
“Gas Dynamics”.

In Section 1 of this course you will cover these topics:
Basic Equations Of Compressible Flow
Wave Propagation In Compressible Media
Isentropic Flow Of A Perfect Gas
Stationary Normal Shock Waves

Topic Objective:

At the end of this topic student would be able to:

 To Learn about Compressible flow

 To Define Fluid dynamics

 To Learn about Equations of fluid dynamics

Definition/Overview:

Compressible flow: In fluid dynamics, a flow is considered to be a compressible flow if the

density of the fluid changes with respect to pressure. In general, this is the case where the Mach

number (defined as the ratio of the flow speed to the local speed of sound) of the flow exceeds

0.3. The Mach 0.3 value is rather arbitrary, but it is used because gas flows with a Mach number

below that value introduce less than 5% change in density. Furthermore, the maximum density

change occurs at the stagnation points and the density change in the rest of the flow field will be

significantly lower.
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Key Points:

1. Compressible flow

In fluid dynamics, a flow is considered to be a compressible flow if the density of the fluid

changes with respect to pressure. In general, this is the case where the Mach number (defined as

the ratio of the flow speed to the local speed of sound) of the flow exceeds 0.3. The Mach 0.3

value is rather arbitrary, but it is used because gas flows with a Mach number below that value

introduce less than 5% change in density. Furthermore, the maximum density change occurs at

the stagnation points and the density change in the rest of the flow field will be significantly

lower.

The factor that distinguishes a flow from being compressible or incompressible is the fact that in

compressible flow the changes in the velocity of the flow can lead to changes in the temperature

which are not negligible. On the other hand in case of incompressible flow, the changes in the

internal energy (i.e. temperature) are negligible even if the entire kinetic energy of the flow is

converted to internal energy (i.e. the flow is brought to rest).

These definitions, though they seem to be inconsistent, are all saying one and the same thing: the

Mach number of the flow is high enough so that the effects of compressibility can no longer be

neglected.

For subsonic compressible flows, it is sometimes possible to model the flow by applying a

correction factor to the answers derived from incompressible calculations or modeling - for

example, the Prandtl-Glauert rule:

(ac is compressible lift curve slope, ai is the incompressible lift curve slope, and M is the Mach

number). Note that this correction only yields acceptable results over a range of approximately

0.3<M<0.7.
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For many other flows, their nature is qualitatively different to subsonic flows. A flow where the

local Mach number reaches or exceeds 1 will usually contain shock waves. A shock is an abrupt

change in the velocity, pressure and temperature in a flow; the thickness of a shock scales with

the molecular mean free path in the fluid (typically a few micrometers).

Shocks form because information about conditions downstream of a point of sonic or supersonic

flow cannot propagate back upstream past the sonic point.

The behaviour of a fluid changes radically as it starts to move above the speed of sound (in that

fluid), ie. when the Mach number is greater than 1. For example, in subsonic flow, a stream tube

in an accelerating flow contracts. But in a supersonic flow, a stream tube in an accelerating flow

expands. To interpret this in another way, consider steady flow in a tube that has a sudden

expansion: the tube's cross section suddenly widens, so the cross-sectional area increases.

In subsonic flow, the fluid speed drops after the expansion (as expected). In supersonic flow, the

fluid speed increases. This sounds like a contradiction, but it isn't: the mass flux is conserved but

because supersonic flow allows the density to change, the volume flux is not constant. This

effect is utilized in De Laval nozzles.

2. Fluid dynamics

In physics, fluid dynamics is the sub-discipline of fluid mechanics dealing with fluid flow the

natural science of 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.
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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.

In an historical context, hydrodynamics had a different meaning than it has nowadays. Before the

twentieth century, hydrodynamics was synonymous with fluid dynamics. This is still reflected in

the names of some fluid dynamics topics, like magnetohydrodynamics and hydrodynamic

stability both also applicable in, as well as being applied to, gases.

3. Equations of fluid dynamics

The foundational axioms of fluid dynamics are the conservation laws, specifically, conservation

of mass, conservation of linear momentum (also known as Newton's Second Law of Motion),

and conservation of energy (also known as First Law of Thermodynamics). These are based on

classical mechanics and are modified in quantum mechanics and general relativity. They are

expressed using the Reynolds Transport Theorem.

