conservative property in which part of the mechanical energy 

used to produce deformation is stored in the material and recovered on release of 

stress. Elastic deformation as shown in figure 2-2 applies only to elastic solids. 

 

 
Figure 2-2 Elastic deformation [8]. 

Strain or deformation is defined as: 

ε = dL/L o                                                                              …(2.4) 
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Stress is the internal distribution of forces within a body that balance and react 

the loads applied to it. In other words: stress = Force / unit area. In between 

stress and strain exits a linear relation given by Hooke’s law that is valid only in 

perfectly elastic bodies [7]: 

σ = E ε                                                                                    … 

(2.5) 

Where E is Young’s modulus [N/m2]. 

 

2.3.1.2 Shear Deformation.  

Shear stress is a stress state where the shape of a material tends to change 

(usually by sliding forces) without particular volume change [8]. When a shear 

deformation with a constant speed applied on a liquid, the flow phenomenon 

takes place [5]. 

 Figure 2-3 illustrates the concept. Two large parallel plates bound a fluid. 

The area A, separated by a small distance H, the bottom plate is held fixed. 

Application of a force F to the upper plate causes it to move at a velocity V. The 

fluid continuous to deform as long as the force is applied, unlike a solid, which 

would undergo only a finite deformation [13]. 

 

 
Figure 2-3 Shear Deformation in Space [13]. 
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The force is directly proportional to the area of the plate. Within the fluid a 

linear velocity profile is established, due to non-slip condition, the fluid 

bounding the lower plate has zero velocity and the fluid bounding the upper 

plate move at plate velocity V. The flow in figure 2-4 is a simple shear flow. 

 

 

y 
x 

V x (y) = γ y 

ΔL 

.

Figure 2-4 Shear Deformation of a Fluid Placed in Between Two Parallel Planes [8]. 

 

The next formulae are derived in accordance with figure 2-4. 

τ = F/A = - η(dv/dy)                                                                …(2.6) 

2.3.2 Viscoelastic. 

The word “viscoelastic” means the simultaneous existence of viscous and 

elastic properties in a material. It is not unreasonable to assume that all real 

materials are viscoelastic (in all materials, both viscous and elastic properties 

coexist).  The particular response of a sample in a given experiment depends on 

the time-scale of the experiment in relation to a natural time of the material. 

Thus, if the experiment is relatively slow, the sample will appear to be viscous 

rather than elastic, whereas, if the experiment is relatively fast, it will appear to 

be elastic rather than viscous. At intermediate time-scales mixed is appeared 

viscoelastic behavior [14].  
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2.3.3 Shear Rate. 

The shear rate γ◦ is the time dependent response of a fluid to any force 

acting on it. It is the time derivative of the strain γ = ΔL /Δy, where ΔL is the 

deformation of the body as a result of the applied stress [7].Shear rates of typical 

familiar material and processes are presented in table 2-1. Sedimentation of 

particle may involve very low shear rates, spray drying will involve high shear 

rates, and pipe flow of fluid will usually occur over a moderate shear rate range 

[15]. 
Table 2-1 Characteristic Shear-Rate Ranges (in s-1) Occurring in Some Industrial Processes 

[15]. 

Situation Shear rate (1/s) Application 

Sedimentation of particles 
in a suspending liquid 

10-6  –  10-3 Medicines, paints, spice in 
salad dressing 

Leveling due to surface 
tension 

10-2  –  10-1 Frosting, paints, printing inks 

Draining under gravity 10-1  –  101 Vats, small food containers, 
painting and coating 

Extrusion 100  –  103 Snack and pet foods, tooth-
paste, cereals, polymers 

Pouring from a bottle 101  –  102 Food, cosmetics, toiletries 

Chewing and swallowing 101  –  102 Foods 

Dip coating 101  –  102 Paints, Confectionary 

Mixing and stirring 101  –  102 Food processing 

Pipe flow 100  –  103 Food processing, blood flow 
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Situation Shear rate (1/s) Application 

Rubbing 102  –  104 Topical application of creams 
and lotions 

Brushing 103  –  104 Brushing, painting, lipstick, 
nail polish 

Spraying 103  –  105 Spray drying, spray painting, 
fuel atomization 

High speed coating 104  –  106 Paper 

Lubrication 103  –  107 Bearings, gasoline engines 

 

2.4 Shear Viscosity.  
Viscosity is defined as the internal friction of a fluid. The microscopic 

nature of internal friction in a fluid is analogous to the macroscopic concept of 

mechanical friction in the system of an object moving on a stationary planar 

surface. In a fluid, energy must be supplied: To create viscous flow units by 

breaking bonds between atoms and molecules and cause the flow units to move 

relative to one another.  

The shear viscosity of most liquids decreases with temperature and 

increases with pressure. An increase in temperature usually causes expansion 

and a corresponding reduction in liquid bond strength, which in turn reduces the 

internal friction. Pressure causes a decrease in volume and a corresponding 

increase in bond strength, which in turn enhances the internal friction. For most 

situations, including engineering applications, temperature effects dominate the 

antagonistic effects of pressure.  
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If the viscosity throughout the fluid is independent of strain rate, then the 

fluid is said to be a Newtonian fluid. The constant of proportionality is called the 

coefficient of viscosity, and a plot of stress vs. strain rate for Newtonian fluids 

yields a straight line with a slope of η.  

τ = η. γ°                                                                                   … (2.7) 

The term viscosity has no meaning for a non-Newtonian fluid unless it is 

related to a particular shear rate γ°. An apparent viscosity can be defined as:  

η app. = τ / γ°                                                                            … (2.8) 

The fundamental unit of viscosity is the poise. A material requiring a shear stress 

of one dyne per square centimeter to produce a shear rate of s-1 has a viscosity of 

one poise. One (Pa.s) equal 10 poise [16, 17, and 18]. 

 

2.5 The General Form of the Viscosity Curve for Suspensions.  
The general viscosity/shear rate curve for all suspensions is shown 

schematically in figure 2-5. The first Newtonian plateau at low shear rate is 

followed by the power-law shear-thinning region and then by a flattening-out to 

the upper (second) Newtonian plateau. At some point, usually in this upper 

Newtonian region, there can be an increase in viscosity for suspensions of solid 

particles, given the appropriate conditions. In certain situations, the first 

Newtonian plateau is sometimes so high as to be inaccessible to measurement. 

 In such cases, the low-shear rate behavior is often described by an 

apparent yield stress. The factors controlling the details of the general flow curve 

in particular cases will now be considered. One point worth stressing here is that 

the relevant measure of the amount of material suspended in the liquid is that 
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fraction of space of the total suspension that is occupied by the suspended 

material. 

 This is the volume-per-volume fraction, and not the weight-per-weight 

fraction that is often used in defining concentration. The reason why phase 

volume is so important is that the rheology depends largely on the hydrodynamic 

forces, which act on the surface of particles or aggregates of particles, generally 

irrespective of the particle density [14]. 

 

(A)                                                         (B) 
Figure 2-5 Schematic Representation of the Flow Curve of a Concentrated Suspension (A) 

[14] and (B) [19]. 

 

2.6 The General Form of the Viscosity Curve for Polymer 

Solution. 
The viscosity curve for polymer solution will exhibit Newtonian behavior 

at extreme shear rates, both low and high. For such fluids, when the apparent 

viscosity is plotted against log shear rate, we see a curve like figure 2-6 [20]. 
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Figure 2-6 Schematic Representation of The Flow Curve of Polymer Solutions [21]. 

 

Three regions may be distinguished [21]: 

1. Constant-viscosity region in which the behavior of the solution is 

Newtonian. This region is associated with low shear rates and/or low 

concentrations. 

2. Transition region, which corresponds to the polymer molecules 

undergoing deformation due to the effect of the increasing shear rate. 

3. Region in which the viscosity decreases as the shear rate increases. The 

greater the shear, the more the molecular chains orient in the flow 

direction. The behavior of the solution is pseudo plastic. 
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2.7 Newtonian Fluids. 
Newton deduced that the viscosity of a given liquid should be constant at 

any particular temperature and pressure and independent of the rate of shear, as 

illustrated in figure 2-7 below. In such “Newtonian fluids”, shear stress is 

directly proportional to rate of shear.  
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(A)                               (B) 
Figure 2-7 Characteristics of Newtonian Liquids (A) Shear Stress is Directly Proportional to 

Rate of Shear. (B) Viscosity is Independent of Rate of Shear [8]. 

 

Newtonian fluids have direct proportionality between shear stress and 

shear rate in laminar flow. 

τ = η. (dν/dy) = η. γ°                                                               … (2.9)  

The proportionality constant is thus equal to the viscosity of the material. 

The flow curve, which is a plot of shear stress versus shear rate, will therefore be 

a straight line with slope η for a Newtonian fluid. The viscosity curve, which is a 

plot of viscosity versus shear rate, will show a straight line at a constant value 

equal to η. 

A Newtonian fluid can therefore be defined by a single viscosity value at a 

specified temperature. Water, mineral, vegetable oils and pure sucrose solutions 

are examples of Newtonian fluids [22].  
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 2.8 Non-Newtonian Fluid.  
A non-Newtonian fluid is characterized by not having a unique value for 

viscosity. The viscosity of these fluids will depend on the shear rate applied. 

Any fluid that does not obey the Newtonian relationship between the shear stress 

and shear rate is called non-Newtonian. The subject of “Rheology” is devoted to 

the study of the behavior of such fluids. High molecular weight liquids which 

include polymer melts and solutions of polymers, as well as liquids in which fine 

particles are suspended (slurries and pastes), are usually non-Newtonian.  

In this case, the slope of the shear stress versus shear rate curve will not be 

constant as we change the shear rate. When the viscosity decreases with 

increasing shear rate, we call the fluid shear thinning. In the opposite case where 

the viscosity increases as the fluid is subjected to a higher shear rate, the fluid is 

called shear thickening. Shear-thinning behavior is more common than shear-

thickening [23]. 

The measured viscosity is the apparent viscosity. In the category of non-

Newtonian fluids, one can include most dispersions, blood etc. The viscosity is 

function of the shear rate. The complexity of the microstructure of the system is 

influencing the viscosity measurements. If shear forces are applied, the structure 

of the material may change, therefore the viscosity is changing. Rheology can be 

used to learn about the dispersions’ microstructure [5, 10]. In equation (2.5), 

time reflects the structural changes. 

 

η =η (γ°, Time)                                                                     … (2.10) 
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There are several types of non-Newtonian flow behavior and they are 

characterized by the way a fluid's viscosity changes in response to variations in 

shear rate. The most common types of non-Newtonian fluids you may encounter 

include: 

 

2. 8 .1 Non-Newtonian Fluids-Time Independent. 

2. 8 .1 .1 Pseudo Plastic (Shear-Thinning) Behavior. 

One of the reasons for shear thinning behavior lies in the alignment of 

particles with the flow of the slurry, as stated before. Figure 2-8 illustrates these 

phenomenons. Breaking down of structures is another important reason for shear 

thinning, figure 2-9. Because of electrical charges, polymer particles tend to 

form structures. Resistance to flow of particles is lower than that of structures. 

Also water phase can be partly locked inside the structures. When freed, this 

water lubricates the flow, decreasing viscosity [16]. 

 

    
Figure 2-8 Alignment of particles [19].          Figure 2-9 Breaking Down of Particles [19]. 
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If the critical shear rate γc is grater than shear rate, the repulsive 

interactions is greater than hydrodynamic forces. The structure of shear-thinning 

behavior at rest while flowing is shown in figure 2-10. 

 
Figure 2-10 The Structure of Shear Thinning Behavior [24]. 

 

In this case, fluid displays a decreasing viscosity with an increasing shear rate as 

shown in figure 2-11. 

 
Figure 2-11 τ versus γ`, η versus γ` in Shear Thinning Behavior [25].  

