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INTRODUCTION
Liquid is one of the principal states of matter. A liquid is a fluid that has the particles loose and can freely form a distinct surface at the boundaries of its bulk material. The surface is a free surface where the liquid is not constrained by a container.

A liquid's shape is confined to, not determined by, the container it fills. That is to say, liquid particles (normally molecules or clusters of molecules) are free to move about the volume, but they form a discrete surface that may not necessarily be the same as the vessel. The same cannot be said about a gas; it can also be considered a fluid, but it must conform to the shape of the container entirely.

At a temperature below the boiling point, a liquid will evaporate until, if in a closed container, the concentration of the vapors belonging to the liquid reach an equilibrium partial pressure in the gas. Therefore no liquid can exist permanently in a complete vacuum. The surface of the liquid behaves as an elastic membrane in which surface tension appears, allowing the formation of drops and bubbles. Capillarity is another consequence of surface tension. Only liquids can display immiscibility. The most familiar mixture of two immiscible liquids in everyday life is the vegetable oil and water in Italian salad dressing. A familiar set of miscible liquids is water and alcohol. Only liquids display wetting properties. Liquids at their respective boiling point change to gases (except when superheating occurs), and at their freezing points, change to solids (except when supercooling occurs).
 Even below the boiling point liquid evaporates on the surface. Objects immersed in liquids are subject to the phenomenon of buoyancy, which is also observed in other fluids, but is especially strong in liquids due to their high density. Liquid components in a mixture can often be separated from one another via fractional distillation.
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   FIG. 1.  A diagram of how the configuration of molecules/atoms differs for the solid, liquid, and gas phases.

The volume of a quantity of liquid is fixed by its temperature and pressure. Unless this volume exactly matches the volume of the container, a surface is observed. Liquids in a gravitational field, like all fluids, exert pressure on the sides of a container as well as on anything within the liquid itself. This pressure is transmitted in all directions and increases with depth. In the study of fluid dynamics, liquids are often treated as incompressible, especially when studying incompressible flow.

If a liquid is at rest in a uniform gravitational field, the pressure  p  at any point is given by
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where:

· = the density of the liquid (assumed constant)

 g   = gravity

    z   = the depth of the point below the surface.

Note that this formula assumes that the pressure at the free surface is zero, and that surface tension effects may be neglected.

Liquids generally expand when heated, and contract when cooled. Water between 0 °C and 4 °C is a notable exception; this is why ice floats. Liquids have little compressibility : water, for example, does not change its density appreciably unless subject to pressure of the order of hundreds bar.

Examples of everyday liquids besides water are mineral oil and gasoline. There are also mixtures such as milk, blood, and a wide variety of aqueous solutions such as household bleach. Only six elements are liquid at or about room temperature and pressure: mercury (densest liquid), bromine, francium, caesium, gallium and rubidium. In terms of planetary habitability, liquid water is believed to be a necessity for the existence of life.
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FIG.2. A typical phase diagram. The dotted line gives the anomalous behaviour of water. The green lines show how the freezing point can vary with pressure, and the blue line shows how the boiling point can vary with pressure. The red line shows the boundary where sublimation or deposition can occur.

Quantities of liquids are commonly measured in units of volume. These include the litre, not an SI unit, and the cubic metre (m³) which is an SI unit.

The body of a human contains many liquids, that makes physics of liquids a particularly important topic for a future medical professionals.  
KEY CONCEPTS
     Viscosity of liquid
Viscosity is a measure of the resistance of a fluid which is being deformed by either shear stress or extensional stress. In general terms it is the resistance of a liquid to flow, or its "thickness". Viscosity describes a fluid's internal resistance to flow and may be thought of as a measure of fluid friction. Thus, water is "thin", having a lower viscosity, while vegetable oil is "thick" having a higher viscosity. All real fluids (except superfluids) have some resistance to stress, but a fluid which has no resistance to shear stress is known as an ideal fluid or inviscid fluid. 
For example, a high viscosity magma will create a tall volcano, because it cannot spread fast enough; low viscosity lava will create a shield volcano, which is large and wide. The study of viscosity is known as rheology.  The word "viscosity" itself derives from the Latin word "viscum" for mistletoe. A viscous glue was made from mistletoe berries and used for lime-twigs to catch birds.
   Viscosity coefficients

When looking at a value for viscosity, the number that one most often sees is the coefficient of viscosity. There are several different viscosity coefficients depending on the nature of applied stress and nature of the fluid. They are introduced in the main books on hydrodynamics and rheology.
For some fluids, viscosity is a constant over a wide range of shear rates: these are Newtonian fluids. The fluids without a constant viscosity are called Non-Newtonian fluids.  