In addition to the above, fluids are assumed to obey the continuum assumption. Fluids are

composed of molecules that collide with one another and solid objects. However, the continuum

assumption considers fluids to be continuous, rather than discrete. Consequently, properties such

as density, pressure, temperature, and velocity are taken to be well-defined at infinitesimally

small points, and are assumed to vary continuously from one point to another. The fact that the

fluid is made up of discrete molecules is ignored.

For fluids which are sufficiently dense to be a continuum, do not contain ionized species, and

have velocities small in relation to the speed of light, the momentum equations for Newtonian

fluids are the Navier-Stokes equations, which is a non-linear set of differential equations that

describes the flow of a fluid whose stress depends linearly on velocity gradients and pressure.

The unsimplified equations do not have a general closed-form solution, so they are primarily of
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use in Computational Fluid Dynamics. The equations can be simplified in a number of ways, all

of which make them easier to solve. Some of them allow appropriate fluid dynamics problems to

be solved in closed form.

In addition to the mass, momentum, and energy conservation equations, a thermodynamical

equation of state giving the pressure as a function of other thermodynamic variables for the fluid

is required to completely specify the problem. An example of this would be the perfect gas

equation of state:

where p is pressure, ρ is density, Ru is the gas constant, M is the molecular mass and T is

temperature.

3.1 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.,

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
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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.

3.2 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.

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.
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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.

3.3 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.

3.4 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.

Mathematically, turbulent flow is often represented via Reynolds decomposition, in

which the flow is broken down into the sum of a steady component and a perturbation

component.

It is believed that turbulent flows obey the Navier-Stokes equations. Direct numerical

simulation (DNS), based on the incompressible Navier-Stokes equations, makes it

possible to simulate turbulent flows with moderate Reynolds numbers (restrictions
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depend on the power of computer and efficiency of solution algorithm). The results of

DNS agree with the experimental data.

Most flows of interest have Reynolds numbers too high for DNS to be a viable

option, given the state of computational power for the next few decades. Any flight

vehicle large enough to carry a human (L > 3 m), moving faster than 73 km/h

(30 m/s) is well beyond the limit of DNS simulation (Re = 4 million). Transport

aircraft wings (such as on an Airbus A300 or Boeing 747) have Reynolds numbers of

40 million (based on the wing chord). In order to solve these real life flow problems,

turbulence models will be a necessity for the foreseeable future. Reynolds-averaged

Navier-Stokes equations (RANS) combined with turbulence modeling provides a

model of the effects of the turbulent flow, mainly the additional momentum transfer

provided by the Reynolds stresses, although the turbulence also enhances the heat and

mass transfer. Large eddy simulation (LES) also holds promise as a simulation

methodology, especially in the guise of detached eddy simulation (DES), which is a

combination of turbulence modeling and large eddy simulation.

3.5 Newtonian vs non-Newtonian fluids

Sir Isaac Newton showed how stress and the rate of strain are very close to linearly

related for many familiar fluids, such as water and air. These Newtonian fluids are

modeled by a coefficient called viscosity, which depends on the specific fluid.

However, some of the other materials, such as emulsions and slurries and some visco-

elastic materials (eg. blood, some polymers), have more complicated non-Newtonian

stress-strain behaviours. These materials include sticky liquids such as latex, honey,

and lubricants which are studied in the sub-discipline of rheology.
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3.6 Subsonic vs transonic, supersonic and hypersonic flows

While many terrestrial flows (e.g. flow of water through a pipe) occur at low mach

numbers, many flows of practical interest (e.g. in aerodynamics) occur at high

fractions of the Mach Number M=1 or in excess of it (supersonic flows). New

phenomena occur at these Mach number regimes (e.g. shock waves for supersonic

flow, transonic instability in a regime of flows with M nearly equal to 1, non-

equilibrium chemical behavior due to ionization in hypersonic flows) and it is

necessary to treat each of these flow regimes separately.