Power law model describing flow behavior of shear thinning is given below [7]: 

τ = k (γ°) n                            n < 1                                         … (2.11) 

 

2.8.1.2 Dilatants (Shear – Thickening) Behavior. 

In solid suspensions, shear thickening occurs due to rearrangements in the 

microstructure evoked by shear. When shear rate is increased further, the flow is 

disturbed and particles cause more friction between one another. In figure 2-12a 

(at rest) the particles are closely packed and the figure 2-12b at (flowing 

material), layers have different velocity [19].  
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Figure 2-12 Packing of Particles [19]. 

 

If the critical shear rate γc is less than shear rate, the repulsive interactions 

and hydrodynamic forces is balance. The structure of shear-thickening behavior 

is shown in figure 2-13. 

 

 
Figure 2-13 The Structure of Shear Thickening Behavior [24]. 

An increasing viscosity characterizes dilatants fluids with an increase in 

shear rate. Examples are some particulate solutions such as clay slurries and 

cornstarch in water etc. The figure 2-14 illustrates the shear stress versus shear 

rate and apparent viscosity versus shear rate in the shear thickening behavior. 
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 Figure 2-14 τ versus γ`and η versus γ` in Shear Thickening Behavior [25].  

 

Power law model describing flow behavior of shear thickening is given below 

[8]: 

τ = k (γ°) n                                    n > 1                                 … (2.12) 

 

2.8.1.3 Bingham Behavior. 

The yield stress in fluids can be defined as the stress (the shear force per 

unit area) going to a finite nonzero value, the yield stress, while the shear rate 

(velocity gradient) goes to zero. In practice, the yield stress is due to the 

microstructure of the fluid that resists large rearrangements. Because of the 

effect of the flow on the system’s microstructure, it is in fact impossible to 

unambiguously define a yield stress [4]. 

In this case, the liquid behaves like a solid under static conditions. A 

certain amount of force must be applied to the fluid before any flow is induced. 

This threshold is called the yield stress value. Tomato ketchup is an example of 

such fluid. Once the yield value is exceeded, flow begins. This fluid flow can 

display Newtonian, pseudo plastic or dilatants flow characteristics [5] 
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 Figure 2-15 τ versus γ` and η versus γ` in Bingham Plastic Model [25].  

 

2.8.2 Non – Newtonian Fluids – Time Dependent. 

Some fluids display a change in viscosity with time, under conditions of 

constant shear rate. Time-dependent fluid behavior may be further subdivided 

into two categories: thixotropy and rheopectic or negative thixotropy [10]. 

 

2.8.2.1 Thixotropic fluids. 

In this case, the fluid undergoes a decrease in viscosity with time, while it 

is subject to constant shearing as shown in figure 2-16. An example is greases. It 

is known from practice that non-dripping paint can flow with decreasing 

viscosity upon stirring in the paint-pot. Such behavior, where systems that look 

rather solid like but upon stirring become liquid like, with decreasing viscosity, 

is called thixotropy.  

At rest, the viscosity increases again, so the paint does not form drips at 

the wall. Quicksand is also a well-known example of thixotropy: the movements 

of victim simply decrease the viscosity of the trap and worsen his troubles. The 

behavior of non-Newtonian fluids is often the result of special structures 

(networks, colloidal crystals) that are disturbed upon loading. At rest the 

structures are building up again and consequently the viscosity increases again. 
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If the structure disturbance and build up need some time, then the viscosity is 

decreasing or increasing with time upon loading or release, respectively [5, 10]. 

 
Figure 2-16 Viscosity Dependence on Time for Thixotropic Fluids [5]. 

2.8.2.2 Rheopectic fluids. 

 In this case the fluid’s viscosity increases with time as it sheared at a 

constant rate as shown in figure 2-17. A rheopectic liquid exhibit a behavior 

opposite to that of a thixotropic liquid, i.e. the apparent viscosity of the liquid 

will increase over time at a constant shear rate. Once the shear stress is removed, 

the apparent viscosity gradually decreases and returns to its original value. 

Rheopectic fluids are rare. Examples include specific printer’s inks [26]. 

 
Figure 2-17 Viscosity and Shear Rate Dependence on Time for Rheopectic Fluids [8]. 
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2.9 Water Soluble Polymers. 

     Polymers are large organic molecules composed of seed extracts (guar, 

starch), modified cellulose (CMC, HEC), biosynthetic gums (Xanthan), and 

synthetic polymers (PVA) [27]. 

The simple molecules, from which polymers are formed, are called 

monomer that is containing primarily of compounds of carbon. To function as 

monomer, a compound must have at least two reactive sites at which other 

monomer units can be joined. 

 Polymers are either linear or branch. In linear polymers, the 

macromolecule is a long single chain of monomer units. The linear polymers are 

either "homopolymers" which are containing repeat units of only one chemical 

composition, or "copolymers" which are containing two or more repeating units, 

where they have a different chemical composition. For branch polymers, their 

chains branch off from each other [28]. 

The selection of best polymer for a certain application depends on the cost 

of the polymer and on the performance of the polymer 

  

2.10 Cellulose and Cellulose Derivatives 

Cellulose is a widely used organic polymer. It s extracted from wood and 

other vegetable products. Wood contains 40 to 50% cellulose [29]. Cellulose is 

insoluble in water due to strong hydrogen bonding. Thus, water particles do not 

penetrate the solid particles of cellulose. An accorded, chemical modification is 

required to these polymers to become soluble in water. The most important kinds 

of chemically modified cellulose are: CMC and HEC polymers. 
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2.11 Polymer Solutions. 
Polymer molecules are long chain molecules composed of many repeating 

units. The bonds along the polymer backbone are continually rotating, and as a 

result, the molecule itself is continually changing orientation and configuration 

on a length scale much smaller than the equilibrium size. Polymer solutions can 

be considered as liquid mixtures made of long macromolecular chains, and small, 

light molecules of solvent [27]. 

Polymer solutions, in general exhibit non-Newtonian pseudo plastic 

behavior i.e., its viscosity decreases with increasing shear rate. At rest, the 

chains of polymers are randomly entangled, but they do not set up a structure 

because the electrostatic forces and predominately repulsive when the fluid is in 

motion, the chains tend to align themselves parallel to the direction of flow, this   

tendency increases with increase in shear rate, so that the effective viscosity 

decreases [30].  

The solution viscosity of the polymers being compared must be obtained 

under the same conditions of shear rate, shear stress, temperatures and polymer 

concentration. The choice of the best polymer for a given application depends on 

the both economic and performance considerations. Polymer solution properties 

that effect performance include solution viscosity in the solvent to be used 

(formation fluids can be very important). 
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2.11.1 Solubility of Polymer. 

       It should be pointed out that not all polymers can be dissolved, and even 

though when they can, the dissolution process may take up to several days or 

weeks. 

 The dissolution of polymers depends not only on their physical properties, 

but also on their chemical structure, such as polarity, molecular weight, 

branching, cross-linking degree, and crystallinity. Polar macromolecules like 

poly (acrylic acid), poly (acryl amide) and polyvinyl alcohol, among others, are 

soluble in water. Conversely, non-polar polymers or polymer showing a low 

polarity such as polystyrene, poly (methyl methacrylate), poly (vinyl chloride), 

and poly (isobutylene), are soluble in non-polar solvents. Chains containing long 

branches, cause dense entanglements making the penetration of solvent molecule 

difficult. Therefore, the rate of dissolution in these cases becomes slower than if 

it was short branching, where the interaction between chains is practically non-

existent [31]. 

There are two stages involved in the dissolution process: the first is the 

polymer swelling and the second is the dissolution step itself. When a polymer is 

added to a given solvent, attraction as well as dispersion forces begin acting 

between its segments, according to their polarity, chemical characteristics, and 

solubility parameter. If the polymer solvent interactions are higher than the 

polymer-polymer attraction forces, the chain segment start to absorb solvent 

molecules, increasing the volume of the polymer matrix, and loosening out from 

their coiled shape. The segments are now “solvated" instead of "aggregated", as 

they were in the solid state [27]. 
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The completely “salvations-unfolding-swelling” process takes a long time, 

and is influenced only by the polymer-solvent interactions; stirring plays no role 

in this case. However, it is desirable to start with fine powdered material, in 

order to expose more of their area for polymer-solvent interactions. The 

"solvation-unfolding-swelling" process will continue until all segments are 

solvated. Thus, the whole loosen coil will diffuse out of the swollen polymer, 

dispersing into a solution. At this stage, the disintegration of the swollen mass 

can be favored by stirring, which increases the rate of dissolution. The polymer 

coil, along with solvent molecules held within, adopts a spheric or ellipsoid form, 

occupying a volume known as hydrodynamic volume of the polymer coil [27].  

 

2.11.2 Dilute and Concentrated Polymer Solutions. 

           Dilute solutions are those in which each polymer chain is believed (or 

assumed) to be completely isolated from the other polymer chains, and forms a 

coil at equilibrium. When the concentration is increased polymer molecules 

begin to interact by becoming entangled. The concentration (known as the 

critical concentration) required for a solution to become entangled will decrease 

as the molecule becomes longer and occupies a larger equilibrium volume. 

 In response to a deformation, the polymer molecule itself can change both 

its shape and orientation. In dilute solutions, the rheology of the solution is 

dependent solely on the dynamics of an individual chain and the number of 

chains (i.e. the concentration) in the system. At higher concentrations in the 

entangled region, interactions between polymer molecules due to entanglements 

impact the rheology in a significant way [27]. 
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There is no interaction at all between the dissolved coils in dilute solutions. 

Even when the solution is highly viscous, such coils remain as unique entities 

moving freely among the solvent molecules, without exerting forces of any kind 

on each other. Consequently, no links can be established between them. 

 The situation is different in concentrated solutions. As the number of 

molecules is increased, they are forced to come closer and interaction between 

them turns noticeable. The summation of intermolecular forces becomes a key 

factor. 

Therefore, the viscosity increases drastically, and the solution begins to 

exhibit a transition from a concentrated solution to a gel, because such coils will 

establish linkages at some points, constituting gradually an only giant cross 

linked coil, called a macroscopic gel. Such macroscopic gel showing the cross-

links as solid circles [27] 

 

2.12 Previous Works 
In this section, we will focus on the recent works that studied the rheology 

of polymer solutions, solid suspension and mixed of these materials.  

Alloncle, et al. (1989) [32], studied a rheological characterization of 

Cereal Starch-Galactomannan Mixtures. The aim of the investigation is to 

describe the rheology of cereal starch/galactomannan mixtures on a similar basis, 

assuming the hydrocolloid located mainly inside the continuous phase. Viscosity 

measurements (on starch pastes, gum solutions, and blends) were performed 

using a coaxial-cylinders viscometer (Rheomat 30, Contraves, Zurich) with the 

following specifications for the cylinders: internal radius, 22.9 mm; external 

radius, 24.2 mm; height, 56.5 mm.  
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Flow curves of these starch-galactomannans mixtures were compared with 

the curves obtained from starch or galactomannans alone. A strong synergistic 

effect was observed, resulting in a dramatic increase in the viscosity of the 

mixtures compared with starch or galactomannan along. A simple model was 

proposed to interpret such effects. Because starch pastes are described as 

suspensions of swollen particles dispersed in a macromolecular medium, it was 

suggested that galactomannans are located with in the continuous phase. Thus, 

the volume of this phase, accessible to the galactomannan, was therefore reduced. 

This yielded an increase of the galactomannan concentration within the 

continuous phase and a dramatic increase in the viscosity of the continuous 

medium owing to the thickening properties of this polysaccharide. Because the 

overall viscosity of a suspension depends upon the viscosity of the continuous 

phase as well as on the volume fraction of the dispersed phase, the respective 

contribution of each phase could be estimated. Validity of this model was 

supported by experiments where the galactomannan concentration in the 

continuous medium was kept constant (1%) while the volume fraction of the 

dispersed phase was varied between (0.1 and o.9).    

 

Hassan (1992) [33], studied viscometric behavior of single strength and 

concentrated Date-Water Extracts.  