They are, for example, emulsions and slurries, and some visco-elastic materials (eg. blood (!), and some polymers).  These materials also include “sticky” liquids  -  such as latex, honey, and lubricants. 
Dynamic viscosity (or absolute viscosity) determines the dynamics of an incompressible Newtonian fluid.  The SI physical unit of dynamic viscosity is the pascal-second (Pa·s), which is identical to kg·m−1·s−1.
In many situations, we are concerned with the ratio of the viscous force to the inertial force, the latter characterised by the fluid density ρ. This ratio is characterised by the kinematic viscosity (Greek letter nu, ν), defined as follows:
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where μ is the dynamic viscosity (Pa·s) and ρ is the density (kg/m3), and ν is the kinematic viscosity (m2/s).

Thus, kinematic viscosity is the dynamic viscosity divided by the density for a Newtonian fluid.
Volume viscosity (or bulk viscosity) determines the dynamics of a compressible Newtonian fluid;

Shear viscosity is the viscosity coefficient when the applied stress is a shear stress (valid for non-Newtonian fluids);
Extensional viscosity is the viscosity coefficient when the applied stress is an extensional stress (valid for non-Newtonian fluids).

Shear viscosity and dynamic viscosity are much better known than the others. That is why they are often referred to as simply viscosity. Simply put, this quantity is the ratio between the pressure exerted on the surface of a fluid, in the lateral or horizontal direction, to the change in velocity of the fluid as you move down in the fluid (this is what is referred to as a velocity gradient).
 For example, at room temperature, water has a nominal viscosity of 1.0 × 10-3 Pa∙s and motor oil has a nominal apparent viscosity of 250 × 10-3 Pa∙s.
Extensional viscosity is widely used for characterizing polymers.

Volume viscosity is essential for acoustics in fluids.
    Newton's theory

In general, in any flow, layers move at different velocities and the fluid's viscosity arises from the shear stress between the layers that ultimately opposes any applied force.

Isaac Newton postulated that, for straight, parallel and uniform flow, the shear stress, τ, between layers is proportional to the velocity gradient, ∂u/∂y, in the direction perpendicular to the layers.
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Here, the constant μ is known as the coefficient of viscosity, the viscosity, the dynamic viscosity, or the Newtonian viscosity. Many fluids, such as water and most gases, satisfy Newton's criterion and are known as Newtonian fluids. Non-Newtonian fluids exhibit a more complicated relationship between shear stress and velocity gradient than simple linearity.
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FIG.3. Laminar shear of fluid between two plates. Friction between the fluid and the moving boundaries causes the fluid to shear. The force required for this action is a measure of the fluid's viscosity. This type of flow is known as a Couette flow.

The relationship between the shear stress and the velocity gradient can also be obtained by considering two plates closely spaced apart at a distance y, and separated by a homogeneous substance. Assuming that the plates are very large, with a large area A, such that edge effects may be ignored, and that the lower plate is fixed, let a force F be applied to the upper plate. If this force causes the substance between the plates to undergo shear flow (as opposed to just shearing elastically until the shear stress in the substance balances the applied force), the substance is called a fluid. The applied force is proportional to the area and velocity of the plate and inversely proportional to the distance between the plates.
 Combining these three relations results in the equation  F = μ (A u / y),  where μ is the proportionality factor called the dynamic viscosity (also called absolute viscosity, or simply viscosity). The equation can be expressed in terms of shear stress; τ = F / A = μ(u / y). 
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  The rate of shear deformation is u / y and can be also written as a shear velocity, ∂u/∂y. Hence, through this method, the relation between the shear stress and the velocity gradient can be obtained.