3.7 Non-relativistic vs relativistic flows

Classical fluid dynamics is derived based on Newtonian mechanics, which is

adequate for most applications. However, at speeds comparable to the speed of light,

c, Newtonian mechanics is inaccurate and a relativistic framework has to be used

instead.

3.8 Magnetohydrodynamics

Magnetohydrodynamics is the multi-disciplinary study of the flow of electrically

conducting fluids in electromagnetic fields. Examples of such fluids include plasmas,

liquid metals, and salt water. The fluid flow equations are solved simultaneously with

Maxwell's equations of electromagnetism.

3.9 Other approximations

There are a large number of other possible approximations to fluid dynamic

problems. Some of the more commonly used are listed below.

o The Boussinesq approximation neglects variations in density except to calculate buoyancy

forces. It is often used in free convection problems where density changes are small.
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o Lubrication theory and Hele-Shaw flow exploits the large aspect ratio of the domain to show that

certain terms in the equations are small and so can be neglected.

o Slender-body theory is a methodology used in Stokes flow problems to estimate the force on, or

flow field around, a long slender object in a viscous fluid.

o The shallow-water equations can be used to describe a layer of relatively inviscid fluid with a

free surface, in which surface gradients are small.

o The Boussinesq equations are applicable to surface waves on thicker layers of fluid and with

steeper surface slopes.

o Darcy's law is used for flow in porous media, and works with variables averaged over several

pore-widths.

o In rotating systems, the quasi-geostrophic approximation assumes an almost perfect balance

between pressure gradients and the Coriolis force. It is useful in the study of atmospheric

dynamics.

Topic Objective:

At the end of this topic student would be able to:

 To Define Wave propagation

 To Elaborate Wave velocity

 To Learn about Modes of Sound Wave Propagation

 To highlight Poetries of Acoustic Plane Wave

Definition/Overview:

Wave propagation: Wave propagation is any of the ways in which waves travel.

With respect to the direction of the oscillation relative to the propagation direction, we can

distinguish between longitudinal wave and transverse waves. For electromagnetic waves,

propagation may occur in a vacuum as well as in a material medium. Most other wave types
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cannot propagate through vacuum and need a transmission medium to exist. Another useful

parameter for describing the propagation is the wave velocity that mostly depends on some kind

of density of the medium.

Key Points:

1. Wave velocity

Wave velocity is a general concept, of various kinds of wave velocities, for a wave's phase and

speed concerning energy (and information) propagation. The phase velocity is given as:

where:

 vp is the phase velocity (in meter per second, m/s),

 ω is the angular frequency (in radians per second, rad/s),

 k is the wavenumber (in radians per meter, rad/m).

The phase speed gives you the speed at which a point of constant phase of the wave will travel

for a discrete frequency. The angular frequency ω can not be chosen independently from the

wavenumber k, but both are related through the dispersion relationship:

In the special case Ω(k)=ck, with c a constant, the waves are called non-dispersive, since all

frequencies travel at the same phase speed c. For instance electromagnetic waves in vacuum are

non-dispersive. In case of other forms of the dispersion relation, we have dispersive waves. The

dispersion relationship depends on the medium through which the wave propagate and on the

type of waves (for instance electromagnetic, sound or water waves). For sound waves, the denser

a medium is, the faster the waves will travel as particles will be closer together and thus energy

can be transferred among them at a greater rate.
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The speed at which a resultant wave packet from a narrow range of frequencies will travel is

called the group velocity and is determined from the gradient of the dispersion relation:

In almost all cases, a wave is mainly a movement of energy through a medium. Most often, the

group velocity is the velocity at which the energy moves through this medium.

2. Modes of Sound Wave Propagation

In air, sound travels by the compression and rarefaction of air molecules in the direction of

travel. However, in solids, molecules can support vibrations in other directions, hence, a number

of different types of sound waves are possible. Waves can be characterized in space by

oscillatory patterns that are capable of maintaining their shape and propagating in a stable

manner. The propagation of waves is often described in terms of what are called wave modes.

