
​Rheology:​

​I. Introduction to Rheology​

​●​ ​Definition:​​Rheology is the science that studies the​​flow of matter​​(liquids, gases, soft​
​solids, or pastes) and the​​deformation of matter​​under​​applied stress. It's derived from​
​Greek "rheo" (to flow) and "logos" (study).​

​●​ ​Scope:​​It applies to substances that behave as fluids​​(liquids, gases) and soft solids​
​(gels, pastes, polymers) where deformation is viscoelastic.​

​●​ ​Key Concepts:​
​○​ ​Stress (σ):​​Force per unit area applied to a material​​(Units: Pascals, Pa, or N/m$^2$).​
​○​ ​Strain (γ):​​The measure of deformation, a dimensionless​​quantity (change in​

​dimension divided by original dimension). For shear, it's shear displacement divided​
​by gap thickness.​

​○​ ​Strain Rate (γ˙​):​​The rate at which deformation occurs​​(Units: s$^{-1}$). For shear,​
​it's velocity gradient.​

​○​ ​Viscosity (η):​​A measure of a fluid's resistance to​​flow (Units: Pascal-seconds, Pa.s,​
​or Poise, P; 1 Pa.s = 10 P). It's the ratio of shear stress to shear rate.​

​●​ ​Importance:​​Rheology is crucial in predicting and​​controlling the behavior of materials​
​during processing, handling, and end-use performance across various industries​
​(pharmaceuticals, food, cosmetics, polymers, paints, etc.).​

​II. Fundamental Rheological Behaviors (Types of Flow)​

​This section distinguishes between different types of fluid behavior based on their​
​stress-strain rate relationship.​

​●​ ​A. Newtonian Fluids:​
​○​ ​Definition:​​Fluids for which viscosity is constant,​​regardless of the applied shear​

​stress or shear rate, and independent of time. They exhibit a linear relationship​
​between shear stress and shear rate, passing through the origin.​

​○​ ​Equation:​​τ=ηγ˙​ (where τ is shear stress, η is constant​​viscosity, γ˙​ is shear rate).​
​○​ ​Characteristics:​​Viscosity only changes significantly​​with temperature and pressure.​
​○​ ​Examples:​​Water, dilute solutions of simple salts,​​pure oils, air, glycerol (often​

​considered Newtonian in practical ranges).​
​○​ ​Flow Curve (Rheogram):​​Straight line passing through​​the origin on a plot of shear​

​stress vs. shear rate.​
​○​ ​Viscosity Curve:​​Horizontal line on a plot of viscosity​​vs. shear rate.​

​●​ ​B. Non-Newtonian Fluids:​
​○​ ​Definition:​​Fluids whose viscosity changes with applied​​shear stress or shear rate, or​



​over time. Their flow curve is non-linear and/or does not pass through the origin.​
​○​ ​Types of Time-Independent Non-Newtonian Fluids:​

​■​ ​1. Shear Thinning (Pseudoplastic) Fluids:​
​■​ ​Definition:​​Viscosity decreases with increasing shear​​rate. They become​

​"thinner" as they are sheared.​
​■​ ​Mechanism:​​Often due to the alignment, disentanglement,​​or deformation of​

​long-chain molecules or particles under shear, reducing resistance to flow.​
​■​ ​Flow Curve:​​Starts steep and then flattens out (non-linear,​​passes through​

​origin).​
​■​ ​Viscosity Curve:​​Decreases as shear rate increases.​
​■​ ​Examples:​​Polymer solutions (e.g., cellulose derivatives,​​PVP), paints, blood,​

​many pharmaceutical suspensions, ketchup, yogurt, non-drip paints.​
​■​ ​Advantages:​​Easy to pour/apply (high shear), but remains​​thick at rest (low​

​shear, prevents settling).​
​■​ ​2. Shear Thickening (Dilatant) Fluids:​

​■​ ​Definition:​​Viscosity increases with increasing shear​​rate. They become​
​"thicker" as they are sheared.​