FIG.4. Laminar shear, the non-constant gradient, is a result of the geometry the fluid is flowing through (e.g. a pipe).

James Clerk Maxwell called viscosity fugitive elasticity because of the analogy that elastic deformation opposes shear stress in solids, while in viscous fluids, shear stress is opposed by rate of deformation.
FLUID DYNAMICS

Fluid dynamics is the sub-discipline of fluid mechanics dealing with fluid flow: fluids (liquids and gases) in motion. It has several subdisciplines itself, including aerodynamics (the study of gases in motion) and hydrodynamics (the study of liquids in motion). 
Fluid dynamics has a wide range of applications, including calculating forces and moments on aircraft, determining the mass flow rate of petroleum through pipelines, predicting weather patterns, understanding nebulae in interstellar space and reportedly modeling fission weapon detonation. Some of its principles are even used in traffic engineering, where traffic is treated as a continuous fluid.

Fluid dynamics offers a systematic structure that underlies these practical disciplines and that embraces empirical and semi-empirical laws, derived from flow measurement, used to solve practical problems. The solution of a fluid dynamics problem typically involves calculation of various properties of the fluid, such as velocity, pressure, density, and temperature, as functions of space and time.
Compressible vs incompressible flow

All fluids are compressible to some extent, that is changes in pressure or temperature will result in changes in density. However, in many situations the changes in pressure and temperature are sufficiently small that the changes in density are negligible. In this case the flow can be modeled as an incompressible flow. Otherwise the more general compressible flow equations must be used.

Mathematically, incompressibility is expressed by saying that the density ρ of a fluid parcel does not change as it moves in the flow field, i.e.,
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where D / Dt is the substantial derivative, which is the sum of local and convective derivatives. This additional constraint simplifies the governing equations, especially in the case when the fluid has a uniform density.

For flow of gases, to determine whether to use compressible or incompressible fluid dynamics, the Mach number of the flow is to be evaluated. As a rough guide, compressible effects can be ignored at Mach numbers below approximately 0.3. For liquids, whether the incompressible assumption is valid depends on the fluid properties (specifically the critical pressure and temperature of the fluid) and the flow conditions (how close to the critical pressure the actual flow pressure becomes). Acoustic problems always require allowing compressibility, since sound waves are compression waves involving changes in pressure and density of the medium through which they propagate.

Viscous vs inviscid flow
Viscous problems are those in which fluid friction has significant effects on the fluid motion.

The Reynolds number can be used to evaluate whether viscous or inviscid equations are appropriate to the problem. The Reynolds number Re is a dimensionless number that gives a measure of the ratio of inertial forces () to viscous forces (μ / L) and, consequently, it quantifies the relative importance of these two types of forces for given flow conditions.

Reynolds numbers frequently arise when performing dimensional analysis of fluid dynamics and heat transfer problems, and as such can be used to determine dynamic similitude between different experimental cases. They are also used to characterize different flow regimes, such as laminar or turbulent flow: laminar flow occurs at low Reynolds numbers, where viscous forces are dominant, and is characterized by smooth, constant fluid motion, while turbulent flow occurs at high Reynolds numbers and is dominated by inertial forces, which tend to produce random eddies, vortices and other flow fluctuations.

Reynolds number can be defined for a number of different situations where a fluid is in relative motion to a surface. These definitions generally include the fluid properties of density and viscosity, plus a velocity and a characteristic length or characteristic dimension. This dimension is a matter of convention - for example a radius or diameter are equally valid for spheres or circles, but one is chosen by convention. For flow in a pipe or a sphere moving in a fluid the diameter is generally used today. Other shapes (such as rectangular pipes or non-spherical objects) have an equivalent diameter defined. For fluids of variable density (e.g. compressible gases) or variable viscosity (non-Newtonian fluids) special rules apply. The velocity may also be a matter of convention in some circumstances, notably stirred vessels.

For flow in a pipe or tube, the Reynolds number is generally defined as:
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where:

· is the mean fluid velocity in (SI units: m/s)

D is the diameter (m)

μ is the dynamic viscosity of the fluid (Pa·s or N·s/m²)

ν is the kinematic viscosity (ν = μ / ρ) (m²/s)

ρ is the density of the fluid (kg/m³)

Q is the volumetric flow rate (m³/s)

A is the pipe cross-sectional area (m²)

Definitions in non-SI units usually have a number (coefficient) in front, for example 124, where the pipe diameter is in inches, the velocity in feet per second, the fluid density in pounds per cubic foot, and the viscosity in centipoise, which are traditional USA and UK units.