Viscometric behavior of single strength and concentrated date-water 

extracts of the cultivar anbari was experimentally investigated using a concentric 

cylinders rotational viscometer (A Haake viscometer, model viscotester VT.181).  

The data-water extracts in the concentration range 22.5% - 78.5%, temperature 

range 24.0 – 95.0 °C, and shear rate range 2.5 – 979.0 s-1 , exhibited shear 
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thinning behavior (pesedoplastic ), evident from the consistent decrease of 

viscosity with increasing shear rate. 

 Viscosity of all concentrations with in the temperature and shear rate 

ranges investigated was in the range 1.08 – 5622.61 (mPa.s). The power law 

model described adequately the flow behavior of the data-water extracts at 

various concentration and temperature. The flow index (n) and the consistency 

index (k) were with in the ranges 0.57 – 0.98, and 6.49 – 5720 mPa. s n  , 

respectively. 

 

Petroyl and Denkoyski (1995) [34], studied the power law for some 

polyacrylonitrile solutions. In this study, concentrated solutions of a ternary 

copolymer of acrylonitrile methyl acrylate and itaconic acid, in aqueous NaSCN 

(51%) solution were used. The data from the measuring performed with 

rotational viscometer "HAAKE" RV-3, MK 500. The flow index (n) decreases 

and the coefficient of consistency (k) increases when γ increased but due to the 

complexity of the dependence, this results in the decrease of ηa as γ increases. 

The increase of the temperature of the solution was always a accompanied 

by a decrease of its viscosity. This could be connected to decrease of the 

anomaly of the viscosity as temperature increases and may be explained with the 

disintegration of the elements of the structure and the macromolecular nets in the 

solution under the action of the heat fluctuations that result in viscosity decrease. 

 

Rossi, et al. (1997) [35], studied the influence of law molecular weight 

polymers on the rheology of bentonite suspension. The objective of this work 

was to determine the effect of relatively low molecular weight non-ionic 

polymers on the rheological behaviour of bentonite suspensions. Finally, some 
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preliminary measurements have made at high temperature and high pressure for 

bentonite alone and a bentonite/polyethylene oxide system.  

The rhrological properties were measured at room 25, ± 0.1°C for both 

steady state and oscillatory measurements. The rheological properties were 

measured in two rheometer, A Bohlin VOR rheometer and Haake Searle type 

HTHP. It was possible to measure pressures up to 1000 bar and temperatures up 

to150°C. The shear range was between (0.1-1160) s-1 and (0 -1130) s-1. The flow 

curves were analyzed and fitted to the bingham model and the Herschel-Bulkley 

model (τ = τB + ηB pl γ) , (τ = τy + k γ ) respectively.  n 

The Bingham yield stress values for the high polymer contents were found 

to be higher than the suspension without polymer and the plastic viscosity 

increased with increase in polymer content. The values of the elastic G´ and 

storage G´´ modules as a function of polymer concentration G´ was significantly 

higher than G´´ indicating that the suspension was highly elastic. 

 It was found that, the rheologicl properties were increased (η and n) with 

increased pressure in the system while decreasing (τ and k) and the temperature 

affected the system. the shear stress increase with increasing temperature. 

 

Hadar and Keren (2002) [36], studied anionic polyacrylamide polymers 

(PAM) effect on rheological behavior of sodium-montmorillonite suspensions.  

The aim of the study was to determine the effects of molecular weight 

(MW) and degrees of hydrolysis (DH) of anionic PAM on the rheological 

properties of Na-montmorillonite suspensions at various electrolyte 

concentrations. 
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 The rheological measurements for the Na-montmorillonite suspensions 

were performed with a commercial couette-type viscometer with an outer 

rotating cylinder and a stationary inner cylinder (Haake Model RV2, Sensor 

system CV20). The gap between the outer cylinder housing was temperature 

controlled at 25.0 ± 0.2°C. The measurements were carried out at shear rates of 

(0 to 1000) s-1 during 2 min. The flow curves were analyzed and fitted to the 

Bingham model and the power law model.  

Rheological measurements were found to be a useful tool in determining 

the effectiveness of anionic PAM in modifying the interactions between clay 

particles in suspensions. The effectiveness of the polymers was depended upon 

their MW and DH. These results suggest that high MW and high DH of negative 

PAM together with low electrolyte concentration in soil solution could be more 

effective in soil aggregate stabilization than those with lower MW and DH.  

 

David and Blakey (2004) [37], compared the rheologies of laterite and 

goethite suspensions.  

The comparisons in this study show distinct differences in the rheology of 

laterite and goethite suspensions. At the same solid volume concentration, the 

goethite suspensions were much more viscous and have much higher yield 

stresses. The rheometer was a Haake RV30 viscometer with a couette fixture. 

The rheometer worked with range (100 - 1000) s-1.  The instrument was capable 

of generating step changes and ramp sequences in shear rate, in addition to 

normal steady shear rate. This rheometer cannot measure G` and G``, the usual 

properties to characterize the dynamic response of a fluid. 
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 The viscosity of a goethite suspension was found to be about ten times 

than that of a laterite suspension at the same concentration. This finding may be 

unexpected in view of the higher aspect ratio for laterite particles. 

 

Alemdar, et al. (2005) [38], studied the effect of polyethylene (PEI) 

adsorption on of bentonite suspension. 

The addition of PEI at concentration ranges of 10-5 – 4.5 g/l to the slurry 

of  stability of bentonite suspensions (2%, w/w). The rheological parameters 

(viscosity, shear stress, yield value) of clay suspensions may often reflect 

particle–particle interactions. The magnitude of the attractive and repulsive 

forces between clay particles was determined by physical and chemical 

properties of the bentonite–water systems. The polymers in the bentonite 

suspensions interact with clay particles according to their ionic or non-ionic 

character. The ionic polymers induced electrostatic interactions, but the non-

ionic polymers were adsorbed on the surface of clay minerals by the steric 

interactions. Polymer concentration, its molecular weight and hydrolysis groups 

of polymer, size and shape of clay particle, its surface charge and clay 

concentration in suspension, pH, and temperature may all affect the 

clay/polymer interactions. 

 The rheological parameters of the dispersions were measured in a 

Brookfield DVIII type low-shear viscometer in laboratory conditions. Increase in 

PEI concentration led to a decrease in the flocculation of dispersion probably 

due to the repulsions between positive charges on the clay surface at higher PEI 

concentrations. 

 

 32



Tapadia and Wang (2006) [39], studied direct visualization of continuous 

simple shear in non-Newtonian polymeric fluids. A particle tracking 

velocimetric technique waas used to study the rheological properties (10 wt% 1, 

4-polybutadiene (PBD) solution). 

 They showed a direct evidence of nonlinear velocity profiles during 

simple-shear flow of an entangled polymer solution, offering a new insight into 

of such characteristics as stress overshoot. They used a particle tracking 

velocimetry that send a laser beam along the velocity gradient direction through 

the gap between cone and plate and they video recorded the illuminated moving 

particles over time with CCD camera facing the gap as shown in figure 2-18. 

 

 
Figure 2-18 The Setup of The Particle Tracking Velocimetry [39]. 
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S. İşçi, et al. (2006) [7], studied the rheology and structure of aqueous 

bentonite-polyvinyl alcohol dispersions. 

 The influence of polymer on flow behavior of Balikesir, Turkey bentonite 

dispersion (2% w/w) was studied for Non-ionic polymer, polyvinyl alcohol 

(PVA). 

 PVA in a range of 3.3×10-6– 3.3×10-5 mol/l was added to the bentonite 

dispersions in different concentrations and its behavior was observed on 

rheology parameters. The data were interpreted taking into account the 

interactions of colloidal clay particles, bentonitic clay concentrations, structure, 

and concentrations of added PVA. The particle size analysis was explained by 

surface orientation of PVA to the clay particles dispersed in aqueous solution. 

Zeta potential determination also emphasized that PVA molecules were attached 

on the face and edge surface of clay particles. 

 

 34



Figure 2-19 Schematic Representation of Adsorption of PVA Polymer on Bentonite Particles 

as a Function of Concentration of Polymer [7]. 

Figure 2-19 shows a schematic representation of adsorption of PVA 

polymer on bentonite particles as a function of concentration of polymer. 

Increasing concentration of PVA resulted in a decrease in the zeta potential 

value of the bentonite dispersions. This decrease in the zeta revealed that PVA 

molecules attached on the net negatively charged clay particles. As the adsorbed 

amount increased, zeta potential reached zero point, and with further adsorption, 

zeta potential became a positive.  

 

Song, et al. (2006) [40], studied xanthan gum solutions for oscillatory 

shear flow behavior.  

In this study they used a strain-controlled rheometer [Advanced 

Rheometric Expansion System (ARES)]. Both the strain amplitude and the 

concentration dependencies of dynamic viscoelastic behavior were firstly 

reported at full length from the experimental data obtained from strain tests. 

Secondly, the linear viscoelastic behavior was explained in detail and the effects 

of angular frequency and concentration on this behavior were discussed using 

the well-known power law type. Finally, a fractional derived model originally 

developed by Ma and Barbosa-Canovas (1996) was employed to make a 

quantitative description of a linear viscoelastic behavior and then the 

applicability of this model was examined with brief comment on its limitations.  

They concluded that xanthan gum solutions did not form a chemically 

cross-linked stable (strong) gel but exhibited weak gel-like behavior, regarded as 

a highly elastic liquid over a wide range of time scale. In addition, they 

concluded that a fractional derived model might be attractive means for 
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predicting a linear viscoelastic behavior of concentrated Xanthan gum solutions. 

However, this model may be classified as a semi-empirical relationship because 

there existed no real physical meaning for the model parameters. 

 

Sarraf and Havrda (2007) [41], studied rheological behavior of 

concentrated alumina suspension (effect of electrosteric stabilization). 

The aim of this study was to investigate the rheological behavior of highly 

(43 Vol. %) concentrated sub-micron α-Al2O3 aqueous suspensions containing 

different amounts of electrosteric polyelectrolyte (Dolapix CE64) as dispersant. 

A concentric cylindrical Rheometer (Thermo HAAKE Ltd., Sensor Z41-DIN 

measurement system, RV1) was uesd. The flow curves were automatically 

recorded via a built-in program at a particular temperature 23 ± 1°C.  

It was found that in an aqueous alumina/dispersant system, as the amount 

of dispersant increased up to its optimum, the viscosity and yield stress of the 

suspension decreased. The flow curves of alumina suspensions illustrated typical 

shear-thinning behavior and were fitted satisfactorily to the power law, 

Herschel-Bulkley and Bingham models. The application of various flow models 

on the alumina systems confirmed that the optimum dispersant concentration 

which will impart the minimum viscosity to prepare stable suspensions is 0.4 

wt% of Dolapix CE64. Finally, the results obtained from rheological 

measurements indicated that dispersant Dolapix CE64 had great efficiency in 

electrosterically dispersing of concentrated alumina suspension and enables the 

preparation of lower viscous suspensions, suitable for colloidal processing such 

as slip-casting. 
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Liu, et al. [2007] [42], studied the rheological behaviors of 

Polyacrylonitrile /1-Butyl-3-Methylimidazolium Chloride [(PAN)/ ([BMIM] 

Cl)] concentrated solutions. 

One of the room temperature ionic liquids, 1-butyl-3-methylimidazolium 

chloride ([BMIM] Cl) was chosen to prepare the concentrated solutions of 

Polyacrylonitrile (PAN).  

Steady state rheological measurements were performed on a HAAKE 

RS150L rotational rheometer using a 35 mm, 1º cone and plate. The shear rate 

was linearly increased from (0.01 to 1000) s-1 without oscillation. Dynamic 

rheological measurements were performed on a TA ARES-RFS rotational 

rheometer. Under different conditions, including temperatures, concentration, 

and molecular weight of PAN, the solutions exhibited shear-thinning behaviors. 