​■​ ​Mechanism:​​Often due to close-packed particles in​​a concentrated​
​suspension. Under low shear, there's enough liquid to lubricate flow. Under​
​high shear, the packing structure is disrupted, leading to particle-particle​
​collisions and increased resistance due to insufficient liquid for lubrication.​

​■​ ​Flow Curve:​​Starts flat and then steepens (non-linear,​​passes through​
​origin).​

​■​ ​Viscosity Curve:​​Increases as shear rate increases.​
​■​ ​Examples:​​Concentrated starch suspensions (e.g., cornstarch​​and water,​

​"oobleck"), sand-water mixtures, some ceramic slurries.​
​■​ ​Applications:​​Niche applications in impact protection​​(e.g., some body​

​armors, liquid armor).​
​■​ ​3. Plastic Fluids (Bingham Plastic):​

​■​ ​Definition:​​Fluids that require a certain minimum​​amount of shear stress​
​(called the​​yield stress, τ0​​​) before they start to​​flow. Below this yield stress,​
​they behave like a solid (deform elastically). Once the yield stress is​
​exceeded, they can exhibit Newtonian or non-Newtonian flow.​

​■​ ​Flow Curve:​​Does not pass through the origin. It shows​​a linear (or curved)​
​region only after the yield stress.​

​■​ ​Equations:​
​■​ ​For ideal Bingham Plastic: τ−τ0​=Uγ˙​ (where U is plastic viscosity).​
​■​ ​For more complex plastic models (e.g., Casson, Herschel-Bulkley), the​

​flow after yield stress is non-linear.​
​■​ ​Examples:​​Toothpaste, mayonnaise, some gels, drilling​​muds, certain paints.​
​■​ ​Significance:​​Prevents settling of dispersed particles,​​provides structural​

​integrity at rest (e.g., toothpaste staying on brush).​
​○​ ​C. Time-Dependent Non-Newtonian Fluids:​



​■​ ​Definition:​​Fluids whose viscosity changes over time​​at a constant shear rate or​
​shear stress​​.​

​■​ ​1. Thixotropic Fluids:​
​■​ ​Definition:​​Viscosity decreases over time when subjected​​to constant shear,​

​and then slowly recovers its original viscosity when the shear is removed or​
​reduced. This is a reversible process.​

​■​ ​Mechanism:​​Often due to the breakdown of a structured​​network within the​
​fluid under shear, followed by a slow reformation of the structure at rest.​

​■​ ​Flow Curve (Hysteresis Loop):​​Exhibits a​​hysteresis​​loop​​(area between​
​upward and downward flow curves). The downward curve lies below the​
​upward curve.​

​■​ ​Examples:​​Many paints, printing inks, greases, pharmaceutical​​suspensions​
​(magma of magnesia), some gels, yogurt.​

​■​ ​Advantages:​​Easy application (thins under shear),​​but provides stability at​
​rest (prevents dripping/settling).​

​■​ ​2. Rheopectic Fluids:​
​■​ ​Definition:​​Viscosity increases over time when subjected​​to constant shear,​

​and then slowly recovers its original viscosity when the shear is removed.​
​This is a rare phenomenon.​

​■​ ​Mechanism:​​Formation of a more organized structure​​under shear.​
​■​ ​Flow Curve (Hysteresis Loop):​​Exhibits a hysteresis​​loop, but the downward​

​curve lies​​above​​the upward curve (opposite of thixotropy).​
​■​ ​Examples:​​Some rare clay suspensions, specific lubricants.​​(Less common in​

​practical applications than thixotropy).​

​III. Viscoelasticity​

​●​ ​Definition:​​The property of materials that exhibit​​both viscous and elastic characteristics​
​when undergoing deformation. They show time-dependent strain when stress is applied,​
​and also recover some of that strain when stress is removed.​

​●​ ​Ideal Behavior:​
​○​ ​Elastic Solid (Hookean):​​Deforms instantly and completely​​recovers when stress is​

​removed. Stress is proportional to strain (σ=Eγ).​
​○​ ​Viscous Liquid (Newtonian):​​Deforms continuously and​​irreversibly under stress.​