Reynolds number is named after Osborne Reynolds (1842–1912), who proposed it in 1883.
Typical values of Reynolds number

Blood flow in brain ~ 1×102
Blood flow in aorta ~ 1×103
Spermatozoa ~ 1×10−2
You must remember however that these values are meaningless without a definition of the characteristic length in each case.
Stokes flow is flow at very low Reynolds numbers, such that inertial forces can be neglected compared to viscous forces.

On the contrary, high Reynolds numbers indicate that the inertial forces are more significant than the viscous (friction) forces. Therefore, we may assume the flow to be an inviscid flow, an approximation in which we neglect viscosity at all, compared to inertial terms.

This idea can work fairly well when the Reynolds number is high. However, certain problems such as those involving solid boundaries, may require that the viscosity be included. Viscosity often cannot be neglected near solid boundaries because the no-slip condition can generate a thin region of large strain rate (known as Boundary layer) which enhances the effect of even a small amount of viscosity, and thus generating vorticity. Therefore, to calculate net forces on bodies (such as wings) we should use viscous flow equations. As illustrated by d'Alembert's paradox, a body in an inviscid fluid will experience no drag force. The standard equations of inviscid flow are the Euler equations. Another often used model, especially in computational fluid dynamics, is to use the Euler equations away from the body and the boundary layer equations, which incorporates viscosity, in a region close to the body.

The Euler equations can be integrated along a streamline to get Bernoulli's equation. When the flow is everywhere irrotational and inviscid, Bernoulli's equation can be used throughout the flow field. Such flows are called potential flows.

    Steady vs unsteady flow

When all the time derivatives of a flow field vanish, the flow is considered to be a steady flow. Otherwise, it is called unsteady. Whether a particular flow is steady or unsteady, can depend on the chosen frame of reference. For instance, laminar flow over a sphere is steady in the frame of reference that is stationary with respect to the sphere. In a frame of reference that is stationary than the governing equations of the same problem without taking advantage of the steadiness of the flow field.

Although strictly unsteady flows, time-periodic problems can often be solved by the same techniques as steady flows. For this reason, they can be considered to be somewhere between steady and unsteady.

   Laminar vs turbulent flow
Turbulence is flow dominated by recirculation, eddies, and apparent randomness. Flow in which turbulence is not exhibited is called laminar. It should be noted, however, that the presence of eddies or recirculation does not necessarily indicate turbulent flow--these phenomena may be present in laminar flow as well. 
For smooth cylindrical tubes (such as blood vessels in a human body), the “critical value” of Reynolds number in 2300. If it stays below this “critical value”, the flow will be laminar – that is preferable for the blood circulation system (although, a slight turbulence is possible in some areas of heart). 

If the number 2300 will be exceeded – the regime of flow will be changed to turbulent. This may happen, particularly, at some illnesses that decreases the viscosity of the blood (see the formula for Re above); and, medically, it is considered as undesirable and unnecessary stressful for the blood circulation system.    

Bernoulli's principle
Bernoulli's principle states that for an inviscid flow, an increase in the speed of the fluid occurs simultaneously with a decrease in pressure or a decrease in the fluid's potential energy. This principle is named after the Dutch–Swiss mathematician Daniel Bernoulli who published his principle in his book Hydrodynamica in 1738.

Bernoulli's principle can be applied to various types of fluid flow, resulting in what is loosely denoted as Bernoulli's equation. But in fact there are different forms of the Bernoulli equation for different types of flow. The simple form of Bernoulli's principle is valid for incompressible flows (e.g. most liquid flows) and also for compressible flows (e.g. gases) moving at low Mach numbers. More advanced forms may in some cases be applied to compressible flows at higher Mach numbers (see the derivations of the Bernoulli equation).