The viscosities decreased with the increasing of shear rates according to the so-

called power law equation:  

τ = K. γ n             or                 ηap = K γ n-1 

Where K and n are constants. For pseudo plastic liquids the viscosity should 

decrease nearly linearly with shear rate on the log-log plot and the value of n is 

less than one. However, the viscosity decreased sharply at high shear rates when 

the concentration was up to 16 wt%. The dependence of the viscosity on 

temperature was analyzed through the determination of the apparent activation 

energy (Arenac equation). Unusually, the viscosity of solutions of higher 

concentration is lower than that of lower concentration. Similarly, the viscosity 

of low molecular weight PAN was higher than high molecular weight PAN at 

high shear rates. The dynamic rheological measurement indicated that the loss 

modulus was much higher than storage modulus. The trend of complex viscosity 

was similar with the result of static rheological measurement. 
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Deosarkar and Ghanta [2008] [43], studied rheological characteristics of 

solid-liquid suspension–comparison between empirical models and artificial 

neural network (ANN) model. 

The aim of the study was to observe the rheological characteristics of 

magnetite ore suspension in 1.1 %( by weight) carboxymethyl cellulose (CMC) 

and guar gum solutions and to find a suitable model for the same.  

The suspensions had varied particle size of (50- 74.8) mm. For magnetite 

ore slurries in aqueous CMC and guar gum solutions, the viscosity of the slurry 

increased with increase in particle size and solids concentrations.  

Solid concentration of 10% 20% and 30 % (by weight) in aqueous CMC 

and guar gum solution, exhibited pseudo plastic behavior for any particle size 

studied. The rheological characteristics were determined by programmable 

rheometer (Brookfield DV-III +).  

Experimental results were tested with well-known two-parameter power 

law model and Bingham plastic model and three parameter Herschel-Bulkley 

models. Experimental data were found to fit more satisfactorily the power law 

model as compared to Bingham and Herschel-Bulkley model. Moreover, an 

attempt also was made to develop artificial neural network (ANN) model for 

presenting the rheological behavior of the suspension. It was observed that the 

ANN model predicted the slurry viscosity more accurately than the empirical 

models. An ANN model was better than the power law model. In representing 

the rheological behavior of the slurries. 
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Erin, et al. (2008) [44], studied shear stress measurements of non-

spherical particles in high shear rate flows. The behavior of liquid-solid flows 

varies greatly depending on fluid viscosity; particle and liquid inertia; and 

collisions and near-collisions between particles. This study was performed for a 

range of Reynolds numbers, solid fractions and ratio of particle to fluid densities. 

With neutrally buoyant particles, the dimensional shear stress exhibited a linear 

dependence on Reynolds number: the slope was monotonic but a non-linear 

function of the solid fraction. However, non-neutrally buoyant particles 

exhibited a similar linear dependence at higher Reynolds numbers. At lower 

values, the shear stress exhibited a non-linear behavior in which the stress 

increased with decreasing Reynolds number due to particle settling.  

Shear stress measurements were made in a coaxial rheometer with a height 

to gap ratio (b/ro) of 11.7 and gap to outer radius ratio (h/b) of 0.166 that was 

specially designed to minimize the effects of secondary flows as shown figure 2-

20.  

 
Figure 2-20 Coaxial Rotating Cylinder, Couette Flow Device, the Outer Cylinder (red) 

Rotates While the Inner Cylinder Remains Fixed [44]. 
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Mohammed and Mohamed, (2008) [45], studied the effect of 

concentration of water-soluble polymer solutions on rheological properties.  

This experimental study of the rheological behavior of polymer solutions. 

All polymers studied in this work are water soluble and used in industries as 

rheology control additives (rheology modifiers), these are: XC-polymer, 

Carboxymethyl cellulose (two types), Hydroxyethyl cellulose and Polyvinyl 

alcohol. The rheological properties of these polymer solutions was investigated 

using a Couette coaxial cylinder rotational viscometer ( Fann model 35A ), by 

measuring shear stresses versus shear rates (i.e. the flow curve). 55 experiments 

were performed with different polymer concentrations and at room temperature. 

By using the Solver Add-in in Microsoft Excel, the power law flow model was 

found to be the best fits the experimental results. It was found that as polymer 

concentration increased, the flow behavior index (n) decreased and the 

consistency index (k) increased. This behavior reflects the fact that as polymer 

concentration increases, the solution become far from Newtonian. Correlations 

that describe the effect of polymer concentration on n and k (for each polymer 

used in this study) was found and presented in a linear and exponential form 

respectively. In addition, it was found that XC-polymer solutions have a higher 

viscosity, and its viscosity decreases much more than other polymer solutions 

used in this study. 
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Chapter Three 

Experimental Work 
3.1 Solid Suspension Used. 

All solid suspensions studied in this investigation were suspended in 

distilled water. Three dispersion were used, these are: Bentonite, Graphite and 

Corn starch as follow:  
1. Corn starch used is a commercially available product made by Qingdao 

Shengda Commercial & Trade Co., Ltd. Specification: Protein< 0.35% 

, Moisture< 13.5% , pH:5.4 - 6.4. 

2. Graphite powder used is a commercially available product in Al Doura 

refinery (Panzhihua Panxi Graphite Co., Ltd.). Specification: High 

purity, low sulphur, low ash, low porosity, low resistivity, high gravity 

and high carbon content.  

3. Bentonite used is a commercially available product made by Comieco 

Company (Wyoming) (Na+ Bentonite Specific gravity equal 2.5).   

 

3.2 Polymers Used. 
All polymers studied in this investigation are water soluble and are 

used in industries as a rheology control additive (rheology modifiers). Four 

polymers are used in this study, these are: XC-polymer, CMC-Carboxymethyl 

cellulose, HEC-Hydroxyethyl cellulose and PVA-polyvinyl alcohol, as 

follow: 

1. XC polymer used is a commercially available product supplied from 

Yongkang Rig china Group Co. (China). 

2. HEC used is a commercially available product type Cellosize QP 

4400H, supplied from DOW Chemical Company (USA).  
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3. CMC polymer used is laboratory available product supplied from BDH 

chemicals Ltd Poole England. Particular size 99.5% passes 60 meshes 

B.S.  

4. The PVA polymer used is Yongan Baohualin Industrial Development 

Co., Ltd product.   

 

3.3 Sets of Experiments. 
Seventy six experiments were performed to study the rheological 

properties of the aqueous solutions of polymers and solid suspension used. 

Experiments were performed at different temperatures. A list of experiments 

is shown in table 3-1. 
Table 3-1 List of all experiments. 

Exp.No Material Conc.(g/l) Temp.°C Exp.No Material Conc.(g/l) Temp.°C
 1 CMC 4 20 21 CMC 40 55 
2 CMC 7 20 22 XC 4 20 
3 CMC 10 20 23 XC 10 20 
4 CMC 15 20 24 XC 20 20 
5 CMC 20 20 25 XC 30 20 
6 CMC 25 20 26 XC 40 20 
7 CMC 30 20 27 XC 4 35 
8 CMC 35 20 28 XC 10 35 
9 CMC 40 20 29 XC 20 35 
10 CMC 10 35 30 XC 40 35 
11 CMC 15 35 31 XC 4 45 
12 CMC 25 35 32 XC 10  45  
13 CMC 40 35 33 XC 20  45 
14 CMC 10 45 34 XC  40  45  
15 CMC 15 45 35 XC 4  55  
16 CMC 25 45 36 XC 10  55 
17 CMC 40 45 37 XC 20  55  
18 CMC 10 55 38 XC 40  55  
19 CMC 15 55 39 HEC 4 20 
20 CMC 25 55 40 HEC 10 20 
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Table 3-1 Continued. 

Exp. No. Material Conc.(g/l) Temp.°C 
41 HEC 20 20 
42 HEC 30  20  
43 HEC 40  20  
44 HEC 10  35  
45 HEC 20  35  
46 HEC 30  35  
47 HEC  40  35  
48 HEC  10  45  
49 HEC  20  45  
50 HEC  30  45  
51 HEC 40  45  
52 HEC 10  55  
53 HEC 20  55  
54 HEC 30  55  
55 HEC 40  55  
56 PVA 2 35 
57 PVA 5 35 
58 PVA 7 35 
59 PVA 10 35 
60 Bentonite 50  35  
61 Bentonite  80  35  
62 Bentonite  120  35  
63 Graphite 30  35  
64 Graphite  40  35  
65 Graphite  70  35  
66 Graphite  90  35  
67 Corn Starch 300 35  
68 Corn Starch  400 35  
69 Corn Starch  500 35  
70 Corn Starch  600 35  
71 Corn Starch  700 35  
72 Corn Starch 800 35  
73 Bentonite+PVA 40+2 35 
74 Bentonite+PVA 40+5 35 
75 Bentonite+PVA 40+7 35 
76 Bentonite+PVA 40+10 35 

 

 43



3.4 Equipments Used. 
The main equipments used in this study are: 

1. Fann VG-viscometer, model 35A figure 3-1. 

 
Figure 3-1 Fann VG-Viscometer, Model 35A.     

 

2. Standard Hamilton Beach Mixer (Specifications): One spindle, 3 

test speeds: (13000, 16000 and 18000) rpm, stainless steel mixing cup 

and power (supply: 230 V AC / 50 - 60 Hz motor) [46]. Hamilton 

beach mixer and cup figure 3-2. 
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 Figure 3-3 Hamilton beach mixer and cup.  

 

3. Electronic balance. 

4. Drying oven. 

5. Microwave oven. 

6. Hot plate heater. 

7. Thermometer (0 – 200 °C) 

8. Stop watch. 

9. Volumetric flask. 

10.  Glass beakers (500 ml) 
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2.5 Instruments to Measure Rheological Properties.  

Most instruments designed to measure viscosity can be classified in 

two general categories: tube type and rotational type. Figure 3-3 shows the 

different types of instruments available. The selection of a particular 

instrument must be based on the type of analysis required and the 

characteristics of the fluid to be tested. For example, rotational methods are 

generally more appropriate for non-Newtonian fluids [2].  

 

 
Figure 3-3 Classification of Rheological Instruments [2]. 

 

Instruments which measure rheological properties are called 

rheometers. Viscometer is a more limiting term referring to devices that only 

measure viscosity. Rotational instruments may be operated in the steady shear 

(constant angular velocity) or oscillatory (dynamic) mode. Some rotational 

instruments function in the controlled stress mode facilitating the collection 

of creep data. 
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This information is needed to understand the internal structure of 

materials. The controlled rate mode is most useful in obtaining data required 

in processs engineering calculations [19]. 

 Rotational viscometers consist of two basic parts separated by fluid 

being tested. The parts may be concentric cylinder (cup and bob), plates, a 

low angle cone and plate, or a disk paddle or rotor in cylinder. Rotation of 

one part against the other produces a shearing action on the fluid. The torque 

required producing a given angular velocity or the angular velocity resulting 

from a given torque is a measure of the viscosity.  

Rotational viscometers are more versatile than other viscometers. They 

can be used with a wide range of materials because opacity, settling, and non-

Newtonian behavior do not cause difficulties. Viscosities over a range of 

shear rates and as a function of time can be measured. Therefore, they are 

useful in characterizing shear thinning and time-dependant behavior. 

Rotational viscometers are considerably more complicated mechanically than 

most other viscometers [47]. 

 

3.6 Viscometer (The Model 35A Viscometer). 
Fann model 35A viscometers are versatile instruments for research or 

production use. They can be used wherever a regulated-frequency power 

source is available. The model 35A viscometer is widely known as the 

“Standard of the Industry” for drilling fluid viscosity measurements.  

In the six-speed models, test speeds of 600, 300, 200, 100, 6 and 3 rpm 

are available via synchronous motor driving through precision gearing. Any 

test speed can be selected without stopping rotation. The shear stress is 

displayed continuously on the calibrated scale.  
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Specifications of viscometer: operating temperature 0-55 °C, Max. 

Sample temperature 92 °C and power supply 115 V AC / 60 Hz motor. This 

instrument has been designed so that viscosity in centipoises of a Newtonian 

fluid is indicated on the dial with the standard rotor, bob, and torsion spring 

operating at 300 rpm. Viscosities at other test speeds may be measured by 

using multipliers of the dial reading [48, 49]. 