As mentioned previously, longitudinal and transverse (shear) waves are most often used in

ultrasonic inspection. However, at surfaces and interfaces, various types of elliptical or complex

vibrations of the particles make other waves possible. Some of these wave modes such as

Rayleigh and Lamb waves are also useful for ultrasonic inspection.

The table below summarizes many, but not all, of the wave modes possible in solids.

Wave Types in Solids Particle Vibrations

Longitudinal Parallel to wave direction

Transverse (Shear) Perpendicular to wave direction

Surface - Rayleigh Elliptical orbit - symmetrical mode

Plate Wave - Lamb Component perpendicular to surface (extensional wave)
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Plate Wave - Love Parallel to plane layer, perpendicular to wave direction

Stoneley (Leaky Rayleigh Waves) Wave guided along interface

Sezawa Antisymmetric mode

[Table 1]

Longitudinal and transverse waves were discussed on the previous page, so let's touch on surface

and plate waves here.

Surface (or Rayleigh) waves travel the surface of a relatively thick solid material penetrating to a

depth of one wavelength. Surface waves combine both a longitudinal and transverse motion to

create an elliptic orbit motion as shown in the image and animation below. The major axis of the

ellipse is perpendicular to the surface of the solid. As the depth of an individual atom from the

surface increases the width of its elliptical motion decreases. Surface waves are generated when

a longitudinal wave intersects a surface near the second critical angle and they travel at a velocity

between .87 and .95 of a shear wave. Rayleigh waves are useful because they are very sensitive

to surface defects (and other surface features) and they follow the surface around curves.

Because of this, Rayleigh waves can be used to inspect areas that other waves might have

difficulty reaching.

Plate waves are similar to surface waves except they can only be generated in materials a few

wavelengths thick. Lamb waves are the most commonly used plate waves in NDT. Lamb waves

are complex vibrational waves that propagate parallel to the test surface throughout the thickness

of the material. Propagation of Lamb waves depends on the density and the elastic material

properties of a component. They are also influenced a great deal by the test frequency and

material thickness. Lamb waves are generated at an incident angle in which the parallel

component of the velocity of the wave in the source is equal to the velocity of the wave in the
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test material. Lamb waves will travel several meters in steel and so are useful to scan plate, wire,

and tubes.

With Lamb waves, a number of modes of particle vibration are possible, but the two most

common are symmetrical and asymmetrical. The complex motion of the particles is similar to the

elliptical orbits for surface waves. Symmetrical Lamb waves move in a symmetrical fashion

about the median plane of the plate. This is sometimes called the extensional mode because the

wave is stretching and compressing the plate in the wave motion direction. Wave motion in the

symmetrical mode is most efficiently produced when the exciting force is parallel to the plate.

The asymmetrical Lamb wave mode is often called the flexural mode because a large portion of

the motion moves in a normal direction to the plate, and a little motion occurs in the direction

parallel to the plate. In this mode, the body of the plate bends as the two surfaces move in the

same direction. The generation of waves using both piezoelectric transducers and

electromagnetic acoustic transducers (EMATs) are discussed in later sections.

3. Poetries of Acoustic Plane Wave

3.1 Wavelength, Frequency and Velocity

Among the properties of waves propagating in isotropic solid materials are

wavelength, frequency, and velocity. The wavelength is directly proportional to the

velocity of the wave and inversely proportional to the frequency of the wave. This

relationship is shown by the following equation.

The applet below shows a longitudinal and transverse wave. The direction of wave

propagation is from left to right and the movement of the lines indicate the direction

of particle oscillation. The equation relating ultrasonic wavelength, frequency, and

propagation velocity is included at the bottom of the applet in a reorganized form.
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The values for the wavelength, frequency, and wave velocity can be adjusted in the

dialog boxes to see their effects on the wave. Note that the frequency value must be

kept between 0.1 to 1 MHz (one million cycles per second) and the wave velocity

must be between 0.1 and 0.7 cm/us.

As can be noted by the equation, a change in frequency will result in a change in

wavelength. Change the frequency in the applet and view the resultant wavelength. At

a frequency of .2 and a material velocity of 0.585 (longitudinal wave in steel) note the

resulting wavelength. Adjust the material velocity to 0.480 (longitudinal wave in cast

iron) and note the resulting wavelength. Increase the frequency to 0.8 and note the

shortened wavelength in each material.