Bernoulli's principle is equivalent to the principle of conservation of energy. This states that in a steady flow the sum of all forms of mechanical energy in a fluid along a streamline is the same at all points on that streamline. This requires that the sum of kinetic energy and potential energy remain constant. If the fluid is flowing out of a reservoir the sum of all forms of energy is the same on all streamlines because in a reservoir the energy per unit mass (the sum of pressure and gravitational potential ρgh) is the same everywhere. 

Fluid particles are subject only to pressure and their own weight. If a fluid is flowing horizontally and along a section of a streamline, where the speed increases it can only be because the fluid on that section has moved from a region of higher pressure to a region of lower pressure; and if its speed decreases, it can only be because it has moved from a region of lower pressure to a region of higher pressure. Consequently, within a fluid flowing horizontally, the highest speed occurs where the pressure is lowest, and the lowest speed occurs where the pressure is highest.
Incompressible flow equation.  In most flows of liquids, and of gases at low Mach number, the mass density of a fluid parcel can be considered to be constant, regardless of pressure variations in the flow. For this reason the fluid in such flows can be considered to be incompressible and these flows can be described as incompressible flow. Bernoulli performed his experiments on liquids and his equation in its original form is valid only for incompressible flow.

The original form of Bernoulli's equation is:
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where:
[image: image8.bmp]  is the fluid flow speed at a point on a streamline,

· is the acceleration due to gravity,

· is the elevation of the point above a reference plane, with the positive z-direction in the direction opposite to the gravitational acceleration,

· is the pressure at the point, and

· is the density of the fluid at all points in the fluid.

The following assumptions must be met for the equation to apply:

   -   The fluid must be incompressible - even though pressure varies, the density must remain constant.
         -  The streamline must not enter the boundary layer. (Bernoulli's equation is not applicable where there are viscous forces, such as in the boundary layer.)

The above equation can be rewritten, in two different ways, as:
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where:
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         is dynamic pressure,
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     is the piezometric head or hydraulic head, the sum of the elevation z and the pressure head (the static pressure contribution)    p / ( ρ g ), and
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        is the total pressure, the sum of the static pressure p and dynamic pressure q.
In several applications of Bernoulli's equation, the change in the   [image: image13.bmp]   term along streamlines is zero or so small it can be ignored: for instance in the case of airfoils at low Mach number. This allows the above equation to be presented in the following simplified form:
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where [image: image15.bmp]  is called total pressure, and [image: image16.bmp] is dynamic pressure. Many authors refer to the pressure  [image: image17.bmp]  as static pressure to distinguish it from total pressure  and dynamic pressure. Every point in a steadily flowing fluid, regardless of the fluid speed at that point, has its own unique static pressure p, dynamic pressure q, and total pressure p0.

The significance of Bernoulli's principle can now be summarized as "total pressure is constant along a streamline." Furthermore, if the fluid flow originated in a reservoir, the total pressure on every streamline is the same and Bernoulli's principle can be summarized as "total pressure is constant everywhere in the fluid flow."  However, it is important to remember that Bernoulli's principle does not apply in the boundary layer.
The maximum possible drain rate for a tank with a hole or tap at the base can be calculated directly from Bernoulli's equation, and is found to be proportional to the square root of the height of the fluid in the tank. This is Torricelli's law, showing that Torricelli's law is compatible with Bernoulli's principle. Viscosity lowers this drain rate. This is reflected in the discharge coefficient which is a function of the Reynold's number and the shape of the orifice.
Stokes' law

In 1851, George Gabriel Stokes derived an expression, now known as Stokes' law, for the frictional force — also called drag force — exerted on spherical objects with very small Reynolds numbers (e.g., very small particles) in a continuous viscous fluid. Stokes' law is derived by solving the Stokes flow limit for small Reynolds numbers of the generally unsolvable Navier–Stokes equations:
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,              

where   Fd is the frictional force (in N),  μ is the fluid's dynamic viscosity (in Pa s),   R is the radius of the spherical object (in m), and  V is the particle's velocity (in m/s).