​Stress is proportional to strain rate (σ=ηγ˙​).​
​●​ ​Viscoelastic Models:​

​○​ ​Maxwell Model:​​Spring and dashpot in series. Represents​​stress relaxation.​
​○​ ​Voigt Model:​​Spring and dashpot in parallel. Represents​​creep and creep recovery.​

​●​ ​Parameters:​
​○​ ​Storage Modulus (G' - Elastic Modulus):​​Represents​​the elastic (solid-like)​

​component, energy stored and recovered per cycle.​
​○​ ​Loss Modulus (G'' - Viscous Modulus):​​Represents the​​viscous (liquid-like)​

​component, energy dissipated as heat per cycle.​
​○​ ​Tan Delta (tanδ=G′′/G′):​​Phase angle. Indicates the​​relative dominance of viscous​



​or elastic behavior.​
​■​ ​tanδ>1: Viscous behavior dominates.​
​■​ ​tanδ<1: Elastic behavior dominates.​

​●​ ​Measurements:​​Dynamic mechanical analysis (oscillatory​​rheometry) is used to​
​determine G', G'', and tan δ.​

​●​ ​Importance:​​Crucial for understanding polymers, gels,​​food products, and biological​
​materials (e.g., blood clotting).​

​IV. Rheological Measurement (Viscometry & Rheometry)​

​●​ ​Viscometer:​​Measures viscosity at a fixed shear rate​​or over a limited range of shear​
​rates. Primarily for Newtonian fluids or simple non-Newtonian comparisons.​

​●​ ​Rheometer:​​Measures viscosity, shear stress, and shear​​rate over a wide range, allowing​
​determination of flow curves, yield stress, and viscoelastic properties. More versatile for​
​non-Newtonian and viscoelastic materials.​

​●​ ​A. Types of Viscometers/Rheometers:​
​○​ ​1. Capillary Viscometer (e.g., Ostwald Viscometer):​

​■​ ​Principle:​​Measures the time taken for a fixed volume​​of fluid to flow through a​
​capillary tube under gravity.​

​■​ ​Application:​​Primarily for Newtonian fluids (dilute​​polymer solutions, solvents).​
​■​ ​Limitations:​​Provides a single viscosity value (or​​a limited range); shear rate not​

​easily controlled.​
​○​ ​2. Falling Sphere Viscometer (e.g., Hoeppler Viscometer):​

​■​ ​Principle:​​Measures the terminal velocity of a sphere​​falling through a fluid​
​under gravity.​

​■​ ​Equation:​​Stokes' Law: Fd​=6πηrv (drag force). At​​terminal velocity, drag =​
​gravitational force.​

​■​ ​Application:​​Newtonian fluids, especially transparent​​ones.​
​■​ ​Limitations:​​Primarily for Newtonian fluids.​

​○​ ​3. Rotational Viscometers/Rheometers:​
​■​ ​Principle:​​Measure torque required to rotate a spindle​​(inner cylinder, cone, or​

​plate) in a fluid at a controlled speed, or vice versa.​
​■​ ​Advantages:​​Can vary shear rate over a wide range,​​determine flow curves,​

​measure yield stress, and often handle time-dependent properties. More precise​
​temperature control.​

​■​ ​Types:​
​■​ ​a. Coaxial Cylinder (Couette or Searle Viscometer):​​One cylinder rotates,​

​the other is stationary. Sample fills the gap.​
​■​ ​b. Cone-and-Plate Rheometer:​​A cone with a small angle​​rotates on a flat​

​plate. Provides a nearly constant shear rate across the sample. Ideal for​
​non-Newtonian and small sample volumes.​

​■​ ​c. Parallel Plate Rheometer:​​Two parallel plates,​​one rotating. Shear rate​
​varies across the plate. Suitable for high-viscosity materials and​
​suspensions.​



​■​ ​Operating Modes:​
​■​ ​Controlled Shear Rate (CSR):​​Apply a constant shear​​rate and measure​