In ultrasonic testing, the shorter wavelength resulting from an increase in frequency

will usually provide for the detection of smaller discontinuities. This will be

discussed more in following sections.

Topic Objective:

At the end of this topic student would be able to:

 To Learn about Isentropic flow

 To Define Ideal gas

 To Learn about Types of ideal gases

 To Define Classical thermodynamic ideal gas

Definition/Overview:

Isentropic flow: An isentropic flow is a flow that is both adiabatic and reversible. That is, no

energy is added to the flow, and no energy losses occur due to friction or dissipative effects. For

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

15
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



an isentropic flow of a perfect gas, several relations can be derived to define the pressure, density

and temperature along a streamline.

Key Points:

1. Isentropic flow

An isentropic flow is a flow that is both adiabatic and reversible. That is, no energy is added to

the flow, and no energy losses occur due to friction or dissipative effects. For an isentropic flow

of a perfect gas, several relations can be derived to define the pressure, density and temperature

along a streamline.

Derivation of the isentropic relations: For a closed system, the total change in energy of a system

is the sum of the work done and the heat added,

The work done on a system by changing the volume is,

where p is the pressure and V the volume. The change in enthalpy ( ) is given

by,

Since a reversible process is adiabatic (i.e. no heat transfer occurs), so . This

leads to two important observations,

, and
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or

=>

The heat capacity ratio can be written as,

For a perfect gas is constant. Hence on integrating the above equation, assuming a perfect gas,

we get

i.e.

Using the equation of state for an ideal gas, ,

Also, for constant Cp = Cv + R (per mole),

and

Thus for insentropic processes with an ideal gas,

or
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Table of isentropic relations for an ideal gas

Derived from:

Where:

= Pressure

= Volume

= Ratio of specific heats =

= Temperature

= Mass

= Gas constant for the specific gas =

= Universal gas constant

= Molecular weight of the specific gas

= Density
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= Specific heat at constant pressure

= Specific heat at constant volume

2. Ideal gas

The ideal gas model is a model of matter in which the molecules are treated as non-interacting

point particles which are engaged in a random motion that obeys conservation of energy. At

standard temperature and pressure, most real gases behave qualitatively like an ideal gas: for

example, 22.4 liters of most gases at standard temperature and pressure will contain very nearly

6.022 1023 molecules (one mole).

The model tends to fall at lower temperatures or higher pressures, when the molecules come

close enough that they start interacting with each other, and not just with their surroundings. This

is usually associated with a phase transition. For example, clouds form when the gas of water

molecules in the sky drops below the dew point, which causes the water molecules to "stick

together" into little droplets. By contrast, at high temperatures and low pressures, the vast

majority of familiar substances can be vaporised and will behave more-or-less as an ideal gas.

The ideal gas model has been explored in both the Newtonian dynamics (as "kinetic theory") and

in quantum mechanics (as a "gas in a box"). The model has also been used to model the behavior

of electrons in a metal (in the Drude model and free electron model) and is one of the most

important models in statistical mechanics.

3. Types of ideal gases

There are three basic classes of ideal gas:

 the classical or Maxwell-Boltzmann ideal gas,

 the ideal quantum Bose gas, composed of bosons, and

 The ideal quantum Fermi gas, composed of fermions.
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The classical ideal gas can be separated into two types: The classical thermodynamic ideal gas

and the ideal quantum Boltzmann gas. Both are essentially the same, except that the classical

thermodynamic ideal gas is based on classical thermodynamics alone, and certain

thermodynamic parameters such as the entropy are only specified to within an undetermined

additive constant. The ideal quantum Boltzmann gas overcomes this limitation by taking the

limit of the quantum Bose gas and quantum Fermi gas in the limit of high temperature to specify

these additive constants. The behavior of a quantum Boltzmann gas is the same as that of a

classical ideal gas except for the specification of these constants. The results of the quantum

Boltzmann gas are used in a number of cases including the Sackur-Tetrode equation for the

entropy of an ideal gas and the Saha ionization equation for a weakly ionized plasma.