If the particles are falling in the viscous fluid by their own weight due to gravity, then a terminal velocity, also known as the settling velocity, is reached when this frictional force combined with the buoyant force exactly balance the gravitational force. The resulting settling velocity (or terminal velocity) is given by:
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where   Vs is the particles' settling velocity (m/s) (vertically downwards if ρp > ρf, upwards if ρp < ρf ),

g is the gravitational acceleration (m/s2),  ρp is the mass density of the particles (kg/m3), and ρf is the mass density of the fluid (kg/m3).
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FIG. 5.  Creeping flow past a sphere: streamlines, drag force Fd and force by gravity Fg.

Stokes's law is the basis of the falling-sphere viscometer, in which the fluid is stationary in a vertical glass tube. A sphere of known size and density is allowed to descend through the liquid. If correctly selected, it reaches terminal velocity, which can be measured by the time it takes to pass two marks on the tube. Electronic sensing can be used for opaque fluids. Knowing the terminal velocity, the size and density of the sphere, and the density of the liquid, Stokes' law can be used to calculate the viscosity of the fluid. A series of steel ball bearings of different diameter is normally used in the classic experiment to improve the accuracy of the calculation. The school experiment uses glycerine as the fluid, and the technique is used industrially to check the viscosity of fluids used in processes. It includes many different oils, and polymer liquids such as solutions.

The same theory can be used to explain why small water droplets (or ice crystals) can remain suspended in air (as clouds) until they grow to a critical size and start falling as rain (or snow and hail). Similar use of the equation can be made in the settlement of fine particles in water or other fluids.

Hagen-Poiseuille law
The Hagen-Poiseuille law, named also Gotthilf Heinrich Ludwig Hagen (1797-1884) and Jean Louis Marie Poiseuille, concerns the voluminal laminar stationary flow of an incompressible uniform viscous liquid (Newtonian fluid) through a cylindrical tube with constant circular cross-section.
 In other words, it applies to non-turbulent flow of liquids through pipes. It can be successfully applied to blood flow in capillaries and veins, to air flow in lung alveoli, for the flow through a drinking straw or through a hypodermic needle.
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where    ΔP   is the pressure drop,  L is the length of pipe,  μ is the dynamic viscosity,  Q is the volumetric flow rate,   r is the radius, and  π =3,14. 
VISCOSITY MEASUREMENT
Dynamic viscosity is measured with various types of rheometer. Close temperature control of the fluid is essential to accurate measurements, particularly in materials like lubricants, whose viscosity can double with a change of only 5 °C. 
As you must remember, for some fluids, viscosity is a constant over a wide range of shear rates - these are Newtonian fluids. The fluids without a constant viscosity are called Non-Newtonian, and their viscosity cannot be described by a single number. 
Non-Newtonian fluids exhibit a variety of different correlations between shear stress and shear rate.

One of the most common instruments for measuring kinematic viscosity is the glass capillary viscometer.

In paint industries, viscosity is commonly measured with a Zahn cup, in which the efflux time is determined and given to customers. The efflux time can also be converted to kinematic viscosities (cSt) through the conversion equations.

Also used in paint, a Stormer viscometer uses load-based rotation in order to determine viscosity. The viscosity is reported in Krebs units (KU), which are unique to Stormer viscometers.

Vibrating viscometers can also be used to measure viscosity. These models such as the Dynatrol use vibration rather than rotation to measure viscosity.

Extensional viscosity can be measured with various rheometers that apply extensional stress

Volume viscosity can be measured with acoustic rheometer.

   Units of measure
Dynamic viscosity.  The usual symbol for dynamic viscosity used by mechanical engineers, fluid dynamicists and ASHRAE (The American Society of Heating, Refrigerating and Air Conditioning Engineers) is the Greek letter mu (μ). 
The symbol η is also used by chemists and IUPAC (International Union of Pure and Applied Chemistry).
 The SI physical unit of dynamic viscosity, as you should remember, is the pascal-second (Pa·s), which is identical to kg·m−1·s−1. If a fluid with a viscosity of one Pa·s is placed between two plates, and one plate is pushed sideways with a shear stress of one pascal, it moves a distance equal to the thickness of the layer between the plates in one second.

The CGS physical unit for dynamic viscosity is the poise (P), named after Jean Louis Marie Poiseuille. It is more commonly expressed, particularly in ASTM standards, as centipoise (cP). Water at 20 °C has a viscosity of 1.0020 cP.       