 
Figure 3-4 The Essential Elements of Rotational Viscometer [49]. 

 

3 .7Calibration of Viscometer. 
This procedure is used for calibration using only Newtonian certified 

calibration fluids. Fann calibration fluids are available in nominal 20, 50, 100, 

200 and 500 cP. All are traceable to ASTM standards and each bottle of fluid 

is furnished with a viscosity temperature chart [50]. 

a) The instrument must be cleaned before immersing the rotor and bob 

into the calibration fluid. If necessary the rotor is removed and the bob, 

bob shaft, and rotor are thoroughly cleaned. 

b) The sample cup was filled to the scribed line with the calibration fluid 

and placed on the instrument stage. The stage was elevated so that the 

rotor was immersed to the proper immersion depth. 
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c) A thermometer was placed into the sample until the bob touches the 

bottom and then secured to the side of the viscometer to prevent 

breakage. 

d) The instrument was operated at 300 rpm for three minutes. This will 

equalize the temperature of the bob, rotor and the fluid. 

e) The dial was read at 300 rpm and 600 rpm. These numbers were 

recorded, and the temperatures from the thermometer to the nearest 

0.1°C were recorded. 

 

The above steps are standard calibration viscometer; in my work the 

calibration of viscometer used water (Newtonian Fluid) because the certified 

calibration fluids are not available in the laboratory. The figure 3-5 as shown 

the shear stress versus shear rate, it is clear that linear and through the origin 

point.   
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Figure 3-5 Shear Stresses versus Shear Rate for Water at 20 °C 
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3.8 Solid Suspension.  

Suspension, in chemistry, mixture of two substances. Common 

suspensions include sand in water, fine soot or dust in air, and droplets of oil 

in air. A suspension, or perhaps more broadly dispersion, consists of discrete 

particles randomly distributed in a fluid medium. Generally, we divide 

suspensions into three categories [51]: Solid particles in a liquid medium 

(often the word suspension is restricted to this meaning). Liquid droplets in a 

liquid medium (or an emulsion). Gas in a liquid (or foam).  

Solid suspensions in this work include: 

 

3.8.1 Bentonite Suspension. 

Sodium bentonite (also known as western or wyoming bentonite) is 

smectite clay with sodium as the dominant exchangeable ion. Small amounts 

of bentonite are also used as a catalyst in the refining of petroleum [52, 53]. 

 
Figure 3-6 Molecular Structure of Bentonite Slurry. 

 

3.8.2 Corn Starch Suspension.  

Starch is a complex carbohydrate composed of chains of glucose 

molecules. Basic consumer necessities such as paper and textiles are 

examples of its use in major industrial applications [54]. 
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2.8.3 Graphite Suspension. 

The word “graphite” is derived from the Greek word graphein. Other 

common names for graphite include plumbago and mineral carbon.  

The basic structure of graphite consists of a hexagonal arrangement of carbon 

atoms which form stable planar lattices with only weak inter-layer bonding 

(Van der Waals forces) [55]. 

 
Figure 3-7 Molecular Structure of Graphite. 

 

3.9 Polymer Definition. 

The term polymer is devised from the Greek “ploys” meaning many 

and “meros” meaning part or units. The simple molecules from which 

polymers are formed are called monomer (mono meaning one) i.e., a single 

unite to function as  a monomers, a compound must have at least two reactive 

sites at which other monomer units can be joined [56]. The most important 

kinds of chemically modified cellulose are: 

 

2.9.1.1 Sodium Carboxymethyl Cellulose (CMC). 

CMC is prepared by the reaction of cellulose with chloroacetic acid in 

the presence of sodium hydroxide. It is contains strong carboxyl groups 

which place it in the anionic polyelectrolyte category [57]. The molecular 

structure of CMC is shown in figure 3-8. 
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Figure 2-8 Molecular Structure of CMC. 

 

3.9.1.2 Hydroxyethyl Cellulose (HEC) 

HEC is prepared by reaction of alkali cellulose with ethylene oxide in 

the presence of isopropyl alcohol.  HEC is used in industry as agent of 

dispersing, thickening, film forming etc [39]. 
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Figure 3-9 Molecular Structure of HEC. 

 

3.9.2 XC Polymer (Xanthan Gum) 

XC polymer, also known as Xanthan gum, is an anionic polysaccharide 

derived from the fermentation of the plant bacteria Xanthamonas campestris. 

It is soluble in hot or cold water and gives visually hazy and neutral pH 

solution [29]. 
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Figure 2-10 Molecular Structure of XC Polymer [59]. 

 

3.9.3 Polyvinyl Alcohol (PVA). 

Unlike most vinyl polymers, PVA is not prepared by polymerization of the 

corresponding monomer. PVA instated is prepared by partial or complete 

hydrolysis of polyvinyl acetate to remove acetate group [60, 27]. The 

molecular structure of PVA is shown in figure 3-11.  
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Figure 2-11 Molecular Structure of PVA. 

 

3.10 Preparation of CMC, HEC and XC Polymer Solutions. 
The method for preparing a sample of polymeric solution at a certain 

concentration was as follows: 

1. 500 ml of distilled water was measured in a volumetric flask and 

placed in the Hamilton Beach cup.  

2. A previously dried polymer powder was weighted to the nearest mg 

using electronic balance.  
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3. The polymer was lightly sprinkled into the water while stirring 

continuoed. Stirring continued for 30 min. to ensure complete polymer 

dissolution. 

4. The prepared solution was poured into a properly labeled bottle and 

sealed.  

5. The prepared solution was kept at rest at room temperature for 24 hr 

prior to conducting the rheological measurements. 

 

3.11 Preparation of PVA Solution. 
There are two methods for preparing aqueous solution of polyvinyl 

alcohol, the conventional heating method and the microwave heating method. 

The microwave oven method is the preferred method for preparing the PVA 

solution [58, 61], so it was considered in this investigation as follow:  

a) Dry PVA powder was weighted to the nearest mg using electronic 

balance. 

b) The polymer was added to 500 ml of distilled water in a Pyrex beaker 

with stirring.  

c) The beaker was covered with microwave plastic warp and placed in a 

microwave oven.  

d) The microwave was turned on high for three minutes. The solution was 

stirred and heated for an additional three minutes. 

e)  The prepared solution was allowed to cool, and then poured into a 

properly labeled bottle and sealed.  

f) The prepared solution was kept at rest at room temperature for 24 h. 

prior to conducting the rheological measurements. 
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3.12 Rheological Measurements. 
The procedure for measuring the rheological properties of polymer 

solutions, using the Fann viscometer model 35 was as follows: 

1. The instrument was cleaned using distilled water before immersing the 

rotor and bob into the polymer solution. If necessary, the rotor was 

removed and the bob, bob shaft, and the rotor were cleaned thoroughly. 

2. The sample cup was filled with polymer solution to the scribed line, 

and the cup was placed on the instrument stage. The instrument stage 

was elevated so that the rotor was immersed to the proper immersion 

depth. 

3. The instrument was operated at 300 rpm for three minutes to equalize 

the temperature of the bob, rotor and polymer solution. 

4. The instrument speed was switched to 600 rpm and the dial reading 

was recorded.  

          [Step 4 was repeated for 300, 200, 100, 6 and 3 rpm]. 

 

3.13 Preparation and Measuring of Rheological Properties of 

Solid Suspension (Bentonite, Graphite and Corn Starch). 
The test procedure for the Fann VG-Viscometer, Model 35A to prepare 

and calculate the rheological properties of solid suspension is as follows:   

1. 500 ml of tap water (bentonite) and distilled water (graphite and corn 

starch) were measured in a volumetric flask and placed in the Hamilton 

Beach cup. 

2. A previously dried dispersion powder was weighted to the nearest mg 

using electronic balance.  

3. The powder was lightly sprinkled into the water while stirring  

4. Stirring continued for 30 min. to ensure complete dispersion. 
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5. The viscometer was cleaned before immersing the rotor and bob into 

the solid suspension. 

6. The cup was filled to the scribed line with the solid suspension and 

placed on the platform of the instrument. The platform was raised so 

that the surface of the solid suspension was level with the scribed line 

on the rotor. 

7. The instrument was set to rotate at 600 rpm until a steady reading was 

obtained (3 min.). This reading was recorded as the 600 rpm reading to 

equalize the temperature of the bob, rotor and solid suspension and 

stopped the viscometer.  

8. Step 9 was repeated for 300, 200, 100, 6 and 3 rpm. 

 

3.14 Preparation of Add PVA to Bentonite Suspensions. 
1. After aging, prepared bentonite slurry at the concentration 40g/0.5L 

was poured into a properly labeled jug. 

2. The PVA polymer was added, at different concentrations 2, 5, 7, and 

10 g/0.5L. 

3. The PVA polymer was added drop by drop during 5 minutes.  

4. The samples were stirred for an additional 20 minutes use the Hamilton 

Beach mixer after PVA addition, interrupting briefly at 5 and 10 

minutes to scrape any adhering material on the sides of the cup into the 

fluid. 

5. The samples were placed in closed containers (covered Hamilton 

Beach cups or equivalent) and were allowed to static age for 2 hours at 

room temperature. 

6. After all concentrations were prepared (Bentonite-PVA), the 

rheological properties were measured.  
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Chapter Four 

Results and Discussion 
4.1 Introduction.       

A total of 76 runs were performed to study the rheologicl properties using 

Fann VG-Viscometer, Model 35A. This includes 59 Runs for polymers: CMC, 

HEC, PVA and XC, at different concentration and temperatures, 13 runs for 

solid suspension: Graphite, Bentonite and Corn starch and 4 runs for adding 

polymer to solid suspension (PVA to Bentonite) 

First, the flow curve of each experimental was studied using the power 

law model. Secondly, the effect of concentration polymer solution, solid 

suspension on flow model parameter and solution viscosity was investigated. 

Thirdly, the effect of temperature on viscosity of polymer solution and 

comparison between different polymer solution system used in this work was 

examined. Finally, the effect of adding polymer (PVA) to solid suspension 

(Bentonite) was examined.  

The fann, model type 35A, viscometer has been designed so that the shear 

rate is measured in rpm and shear stress in dial reading unit. To convert the shear 

rate and shear stress to SI unite, the following conversion equations were used 

[50]:  

γ = 1.7023 N                                                                            … (4.1) 

τ = 0.1 k1 k2 θ                                                                          … (4.2) 

In which:  

N is the bob speed (rpm), θ is the dial reading. k1 = 386, the torsion constant in 

(dyne .cm )/degree deflection. k2 = 0.01323, the shear stress constant for the 

effect in bob surface, cm3 . 
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The power law is widely used as a model for non-Newtonian fluid. It 

holds for many solutions and can describe Newtonian, shear thinning, and shear 

thickening behavior, depending on the power factor, n, also called the flow 

behavior index. For a Newtonian fluid, n equals 1 and the equation reduces to the 

Newtonian model. If n is less than 1, the fluid is shear thinning, if it is greater 

than 1, the fluid is shear thickening. A test of whether the power law applies and 

a means of determining n is to plot the log shear stress vs. log shear rate. If the 

plot is linear, the power law applies. The value of n, which is the reciprocal of 

the slope of the line, can be used as a measure of the degree of shear thinning or 

shear thickening.      

τ = K γn                                                                                    … (4.3) 

Where τ is shear stress (Pa), γ is shear rate (s-1), K is the power law constant 

(consistency index), n is constant (flow behavior index). Dividing the power law 

equation through by gives an expression in terms of viscosity [62]. 