4. Classical thermodynamic ideal gas

The thermodynamic properties of an ideal gas can be described by two equations : The equation

of state of a classical ideal gas is given by the ideal gas law.

The internal energy at constant volume of an ideal gas is given by:

where:

 is a constant dependent on temperature (e.g. equal to 3/2 for a monoatomic gas for moderate

temperatures)

 U is the internal energy

 P is the pressure

 V is the volume

 n is the amount of gas (moles)

 R is the gas constant, 8.314 JK−1mol-1

 T is the absolute temperature

 N is the number of particles
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 k is the Boltzmann constant, 1.38110−23JK−1

The probability distribution of particles by velocity or energy is given by the Boltzmann

distribution.

The ideal gas law is an extension of experimentally discovered gas laws. Real fluids at low

density and high temperature approximate the behavior of a classical ideal gas. However, at

lower temperatures or a higher density, a real fluid deviates strongly from the behavior of an

ideal gas, particularly as it condenses from a gas into a liquid or solid. The deviation is expressed

as a compressibility factor.

Topic Objective:

At the end of this topic student would be able to:

 To Learn about Terminology

 To Define in supersonic flows

 To Highlight Due to nonlinear steepening

 Examples

Definition/Overview:

Shock wave: A shock wave (also called shock front or simply "shock") is a type of propagating

disturbance. Like an ordinary wave, it carries energy and can propagate through a medium (solid,

liquid or gas) or in some cases in the absence of a material medium, through a field such as the

electromagnetic field. Shock waves are characterized by an abrupt, nearly discontinuous change

in the characteristics of the medium. Across a shock there is always an extremely rapid rise in

pressure, temperature and density of the flow. In supersonic flows, expansion is achieved

through an expansion fan. A shock wave travels through most media at a higher speed than an

ordinary wave.

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

21
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



Unlike solitons (another kind of nonlinear wave), the energy of a shock wave dissipates

relatively quickly with distance. Also, the accompanying expansion wave approaches and

eventually merges with the shock wave, partially cancelling it out. Thus the sonic boom

associated with the passage of a supersonic aircraft is the sound wave resulting from the

degradation and merging of the shock wave and the expansion wave produced by the aircraft.

When a shock wave passes through matter, the total energy is preserved but the energy which

can be extracted as work decreases and entropy increases. This for example creates additional

drag force on aircraft with shocks.

Key Points:

1. Terminology

Shock waves can be

 Normal: at 90 (perpendicular) to the shock medium's flow direction.

 Oblique: at an angle to the direction of flow.

 Bow: Occurs upstream of the front (bow) of a blunt object when the upstream velocity exceeds

Mach 1.

Some other terms

 Shock Front: an alternative name for the shock wave itself

 Contact Front: in a shock wave caused by a driver gas (for example the "impact" of a high

explosive on the surrounding air), the boundary between the driver (explosive products) and the

driven (air) gases. The Contact Front trails the Shock Front.
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2. in supersonic flows

When an object (or disturbance) moves faster than the information about it can be propagated

into the surrounding fluid, fluid near the disturbance cannot react or "get out of the way" before

the disturbance arrives. In a shock wave the properties of the fluid (density, pressure,

temperature, velocity, Mach number) change almost instantaneously. Measurements of the

thickness of shock waves have resulted in values approximately one order of magnitude greater

than the mean free path of the gas investigated.

Shock waves form when the speed of a gas changes by more than the speed of sound. At the

region where this occurs sound waves traveling against the flow reach a point where they cannot

travel any further upstream and the pressure progressively builds in that region, and a high

pressure shock wave rapidly forms.

Shock waves are not conventional sound waves; a shock wave takes the form of a very sharp

change in the gas properties on the order of a few mean free paths (roughly micro-meters at

atmospheric conditions) in thickness. Shock waves in air are heard as a loud "crack" or "snap"

noise. Over longer distances a shock wave can change from a nonlinear wave into a linear wave,

degenerating into a conventional sound wave as it heats the air and loses energy. The sound

wave is heard as the familiar "thud" or "thump" of a sonic boom, commonly created by the

supersonic flight of aircraft.