1 P = 1 g·cm−1·s−1
The relation between poise and pascal-seconds is:    10 P = 1 kg·m−1·s−1 = 1 Pa·s

                                                                                    1 cP = 0.001 Pa·s = 1 mPa·s

The name 'poiseuille' (Pl) was proposed for this unit (after Jean Louis Marie Poiseuille who formulated Poiseuille's law of viscous flow), but not accepted internationally. Care must be taken in not confusing the poiseuille with the poise named after the same person.

Kinematic viscosity.  The obsolete CGS  physical unit for kinematic viscosity is the stokes (St), named after George Gabriel Stokes. 
It is sometimes expressed in terms of centistokes (cSt or ctsk). In U.S. usage for example, stoke is sometimes used as the singular form.

1 stokes = 100 centistokes = 1 cm2·s−1 = 0.0001 m2·s−1.

1 centistokes = 1 mm2·s-1 = 10-6m2·s−1
The kinematic viscosity is sometimes referred to as “diffusivity of momentum”, because it is comparable to and has the same unit (m2s−1) as diffusivity of heat and diffusivity of mass. It is therefore used in dimensionless numbers which compare the ratio of the diffusivities.

Saybolt Universal Viscosity.  At one time the petroleum industry relied on measuring kinematic viscosity by means of the Saybolt viscometer, and expressing kinematic viscosity in units of Saybolt Universal Seconds (SUS). Kinematic viscosity in centistoke can be converted from SUS according to the arithmetic and the reference table. It can also be converted in computerized method, or vice versa.

Dynamic versus kinematic viscosity.   Conversion between kinematic and dynamic viscosity is given by     νρ = μ.  For example,

if ν = 0.0001 m2·s-1 and ρ = 1000 kg m-3 then μ = νρ = 0.1 kg·m−1·s−1 = 0.1 Pa·s

if ν = 1 St (= 1 cm2·s−1) and ρ = 1 g cm-3 then μ = νρ = 1 g·cm−1·s−1 = 1 P

Examples: viscosity of water and blood 
Because of its density of ρ = 1 g/cm3 (varies slightly with temperature), and its dynamic viscosity is near 1 mPa·s, the viscosity values of water are, to rough precision, all powers of ten:

Dynamic viscosity:

μ = 1 mPa·s = 10-3 Pa·s = 1 cP = 10-2 poise

Kinematic viscosity:

ν = 1 cSt = 10-2 stokes = 1 mm²/s
!!!         For the blood, it’s normal dynamic viscosity is  3 to 4 × 10−3  Pa·s          !!!
SOME CONCEPTS OF HEMODYNAMICS

Hemodynamics, meaning literally "blood movement", is the study of blood flow or the circulation.

All animal cells require oxygen (O2) for the conversion of carbohydrates, fats and proteins into carbon dioxide (CO2), water and energy in a process known as aerobic respiration. The circulatory system functions to transport the blood to deliver O2, nutrients and chemicals to the cells of the body to ensure their health and proper function, and to remove the cell wastes.

The circulatory system is a connected series of tubes, which includes the heart, the arteries, the micro-circulation, and the veins.

The heart is the driver of the circulatory system generating cardiac output (CO) by rhythmically contracting and relaxing. This creates changes in regional pressures, and, combined with a complex valvular system in the heart and the veins, ensures that the blood moves around the circulatory system in one direction.
 The “beating” of the heart generates pulsatile blood flow which is conducted into the arteries, across the micro-circulation and eventually, back via the venous system to the heart. The aorta, the main artery, leaves the left heart and proceeds to divide into smaller and smaller arteries until they become arterioles, and eventually capillaries, where oxygen transfer occurs. 
The capillaries connect to venules, into which the deoxygenated blood passes from the cells back into the blood, and the blood then travels back through the network of veins to the right heart. The micro-circulation, the arterioles, capillaries and venules, constitutes most of the area of the vascular system and is the site of the transfer of, O2, glucose and substrates into the cells. 
The venous system returns the de-oxygenated blood to the right heart where it is pumped into the lungs to become oxygenated and CO2 and other gaseous wastes exchanged and expelled during breathing. Blood then returns to the left side of the heart where it begins the process again. Clearly the heart, vessels and lungs are all actively involved in maintaining healthy cells and organs, and all influence hemodynamics.