η = k γn-1                                                                                   … (4.4) 

 

4.2  Results of Polymer Solution. 
4.2.1  Study Shear Flow Behavior.  

Sample of the experimental results are shown in figures 4-1, 4-2 and 4-3, 

which are plot of shear stress versus shear rate. Figure 4-1 presents the CMC 

polymer at concentration 20 g/l, figure 4-2 presents the XC polymer at 

concentration 20 g/l and figure 4-3 presents the HEC polymer at concentration 

20 g/l. The figures are plotted using the Fann viscometer instrument. The flow 

curves of all experiments are shown in appendix (A). As shown in these figures 

the shear stress increase with increasing shear rate in a non linear shape.  
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Figure 4-1 Flow Curve for CMC Polymer Solution at Concentration 20 g/l at 20 °C.                            
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Figure 4-2 Flow Curve for HEC Polymer Solution at Concentration 20 g/l at 20° C.                            
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Figure 4-3 Flow Curve for XC Polymer Solution at Concentration 20 g/l at 20 °C.                            

The power index (n) is the slope of the line. For the CMC, XC and HEC 

polymers on logarithmic scale are shown in figures 4-4, 4-5 and 4-6. The values 

of n and k, with the correlation coefficients of the best fit line (R2) for all 

experiments are presented in table 4-1. 
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Figure 4-4 Flow Curve for CMC Polymer Solution at Concentration 20 g/l at 20 °C.                            
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Figure 4-5 Flow Curve for HEC Polymer Solution at Concentration 20 g/l at 20 °C.                            
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Figure 4-6 Flow Curve for XC Polymer Solution at Concentration 20 g/l at 20 °C.                            
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Table 4-1 Flow Behavior Index (n) and Concsistency Index (k) at 20°C. 
 

Material Conc. (g/l) n k R2

CMC 4 0.6814 0.1910 0.9330 

CMC 7 0.6415 0.2554 0.9969 

CMC 10 0.6031 0.3401 0.9799 

CMC 15 0.5995 0.5286 0.9903 

CMC 20 0.5529 1.1434 0.9951 

CMC 25 0.5469 2.4407 0.9915 

CMC 30 0.4709 6.6378 0.9901 

CMC 35 0.4605 7.7493 0.9837 

CMC 40 0.4537 9.4716 0.9750 

HEC 4 0.5387 0.2977 0.9935 

HEC 10 0.5316 0.3675 0.9918 

HEC 20 0.5010 0.5247 0.9829 

HEC 30 0.4826 0.8525 0.9954 

HEC 40 0.4664 1.4048 0.9826 

XC 4 0.5519 0.2939 0.9918 

XC 10 0.4845 1.0531 0.9928 

XC 20 0.4756 3.5040 0.9902 

XC 30 0.4605 7.7493 0.9837 

XC 40 0.4552 7.9553 0.9966 
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4.2.2 Effect of Polymer Concentration on Flow Behavior Index (n).  

The effects of polymer concentration on the flow behavior index (n) for all 

polymer solutions used are shown in figures 4-7, 4-8 and 4-9.  

The flow behavior index (n) measured for all polymer was found to be less 

than 1, thus in the range of concentrations considered they behave as pseudo 

plastic (shear thinning) fluid,  for n <1 the slope will be negative. It is evident 

that with the increase in the concentration of polymer solutions the flow behavior 

index (n) decreases. The range of n is between (0.7- 0.4).  

Equations that describe the effect of polymer concentration on the flow 

behavior index can be presented in a linear form as shown in the equations 

below:  

The range concentration between 4-40 g/L. 

n cmc  = - 0.0063 Ccmc  +  0.6935                      R2 = 0.9584     … (4.5) 

 

n xc     = - 0.021 C xc +  0.5318                         R2  = 0.6841     … (4.6) 

 

n HEC = - o.0021 C HEC + o.5479                      R2 = 0.9849     … (4.7) 

 

From the above equations and from figure 4-7 it deduce that n for XC polymer is 

more affected by concentration than other polymer used in this study because the 

molecular weight is higher than other polymer used. 
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     Figure 4-7 Effect of XC Polymer Concentration on Flow Behavior Index at 20°C. 
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    Figure 4-8 Effect of HEC Polymer Concentration on Flow Behavior Index at 20°C. 
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     Figure 4-9 Effect of CMC Polymer Concentration on Flow Behavior Index at 20°C. 

 

4.2.3  Effect of  Polymer Concentration on Flow Curves.  

Figures 4-10, 4-11, and 4-12 shows effect of polymer concentration on 

flow curve. These figures indicate that the shear stress increase with the increase 

in the shear rate . The fluid has been observed non linear (non-Newtonian 

behavior).  

At low concentration the flow curve of polymer solutions is approximately 

linear and the flow curves are close to each other. At high concentration the flow 

curves of polymer solution bends down and the flow curves are far from to each 

other.  

Choi S. K. [63] concluded that, the increased numbers of polymer 

molecules result in more interaction between polymer chains, which cause more 

friction effects to increase the shear stress. At very low concentrations there is no 

strong interaction between polymer molecules. In this region, the effect of 

concentration is not appreciable. 
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Figure 4-10 Effect of HEC Polymer Concentration on Flow Curves at 20°C.                    
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Figure 4-11 Effect of XC Polymer Concentration on Flow Curves at 20°C.   
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Figure 4-12 Effect of CMC Polymer Concentration on Flow Curves at 20°C. 

 

Increasing the polymer concentration decreases the distance between 

polymer particles and the slopes of the lines increase with increased polymer 

concentration. The apparent viscosity increases with increasing the concentration 

since the polymer solution with higher concentration has stronger intermolecular 

force. 

Figures 4-13 , 4-14 and 4-15 present the shear stress versus shear rate at 

logarithmic scale in varies concentration.  
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Figure 4-13 Effect of HEC Polymer Concentration on Flow Curves at 20°C. 
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Figure 4-14 Effect of XC Polymer Concentration on Flow Curves at 20°C. 
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Figure 4-15 Effect of CMC Polymer Concentration on Flow Curves at 20°C. 

 

4.2.4 Apparent Viscosity of Polymer Solution.  

 The apparent  viscosity effect in polymer solutions is shown in figures 4-

16, 4-17 and 4-18.  It is clear that the apparent viscosity decreases as the shear 

rate increases and the XC polymer viscosity has a higher value than other 

polymers. 

The most common viscosity model describing the non-Newtonian 

relationship between viscosity and shear rate is the power law model (the 

Oswald models.  

ηa =k γn-1                                                                             … (4.8) 

Viscosity is an important parameter to characterize the flow of polymer 

solution. The polymer solution has random-coil macromolecular structure and 

present typical pseudo plastic or shear thinning behavior.  

 69



CMC polymer

0

0.5

1

1.5

2

2.5

3

0 200 400 600 800 1000 1200

shear rate (1/s)

A
pp

ar
en

t v
isc

os
ity

 (P
a.

s)

4 g/l
7 g/l
10 g/l
15 g/l
20 g/l
25 g/l
30 g/l
35 g/l
40 g/l

 
Figure 4-16 Apparent Viscosity of CMC Polymer Solutions at Different Concentration at 

20°C. 
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Figure 4-17 Apparent Viscosity of XC Polymer Solutions at Different Concentration at 20°C. 
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Figure 4-18 Apparent Viscosity of HEC Polymer Solutions at Different Concentration at 

20°C. 

4.2.5 Effect of Temperature on Polymer Solution Viscosity. 

The effects of temperature on polymer solution viscosity are shown in 

figures 4-19, 4-20 and 4-21. 

The results show that the viscosities of the three polymers (CMC, XC and 

HEC) decreased with increasing shear rate and with increasing temperature, as 

expected. However, temperature effect was more significant at higher 

concentrations. 

Liu, et al., [42] concluded that, the viscosity of  materials decrease as 

temperature increases. This is due to increase in the distances between particles 

of polymer causes low attraction forces. The increase in temperature destroies 

the bonding between particles.  

Practically, plot of Log η vs. T tend to be straight line over a considerable 

range of values.  
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Figure 4-19 Effect of Temperature in CMC Polymer Viscosity at Concentration 10g/l at 20°C.    
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 Figure 4-20 Effect of Temperature in XC Polymer Viscosity at Concentration 10g/l at 20°C. 
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         Figure 4-21 Effect of Temperature in HEC Polymer Viscosity at Concentration 10g/l at 

20°C 

The variations in temperature influence the value of n and k. The increases 

in temperature cause an increase in n and decrease in k. Table 4-2 shows the 

influence of the temperature on the values of n and k. 

 
Table 4-2 The Influence of The Temperature on The values of n and k for Polymer Solutions 

at 10 g/l. 

-A-                                                      -B-                                                         -C- 

CMC  HEC XC 

Temp.°C N K  Temp.°C N K Temp.°C n K 

20 0.6031 0.3401  20 0.5316 0.3675 20 0.4845 1.0531

35 0.6721 0.1789  35 0.5232 0.2716 35 0.5262 0.7452

45 0.7335 0.1078  45 0.5726 0.1643 45 0.5764 0.5132

55 0.8259 0.0520  55 0.6140 0.1060 55 0.6674 0.2656
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4.2.6 Effect of Polymer Type on Viscosity.  

The effects of polymer type on viscosity at the same concentration of 10 

and 20 g/l are shown in figures  4-22 and 4-23.  

The deduce information about from this effect the concentration of XC 

polymer solution have higher viscosities than other polymer solution used in this 

work.  

Barnes, [14] concluded that, the polymer that higher in molecular weight 

exhibits more pronounced viscoelastic behavior than the polymer which is lower 

in molecular weight. We can conclude that, in the range of polymer 

concentration used in this study, the apparent viscosity can be ordered as:  

 

      η XC > η CMC > η HEC 
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Figure 4-22 Effect of  Polymer Type on Viscosity at  Polymer Concentration of 10g/l at 20°C 
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Figure 4-23 Effect of Polymer Type on Viscosity at Polymer Concentration of 20g/l at 20°C 

 

4.3 Results of Solid Suspension.   
4.3.1 Shear Flow Behavior. 

The flow curves are used for a plot of shear stress versus shear rate. 

Figures 4-24, 4-25 and 4-26 show a sample of flow curves for different solid 

suspensions and different concentrations at temperature 35°C. It is indicated that  

the shear rate increases with an increase in the shear stress for all solid 

suspensions.  

The flow curve starts as a straight line (n = 1) at very low shear rates. As 

the shear rate increases the flow curve bends up (n > 1) and it behaves as a shear 

thickening (dilatants).    

The Flow curve of all experiments are shown in appendix (A) (plots of 

shear stress versus shear rate).  
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(A)                                                                     (B) 

Figure 4-24 Flow Curve for Bentonite Suspension at Concentration 50g/L at 35°C. 
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(A)                                                                     (B) 

Figure 4-25 Flow Curve for Graphite at Concentration 70 g/L at 35°C. 
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(A)                                                                     (B) 

Figure 4-26 Flow Curve for Corn Starch at Concentration 700 g/L at 35°C.. 

 

4.3.2  Effect o f Solid Suspension Concentration on Flow Curves. 

The effects of suspension concentration on flow curve are shown in 

figures 4-27, 4-28 and 4-29. From these figures one can see that with increase in 

solid suspension content the shear stress gradually increase. 

Leuven, et. al., [64] concluded that suspension rheology at low solids 

concentration is primarily dictated by the particle liquid interfacial interactions. 

Under shear, there is enough liquid phase between particles to lubricate them and 

the interaction between particles is mainly conducted by the liquid. With 

increasing solids content, however, the mean distance between particles 

decreases and drastic interactions such as particle-particle and hydrodynamic 

effects influence the flow.  
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Nick Triantafillopoulos, [49] concluded that increasing the volume 

fraction seems to universally increase the tendency for shear thickening, where 

by the gradual shear thickening appears at lower volume fractions than the 

sudden variety. With increasing volume fraction the critical shear rate decreases 

and the subsequent viscosity increase becomes steeper and larger. 

As shown in figure 4-28 (the flow curve of corn starch suspension), at low 

shear rate the flow curve behavior is shear thinning and the increasing  gradually 

in shear rate cause the flow curve to become shear thickening. 
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Figure 4-27 Effect of Bentonite Concentration on Flow Curves at 35°C..                                        
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Figure 4-28 Effect of Graphite Concentration on Flow Curves at 35°C.. 
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Figure 4-29 Effect of Corn Starch Concentration on Flow Curve at 35°C.. 
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4.3.3 Effect of Solid Suspension on Flow Behavior Index (n).  