The shock wave is one of several different ways in which a gas in a supersonic flow can be

compressed. Some other methods are isentropic compressions, including Prandtl-Meyer

compressions. The method of compression of a gas results in different temperatures and densities

for a given pressure ratio, which can be analytically calculated for a non-reacting gas. A shock

wave compression results in a loss of total pressure, meaning that it is a less efficient method of

compressing gases for some purposes, for instance in the intake of a scramjet. The appearance of

pressure-drag on supersonic aircraft is mostly due to the effect of shock compression on the flow
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3. Due to nonlinear steepening

Shock waves can form due to steepening of ordinary waves. The best-known example of this

phenomenon is ocean waves that form breakers on the shore. In shallow water, the speed of

surface waves is dependent on the depth of the water. An incoming ocean wave has a slightly

higher wave speed near the crest of each wave than near the troughs between waves, because the

wave height is not infinitesimal compared to the depth of the water. The crests overtake the

troughs until the leading edge of the wave forms a vertical face and spills over to form a

turbulent shock (a breaker) that dissipates the wave's energy as sound and heat.

Similar phenomena affect strong sound waves in gas or plasma, due to the dependence of the

sound speed on temperature and pressure. Strong waves heat the medium near each pressure

front, due to adiabatic compression of the air itself, so that high pressure fronts outrun the

corresponding pressure troughs. While shock formation by this process does not normally

happen to sound waves in Earth's atmosphere, it is thought to be one mechanism by which the

solar chromosphere and corona are heated, via waves that propagate up from the solar interior.

3.1 Analogies

A shock wave may be described as the furthest point upstream of a moving object

which "knows" about the approach of the object. In this description, the shock wave

position is defined as the boundary between the zone having no information about the

shock-driving event, and the zone aware of the shock-driving event, analogous with

the light cone described in the theory of special relativity. To get a shock wave

something has to be travelling faster than the local speed of sound. In that case some

parts of the air around the aircraft are travelling at exactly the speed of sound with the

aircraft, so that the sound waves leaving the aircraft pile up on each other, similar to a

tailback on a road, and a shock wave forms, the pressure increases, and then spreads

out sideways. Because of this amplification effect, a shock wave is very intense, more
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like an explosion when heard (not coincidentally, since explosions create shock

waves). Analogous phenomena are known outside fluid mechanics. For example,

particles accelerated beyond the speed of light in a refractive medium (where the

speed of light is less than that in a vacuum, such as water) create visible shock effects,

a phenomenon known as Cherenkov radiation.

4. Examples

Below are a number of examples of shock waves, broadly grouped with similar shock

phenomena:

4.1 Moving shock

o the Sea of Sardinia, between Sardinia and Balearic Islands, as a part of the Balearic Sea

o the Tyrrhenian Sea enclosed by Sardinia, Italian peninsula and Sicily,

o the Sea of Sicily between Sicily and Tunisia,

o the Libyan Sea between Libya and Crete,

o In the Aegean Sea,

o usually consists of a shockwave propagating into a stationary medium

o In this case, the gas ahead of the shock is stationary (in the laboratory frame), and the gas behind

the shock is supersonic in the laboratory frame. The shock propagates with a wave front which is

normal (at right angles) to the direction of flow. The speed of the shock is a function of the

original pressure ratio between the two bodies of gas.

o Moving shocks are usually generated by the interaction of two bodies of gas at different pressure,

with a shock wave propagating into the lower pressure gas, and an expansion wave propagating

into the higher pressure gas.

o Examples: Balloon bursting, Shock tube, shock wave from explosion
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4.2 Detonation wave

o A detonation wave is essentially a shock supported by a trailing exothermic reaction. It involves

a wave traveling through a highly combustible or chemically unstable medium, such as an

oxygen-methane mixture or a high explosive. The chemical reaction of the medium occurs

following the shock wave, and the chemical energy of the reaction drives the wave forward.