The factors influencing hemodynamics are complex and extensive but include CO, circulating fluid volume, respiration, vascular diameter and resistance, and blood viscosity. Each of these may in turn be influenced by physiological factors, such as diet, exercise, disease, drugs or alcohol, obesity and excess weight.

Our understanding of hemodynamics depends on measuring the blood flow at different points in the circulation. A basic approach to understanding hemodynamics is by “feeling the pulse”. This gives simple information regarding the strength of the circulation via the systolic stroke and the heart rate, both important components of the circulation which may be altered in disease. The blood pressure can be simply measured using a plethysmograph or cuff connected to a pressure sensor (mercury or aneroid manometer). This is the most common clinical measure of circulation and provides a peak systolic pressure and a diastolic pressure, often quoted as a normal 115/75. Sometimes the mean arterial pressure is calculated.

MAP ~= ((BPdia*2)+BPsys)/3 mmHg (BPdia is counted twice since the heart spends two thirds of the heart beat cycle in the diastolic)

Where

MAP = Mean Arterial Pressure

BPdia = Diastolic blood pressure

BPsys = Systolic blood pressure

The arterial pulse pressure can be measured by placing a tonometer or pressure sensor on the skin surface above an artery. This provides a continuous pressure trace or arterial pulse pressure waveform which reflects cardiovascular performance.
 A non-invasive Doppler can also be used to measure blood flow at any point in the circulation, including within the heart, the CO, and can be converted to a pressure difference using the modified Bernoulli equation. An invasive manometer (pressure sensor) can be inserted into an artery on the end of a catheter to measure intra-arterial pulse pressures providing information on cardiovascular performance. Importantly all of these measures should be accompanied by a measure of CO so that the function of the heart and vessels can be distinguished. This allows for more effective understanding and treatment of the cardiovascular system.

The heart and the vascular beds are a dynamic and connected part of the circulatory system and combine to effect efficient transportation of the blood. Circulation is influenced by the resistance of the vascular bed against which the heart is pumping. For the right heart this is the pulmonary vascular bed, creating Pulmonary Vascular Resistance (PVR), while for the systemic circulation this is the systemic vascular bed, creating Systemic Vascular Resistance (SVR). The vessels actively change diameter under the influence of physiology or therapy, vasoconstrictors decrease vessel diameter and increase resistance, while vasodilators increase vessel diameter and decrease resistance. Put simply increasing resistance (narrowing the vessel) decreases CO, and conversely decreased resistance (widening the vessel) increases CO.

QUESTIONS AND TESTS  
for the self-control of knowledge

Questions

1.
What is dynamic viscosity and in which units it is measured?

2.   What is kinematic viscosity and in which units it is measured?
3.
Newtonian and non-Newtonian liquids.

4.   Reynolds’ criteria.

5.   Laminar flow vs turbulent flow.

6.   Newton's formula for viscosity.
7.   Bernoulli's equation.

8.    Stokes’ law.

9.   Hagen-Poiseuille law

10. Types of viscosimeters.  

Tests
1. The volume speed of blood circulation is measured in:

 
 A. watt

 B. watt/m2
 C. Pa*s  / m3
 D. m3  /s

 E. Fon

2. What device measures the superficial tension of biological liquids?

 A. audiometer

 B. sphygmomanometer

 C. stalagmometer

 D. flowmeter 

 E. ergometer

3. The flow of blood is described by:

 A. Bernoulli’s equation 

 B. Newton’s equation 

 C. Poisseille’s formula 

 D. Quesson’s equation 

 E. Reynolds’ number.

4. What value characterizes the reologic properties of blood extract?

 A. border of fluidity

 B. dynamic viscosity

 C. Young’s module 

 D. module of shifting 

 E. Poisson’s  coefficient

5. What value characterizes the reologic properties of blood plasma?

 A. dynamic viscosity 

 B. density of blood

 C. shock volume of blood

 D. speed of flow in the aorta

 E. Young’s module 

Answers:  1 - D , 2- C , 3 - D , 4 - B, 5 - A.
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