The effects of solid suspension concentration on the flow behavior index 

(n) for all solid suspensions used are shown in figures 4-30, 4-31 and 4-32. 

The flow behavior index (n) calculated for all solid suspension was found to be 

grater than 1, thus in the range of concentrations considered they behave as shear 

thickening fluid.  

The flow behavior index (n) represent the slopes of the flow curves that 

varies with the increase of the solid suspension concentration. It is evident the 

increase in the concentration of solid suspension increase the flow behavior 

index (n), the range between (1-1.3). 

Equations that describe the effect of solid suspension concentration on the 

flow behavior index can  presented in a linear form as shown in the equations 

below:  

 

The range concentration between 50-120 g/L  

n Bentonite  = 0.0012 C Bentonite  +  0.9549           R2 = 0.9584     … (4.11) 

 

The range concentration between 30-90 g/L. 

n Graphite    = 0.0036 C Graphite+  0.9136             R2  = 0.6841    … (4.12) 

 

The range concentration between 300-800 g/L. 

n Corn starch = 0.0001 C Corn starch+ 0.9869          R2 = 0.9849     … (4.13) 

 

From the above equations and from figure 4-32 it reveal that n for Graphite 

suspension is more affected by concentration that other solid suspensions used in 

this study.  
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Figure 4-30 Effect the Bentonite Suspension on Flow Behavior Index at 35°C.. 
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Figure 4-31 Effect the Corn Starch on Flow Behavior Index at 35°C.. 
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Figure 4-32 Effect the Graphite on Flow Behavior Index at 35°C.. 

 

The values of n and k, with the correlation coefficients of the best fit line (R2) for 

all experiments are presented in table 4-2. 
Table 4-3  Flow behavior index (n) and Concsistency Index (k) at 35°C. 

 
Material Conc. g/l n k R2

Bentonite 50 1.0142 0.0701 0.9944 
Bentonite 80 1.0537 0.1535 0.9673 
Bentonite 120 1.0996 0.2262 0.9887 
Graphite 30 1.0340 0.0605 0.9810 
Graphite 40 1.0566 0.0561 0.9720 
Graphite 70 1.1373 0.0502 0.8918 
Graphite 90 1.2602 0.0256 0.8889 

Corn starch 300 1.0306 0.0628 0.9800 
Corn starch 400 1.0404 0.0955 0.9969 
Corn starch 500 1.0620 0.0851 0.9992 
Corn starch 600 1.0818 0.0825 0.9814 
Corn starch 700 1.0846 0.0385 0.9541 
Corn starch 800 1.1018 0.2117 1 
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4.3.4 Viscosity of Solid Suspension. 
In figures 4-33, 4-34 and 4-35 the shear rate variation with apparent 

viscosity are shown for Bentonite, Graphite and Corn starch suspension. The 

apparent viscosity  of a shear thickening solid suspensions  increases as the shear 

rate increases.  

At low shear-rates, slight shear-thinning can be observed because 

Antiparticles repulsion forces delay shear thickening. The low level of viscosity 

at these shear rates reflects the non flocculated nature of the system. At a 

gradually increase shear rate the viscosity begins to increase steeply. The 

viscosity rise by nearly an order of magnitude in the process. 
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Figure 4-33 Apparent Viscosity of Bentonite Suspension at Concentration 120 g/l at 35°C. 
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Figure 4-34 Apparent Viscosity of Corn Starch at Concentration 700g/l at 35°C 
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Figure 4-35 Apparent Viscosity of Graphite at Concentration 30 g/l at 35°C 
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4.4 Steady the Effect of Adding PVA to Bentonite. 
4.4.1 General of  Rheological Properties. 

Figures 4-36, 4-37, 4-38, and 4-39 show the effect of adding PVA to 

bentonite suspension. The determination of rheological properties of Bentonite 

slurry (Bentonite/fresh water) systems is very important for its characterization. 

Bentonite dispersions have colloid structure. The control of the rheological 

properties of these systems is not only important from a technological but also 

from a scientific point of view. 

The rheological properties of the Bentonite in water is shear thickening 

(dilatants) and the apparent viscosity increases with increased shear rate as 

shown that in figure 4-31. This characteristic properties are not desired 

technological but can be changed to gain the desired properties with the addition 

of various polymers. 

PVA is a polymer with non-ionic structure, which is dissoluble in water. 

Non-ionic polymer does not interact electrostatically with charged bentonite 

particles. The polymer molecules can attach or anchor on the particle surfaces 

and into the interlayer. Adsorption of the polymer on charged surface of the clay 

particles leads to significant modification of the charge distribution in the 

electrical double layer. 
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Figure 4-36 Changing Result From The Shape in Flow Curve Caused by Adding 2g/0.5L 

PVA Polymer to Bentonite Slurry at 35°C.. 
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Figure 4-37  Changing Result From The Shape in Flow Curve Caused by Adding 5 g/0.5L 

PVA Polymer to Bentonite Slurry at 35°C.. 
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Figure 4-38  Changing Result From The Shape in Flow Curve Caused by Adding 7 g/0.5L 

PVA Polymer to Bentonite Slurry at 35°C.. 
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Figure 4-39  Changing Result From The Shape in Flow Curve Caused by Adding 10g/0.5L 

PVA Polymer to Bentonite Slurry at 35°C.. 
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4.4.2 Flow Model Selection. 

 The selection of the flow model that best fit the rheological behavior is 

useful for treating experimental data or for describing flow behavior. In this 

work a new method is used, which is proposed by Morrison (2005). This method 

uses the Solver Add-in in Microsoft Excel to optimize the solution. 

The basic outlines of this method include [65]: 

1. begin by arranging the experimental data in the excel spreadsheet. will use 

two columns, one for shear rate and one for shear stress. 

2. create a column that has a predicted value of shear stress calculated from a 

considered flow model. Since we do not know the values of any of our 

model parameters, we will start with some guesses. 

3. now need to create a new column for the square of the deviation between 

the actual shear stress and the predicted value. add up all the values in the 

error column and put that value in a cell. 

4. The solver function in the excel is set up to minimize the error cell 

mentioned above. Solver will replace our initial guesses with optimized 

values. 

The solver allow us to put constrains on the ways in which it manipulate the cells 

it is changing. For our work we know that none of the model parameters may be 

negative, so we put this as a constraint. 

The results for using the add-in in Microsoft excel for the Bentonite/PVA 

are shown in table 4-4. From this table, one can conclude that the Bingham 

plastic model best fits the experimental results (lower value in sum of square 

error). So this model will be considered in the following sections.  
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Figures 4-40 to 4-43 illustrate the results of using the solver add-in in 

Microsoft Excel for adding different concentration of PVA (2, 5, 7and10) g/0.5l 

to Bentonite at 40 g/0.5l respectively.  

Of the models listed in table 4-5 use the solver Add-in in Microsoft Excel 

to optimize the solution. the Newtonian is the simplest. It fits water, solvents and 

many polymer solutions over a wide strain rate range. The plastic or Bingham 

body model predicts constant plastic viscosity above a yield stress. This model 

works for a number of dispersions including some pigment pastes. Yield stress, 

τo, and plastic (Bingham) viscosity, ηp=(τ-τo)/γ , may be determined from the 

intercept and the slope beyond the intercept, respectively, of a shear stress versus 

shear rate plot [5].  

The power law, , is widely used as a model for non-Newtonian 

fluids. It holds many solutions and can describe Newtonian, shear-thinning, and 

shear-thickening behavior, depending on the power factor, n, also called the flow 

behavior index. 

nkγτ &=

 The power model can be extended by including the yield value 

 and the Robertson- stiff model is the last using in  the Solver Add-in 

in Microsoft Excel program. The equation of model , A, B and C 

is the variable parameter 

n
o k γττ &=−

BCA )( += γτ &

Table4-4  Model Selection for (Bentonite/PVA) Using Add-in Solver Microsoft Excel. 

Sum of Square Error Exp. 
No. 

Conc. 
(g /l ) Newtonian Bingham Power Law With Yield Robertson 

74 (2+40) 1.911 0.172 0.403 0.224 0.483 
75 (5+40) 1.858 0.489 0.500 0.859 0.856 
76 (7+40) 1.850 0.377 1.283 1.977 1.450 
77 (10+40) 1.928 0.131 0.298 0.440 0.383 
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Table 4-5 Flow Equations for Flow Models [5]. 

Flow model Flow equation Equ. no. 

Newtonian γητ &=  …(4.8) 

Bingham plastic γηττ &=− o  …(4.9) 

Power law nk γτ &=  …(4.10) 

Modified power law n
o k γττ &=−  …(4.11) 

Robertson – Stiff BCA )( += γτ &  …(4.13) 
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Figure 4-40 Experimental Results and Flow Models Representation For PVA/ Bentonite 

Suspension at Concentration (2+40) g/l at 35°C. 
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Figure 4-41 Experimental Results and Flow Models Representation For PVA/ Bentonite 

Suspension at Concentration (5+40) g/l at 35°C. 
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Figure 4-42 Experimental Results and Flow Models Representation For PVA/ Bentonite 

Suspension at Concentration (7+40) g/l at 35°C. 
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Figure 4-43 Experimental Results and Flow Models Representation For PVA/ Bentonite 

Suspension at Concentration (10+40) g/l at 35°C. 

4.4.3 Bingham  Model.  

The Bingham model is widely used as a model for describing viscoplastic 

fluids exhibiting a yield response. Also Bingham model can describe Newtonian 

fluid, shear thinning and shear thickening behavior.  

The ideal Bingham material is an elastic solid at low shear stress values 

and a Newtonian fluid above a critical value called the Bingham yield stress, τB. 

The plastic viscosity region exhibits a linear relationship between shear stress 

and shear rate, with a constant differential viscosity equal to the plastic viscosity, 

η

B

p. If subjected to shear stress smaller than the yield stress, they retain a rigid 

structure and do not flow. It is only at stresses in excess of the yield value that 

flow occurs. In the case of a Bingham plastic model, the shear rate is 

proportional to shear stress in excess of the yield stress. 

τ = τB + ηp*γ                                                                          … (4.14) 
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The experimental results are shown in figures 4-44 to 4-47. Which are plot 

of shear stress versus shear rate in Bingham plastic model at concentration (2, 5, 

7 and 10) g/0.5L adding 40 g/0.5L Bentonite slurry. 
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Figure 4-44  Rheogram for PVA/Bentonite Suspension at Concentration (2 in 40 )g/L at 35°C. 
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Figure 4-45  Rheogram for PVA/Bentonite Suspension at Concentration (5 in 40 )g/L at 35°C. 
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Figure 4-46  Rheogram for PVA/Bentonite Suspension at Concentration (7 in 40 )g/L at 35°C. 

PVA/Bentonite
(10+40) g/L

y = 0.0311x + 6.0086
R2 = 0.9669

0

5

10

15

20

25

30

35

40

0 200 400 600 800 1000 1200
Shear rate (1/s)

Sh
ea

r 
st

re
ss

 (P
a)

 

 
Figure 4-47  Rheogram for PVA/Bentonite Suspension at Concentration (10 in 40 )g/L at 

35°C.  
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4.4.4 Effect  Concentration PVA Polymer on  Bingham Yield Stress. 

The effects of concentration of PVA polymer on the Bingham yield stress 

is shown in figure 4-48. It is clear from figure 4-48, that the Bingham yield stress 

decreases when adding PVA polymer, when the concentration reaches 14-15g/l 

the yield stress start to increase. 

 The polymer molecules can attach or anchor on the particle surfaces and 

into the interlayer. Adsorption of the polymer on charged surface of the clay 

particles leads to significant modification of the charge distribution in the 

electrical double layer.  