​resulting shear stress.​
​■​ ​Controlled Shear Stress (CSS):​​Apply a constant shear​​stress and measure​

​resulting shear rate.​
​■​ ​Oscillatory Rheometry (Dynamic Mechanical Analysis - DMA):​​Applies​

​sinusoidal (oscillatory) stress/strain and measures resulting strain/stress and​
​phase shift. Used to determine G' and G'' (viscoelastic properties).​

​●​ ​B. Factors Affecting Viscosity:​
​○​ ​1. Temperature:​​Most fluids' viscosity decreases with​​increasing temperature​

​(liquids). Gases' viscosity increases with temperature.​
​○​ ​2. Pressure:​​Viscosity generally increases with increasing​​pressure.​
​○​ ​3. Concentration:​​Viscosity of solutions/dispersions​​increases with increasing​

​concentration of solute/dispersed phase.​
​○​ ​4. Shear Rate/Stress:​​For non-Newtonian fluids.​
​○​ ​5. Time:​​For thixotropic/rheopectic fluids.​
​○​ ​6. Molecular Weight/Size/Shape:​​Higher MW, more complex​​shapes (e.g., polymers)​

​lead to higher viscosity.​
​○​ ​7. Intermolecular Forces:​​Stronger forces lead to​​higher viscosity.​

​V. Applications of Rheology (Industry Specific)​

​●​ ​1. Pharmaceutical Industry:​
​○​ ​Formulation:​​Stability of suspensions, emulsions,​​and gels; pourability of syrups;​

​spreadability of creams/ointments; injectability of solutions.​
​○​ ​Processing:​​Mixing, pumping, filling, tablet compression.​
​○​ ​Quality Control:​​Consistency and batch-to-batch reproducibility.​
​○​ ​Bio-rheology:​​Flow of blood, mucus, synovial fluid;​​drug delivery systems.​

​●​ ​2. Food Industry:​
​○​ ​Texture & Mouthfeel:​​Consistency of sauces, yogurts,​​gravies, ice cream;​

​spreadability of butter/margarine.​
​○​ ​Processing:​​Pumping, mixing, extrusion, heat transfer.​
​○​ ​Product Stability:​​Preventing settling, syneresis​​(water separation).​
​○​ ​Examples:​​Ketchup (shear thinning for easy pouring),​​chocolate (yield stress for​

​shaping), mayonnaise (plastic behavior for stability).​
​●​ ​3. Cosmetics & Personal Care:​

​○​ ​Application Properties:​​Spreadability of creams/lotions,​​sprayability of aerosols,​
​flow of shampoos/conditioners, stability of suspensions.​

​○​ ​Sensory Perception:​​How a product feels on the skin.​
​○​ ​Packaging:​​Ensuring product dispenses correctly.​

​●​ ​4. Paint & Coatings Industry:​
​○​ ​Application:​​Ease of brushing/spraying (shear thinning).​
​○​ ​Sag Resistance:​​Preventing drips and sags on vertical surfaces (yield stress).​
​○​ ​Pigment Settling:​​Preventing pigments from settling​​during storage (thixotropy, yield​



​stress).​
​○​ ​Leveling:​​Ability to form a smooth film without brush​​marks.​

​●​ ​5. Polymer Industry:​
​○​ ​Molding & Extrusion:​​Understanding melt flow behavior​​during processing.​
​○​ ​Product Performance:​​Predicting mechanical properties,​​impact resistance, creep,​

​and stress relaxation of finished products.​
​●​ ​6. Construction & Civil Engineering:​

​○​ ​Concrete & Mortar:​​Workability, pumpability, slump,​​segregation.​
​○​ ​Asphalt:​​Paving performance, resistance to rutting​​and cracking.​

​●​ ​7. Oil & Gas Industry:​
​○​ ​Drilling Fluids (Muds):​​Suspending drill cuttings,​​lubricating drill bit, preventing fluid​

​loss (often thixotropic with yield stress).​
​○​ ​Crude Oil Transportation:​​Pumping heavy crudes.​