 When PVA was added to the dispersions, a decrease in initial yield value 

was observed, showing an interaction between polymer molecules and Bentonite 

particles. PVA behaved like a salt and decreased the double layer thickness of 

thin particles. This caused a decrease in electro viscous effect and yield values of 

dispersions decreased to a minimum (14-15) g/l polymer concentrations. An 

increase was observed after addition of more concentration of PVA polymer.  

Rossi, et. al., [35] concluded that the reason was that the bridge 

flocculation made by two Bentonite particles with their surrounding polymer 

extensions when they approached each other. The entanglement of adsorbed 

polymer chains may also occur and result in high system viscosity. The increase 

of yield value was an indicator of a net structure formed in the dispersions. This 

decrease was related to the steric push that occurred between PVA covered clay 

particles. 
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Figure 4-48 The Influence of PVA on The Bingham Yield Value of 8% (w/w) Bentonite 

Water System at 35°C.. 
 

4.4.5 Apparent  Viscosity of  PVA/Bentonite. 

The change of apparent viscosity as a function of shear rate are shown in 

figure 4-49 to 4-52 . The effect of PVA polymer on the rheological properties of 

the Bentonite slurry was modifier the data for apparent viscosity. This 

experimental evidence shows that the apparent viscosity of Bentonite/PVA 

decreases with increasing shear rate, while the experimental data for 

Bentonite/water (with out polymer) show that increase of apparent viscosity with 

increase in shear rate, see figure 4-33 .  Kadaster, et. al., [66] concluded that at 

low concentration of added PVA polymer chains bridge Bentonite particles 

resulting, apparent viscosity is slightly increase and at high concentration of 
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PVA polymer, however enough polymer chains are adsorbed on the clay surface 

to leave few free surface site for a single polymer chain to bridge two particles. 
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Figure 4 -49  Viscosity as a Function of Shear Rate for Bentonite/ PVA Polymer at 

Concentration (2 in 40 ) g/L at 35°C.  
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Figure 4 -50  Viscosity as a Function of Shear Rate for Bentonite/ PVA Polymer at 

Concentration (5 in 40 ) g/L at 35°C. 
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Figure 4 -51  Viscosity as a Function of Shear Rate for Bentonite/ PVA Polymer at 

Concentration (7 in 40 ) g/L at 35°C. 
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Figure 4 -52 Viscosity as a Function of Shear Rate for Bentonite/ PVA Polymer at 

Concentration (10 in 40 ) g/L at 35°C.  
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Chapter Five 

Conclusions and Recommendations for Future Work. 
5.1 Conclusions. 

From the present study, one can conclude the followings: 

1. All polymer solutions used in this work (XC-polymer, Carboxymethyl 

cellulose and Hydroxyethyl cellulose) behave as shear-thinning fluid, in 

which the viscosity decrease as the shear rate increase and all solid 

suspensions used in this work (Bentonite, Graphite and Corn starch) 

behave as shear-thickening fluid, in which the viscosity increase as the 

shear rate increase. 

2. As the polymer and solid suspension concentrations are increased, the 

flow behavior index (n) are decreased and increased respectively. This 

behavior reflects the fact that as the polymer concentration increases the 

solution become far from Newtonian behavior. New correlations were 

developed, which describe the effect of polymer and solid suspensions 

concentration on the flow behavior index (n) for each polymer and solid 

used in this study.  

3. XC-polymer solutions have a higher viscosity, and its viscosity decreases 

much more than other polymer solutions used in this study. 

4. By using the Solver Add-in in Microsoft Excel, the Bingham plastic flow 

model was found to be the best fit to the experimental results of added 

Bentonite/PVA. 

5. By adding PVA to bentonite suspension, the suspension turned from shear 

thickening behavior to shear thinning behavior. 
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6.  The Bingham yield point is found firstly decreases and suddenly increase 

with increasing PVA concentration, while the plastic viscosity decreased.  

 

5.2 Recommendations for Future Works. 

1. Studying the rheological properties at different (lower or higher) shear 

rates used in this work, this may have useful industrial applications. 
2. Using other methods (rather than standard rheometric techniques), such as 

particle tracking method to study the rheological properties of polymer 

solutions. 
3. Studying the effect of temperature on the rheological properties of 

Bentonite/polymer solutions. 
4. Studying the effect of adding (rather than PVA) to bentonite suspension.   
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Appendix A:  
The Flow Curves of the Experiments (Shear Stress versus Shear 

Rate). 
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Figure A-1 Shear Stress versus Shear Rate for CMC Polymer at 4, 7, 10 and 15 g/l.  

0

20

40

60

80

100

120

140

160

0 200 400 600 800 1000 1200
shear rate (1/s)

sh
ea

r 
st

re
ss

 (P
a)

 
 Figure A-2 Shear Stress versus Shear Rate for CMC Polymer at 20, 25, 30, 35 and 40 

g/l.                           

  A-1



The Flow Curves of the Experiments (Shear Stress versus Shear 

Rate). 
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Figure A-3 Shear Stress versus Shear Rate for CMC Polymer in 10 g/l at 20, 35 45 and 55°C.         
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Figure A-4 Shear Stress versus Shear Rate for CMC Polymer in 15 g/l at 20, 35 45 and 55°C.   
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The Flow Curves of the Experiments (Shear Stress versus Shear 

Rate).                                               
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Figure A-5 Shear Stress versus Shear Rate for CMC Polymer in 25 g/l at 20, 35 45 and 55°C.                        
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Figure A-6 Shear Stress versus Shear Rate for CMC Polymer in 40 g/l at 20, 35 45 and 55°C.    
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The Flow Curves of the Experiments (Shear Stress versus Shear 

Rate).     
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Figure A-7 Shear Stress versus Shear Rate for XC Polymer at 4, 10, 20, 30 and 40 g/l.                              
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Figure A-8 Shear Stress versus Shear Rate for HEC Polymer at 4, 10, 20, 30 and 40 g/l.                              
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The Flow Curves of the Experiments (Shear Stress versus Shear 

Rate).   
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Figure A-9 Shear Stress versus Shear Rate for XC Polymer in 4 g/l at 20, 35 45 and 55°C.    
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Figure A-10 Shear Stress versus Shear Rate for XC Polymer in 10 g/l at 20, 35 45 and 55°C. 
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The Flow Curves of the Experiments (Shear Stress versus Shear 

Rate).      
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Figure A-11 Shear Stress versus Shear Rate for XC Polymer in 30 g/l at 20, 35 45 and 55°C.      
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Figure A-12 Shear Stress versus Shear Rate for XC Polymer in 40 g/l at 20, 35 45 and 55°C.    
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The Flow Curves of the Experiments (Shear Stress versus Shear 

Rate).   
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Figure A-13 Shear Stress versus Shear Rate for HEC Polymer in 10 g/l at 20, 35 45 and 55°C.  
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Figure A-14 Shear Stress versus Shear Rate for HEC Polymer in 20 g/l at 20, 35 45 and 55°C.  
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The Flow Curves of the Experiments (Shear Stress versus Shear 

Rate).   
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Figure A-15 Shear Stress versus Shear Rate for HEC Polymer in 30 g/l at 20, 35 45 and 55°C.  
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Figure A-16 Shear Stress versus Shear Rate for HEC Polymer in 40 g/l at 20, 35 45 and 55°C.    
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The Flow Curves of the Experiments (Shear Stress versus Shear 

Rate). 
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Figure A-17 Shear Stress versus Shear Rate for PVA Polymer at 2, 5, 7 and 10 g/0.5L. 
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Figure A-18 Shear Stress versus Shear Rate for Bentonite Suspension at 50, 80 and 120 g/l. 
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The Flow Curves of the Experiments (Shear Stress versus Shear 

Rate). 
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Figure A-19 Shear Stress versus Shear Rate for Graphite Suspension at 30, 40, 70and 90 g/l. 

 Corn starch
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Figure A-20 Shear Stress versus Shear Rate for Corn Starch Suspension at 300, 400, 500, 600, 

700 and 800 g/l. 
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The Flow Curves of the Experiments (Shear Stress versus Shear 

Rate). 
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Figure A-21 Shear Stress versus Shear Rate for PVA to Bentonite Suspension at 

Concentration 2, 5, 7 and 10 g/0.5L to 40 g/0.5L. 
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  الخالصة
البوليمرات . والعوالق, لبوليمراتاهذا البحث يهتم بدراسة الخواص الريولوجية للمحاليل 

 - HEC  ،آاربوآسي مثيل سيليلوز - CMC،  بوليمر مگأآسانثان – XC:  المستخدمة في البحث هي 

كرافايت و ال، البنتونايت: العوالق المستخدمة .  بولي فنيل الكحولPVA-،هايدروآسي مثيل سيليولوز 

  .نشأ الذرة

 و حدود  )Fann VG.35A(الخواص الريولوجية لهذة المواد أستنتجت من أستعمالي لجهاز 

  المصاحب (shear stress) اجهاد القص  حيث أنة يقيس دورة في آل دقيقة٦٠٠ -٣الجهازمابين 

  .(shear rate) مسلط لكل معدل قص 

لتر  \ غرام ٤٠-٤راآيز المحصورة مابين ست وسبعون تجربة أجريت ضمن حدود الجهاز للت

لتر لمادة بولي فنيل  \ غرام ١٠-٢ومن  )  CMC, HEC and XC ( لكل البوليمرات المستخدمة

 120 الى 50فلبنتونايت من ، والعوالق التى أستخدمتها آانت ضمن حدود مختلفة لكل مادة، الكحول

لتر  \غرام  800 الى 300شأ الذرة آان من ون، لتر \غرام  90 الى 30الكرافايت من ، لتر \غرام 

  . درجة مئوية٥٥-٠وآانت حدود الحرارة للتجارب التى أجريتها ما بين 

ومن خالل النتائج العملية وجدة أنة آلما زاد ترآيز البوليميرفي المحاليل فأن دليل سلوك 

دة ترآيز العوالق وزيا،  درجة مئوية20عند ) 0.7-0.4(يقل وأنة ضمن حدود مابين ) n(الجريان 

 درجة 35عند ) 1.3-1(يزداد ويصبح ضمن حدود مابين ) n(يؤدي الى أن دليل سلوك الجريان 

معادلة لكل ) n(تم أيجاد معادالت رياضية التي تبين تأثير الترآيز على دليل سلوك الجريان . مئوية

  .بوليمروعالق مستخدم

ي أثبتت أنها تقل آلما أزدادت درجة   أن لزوجة البوليمرات الثالثة المستخدمة في عمل

وآذالك وجد أن لزوجة العوالق تزداد آلما زادة معدل القص ، الحرارة ومعدل القص المسلط عليها 

  .المسلط

 الريولوجية لكل من  أليجاد الخواص(Power Law Model)تم أعتماد النموذج الرياضي  و

  . لبوليمرات والعوالقا المحاليل

ان الزيادة في درجة الحرارة  تسبب ، ) k(و) n(الحرارة أثرت على قيمتي أن التغير بدرجات 

  ).k(وتقلل قيمة ) n(زيادة في قيمة 



. تم استخدام برنامج مايكروسوفت ايكسيل اليجاد افضل نموذج رياضي يمثل النتائج العملية 

اص لتمثيل الخو  هو االفضل (Bingham plastic model)وقد وجد بان النموذج رياضي 

  . بتراآيز مختلفة الى مادة البنيونايتPVA polymerالريولوجية ألضافة مادة  

أن اضافة مادة بولي فنيل الكحول للبنتونايت يؤثر على الخواص الريولوجية حيث انة يعمل 

أن التجارب العملية أثبتت أن الزوجة الظاهرة لمادة . على تعديل قيم الزوجة الظاهرة للبنتونايت

  .تزداد مع زيادة معدل القص) بدون بوليمر(ت البنتوناي

بولي فنيل الكحول الى ان يصل يقل عند أضافة مادة ، )Bingham yield stress ) Bτ  ان 

  .لتر حيث يبدأ بالزيادة \غرام  15 -14لترآيز مابين 
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