o A detonation wave follows slightly different rules from an ordinary shock since it is driven by

the chemical reaction occurring behind the shock wave front. In the simplest theory for

detonations, an unsupported, self-propagating detonation wave proceeds at the Chapman-Jouguet

velocity. A detonation will also cause a shock of type 1, above to propagate into the surrounding

air due to the overpressure induced by the explosion.

o When a shockwave is created by high explosives such as TNT (which has a detonation velocity

of 6,900 m/s), it will always travel at high, supersonic velocity from its point of origin.

o

4.3 Detached shock

o These shocks are curved, and form a small distance in front of the body. Directly in front of the

body, they stand at 90 degrees to the oncoming flow, and then curve around the body. Detached

shocks allow the same type of analytic calculations as for the attached shock, for the flow near

the shock. They are a topic of continuing interest, because the rules governing the shock's

distance ahead of the blunt body are complicated, and are a function of the body's shape.

Additionally, the shock standoff distance varies drastically with the temperature for a non-ideal

gas, causing large differences in the heat transfer to the thermal protection system of the vehicle.

See the extended discussion on this topic at Atmospheric reentry. These follow the "strong-

shock" solutions of the analytic equations, meaning that for some oblique shocks very close to

the deflection angle limit, the downstream Mach number is subsonic. See also bow shock or

oblique shock

o Such a shock occurs when the maximum deflection angle is exceeded. A detached shock is

commonly seen on blunt bodies, but may also be seen on sharp bodies at low Mach numbers.

o Examples: Space return vehicles (Apollo, Space shuttle), bullets, the boundary (Bow shock) of a

magnetosphere. The name "bow shock" comes from the example of a bow wave, the detached
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shock formed at the bow (front) of a ship or boat moving through water, whose slow surface

wave speed is easily exceeded (see ocean surface wave).

4.4 Attached shock

o These shocks appear as "attached" to the tip of a sharp body moving at supersonic speeds.

o Examples: Supersonic wedges and cones with small apex angles

o The attached shock wave is a classic structure in aerodynamics because, for a perfect gas and

inviscid flow field, an analytic solution is available, such that the pressure ratio, temperature

ratio, angle of the wedge and the downstream Mach number can all be calculated knowing the

upstream Mach number and the shock angle. Smaller shock angles are associated with higher

upstream Mach numbers, and the special case where the shock wave is at 90 degrees to the

oncoming flow (Normal shock), is associated with a Mach number of one. These follow the

"weak-shock" solutions of the analytic equations.

4.5 Recompression shock

o These shocks appear when the flow over a transonic body is decelerated to subsonic speeds.

o Examples: Transonic wings, turbines

o Where the flow over the suction side of a transonic wing is accelerated to a supersonic speed, the

resulting re-compression can be by either Prandtl-Meyer compression or by the formation of a

normal shock. This shock is of particular interest to makers of transonic devices because it can

cause separation of the boundary layer at the point where it touches the transonic profile. This

can then lead to full separation and stall on the profile, higher drag, or shock-buffet, a condition

where the separation and the shock interact in a resonance condition, causing resonating loads on

the underlying structure.
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4.6 Shock in a pipe flow

o This shock appears when supersonic flow in a pipe is decelerated.

o Examples: Supersonic ramjet, scramjet, needle valve

o In this case the gas ahead of the shock is supersonic (in the laboratory frame), and the gas behind

the shock system is either supersonic (oblique shocks) or subsonic (a normal shock) (Although

for some oblique shocks very close to the deflection angle limit, the downstream Mach number is

subsonic.) The shock is the result of the deceleration of the gas by a converging duct, or by the

growth of the boundary layer on the wall of a parallel duct.

4.7 Shock waves in rapid granular flows

o Shock waves can also occur in rapid flows of dense granular materials down inclined channels or

slopes. Strong shocks in rapid dense granular flows can be studied theoretically and analyzed to

compare with experimental data. Consider a configuration in which the rapidly moving material

down the chute impinges on an obstruction wall erected perpendicular at the end of a long and

steep channel. Impact leads to a sudden change in the flow regime from a fast moving

supercritical thin layer to a stagnant thick heap. This flow configuration is particularly interesting

because it is analogous to some hydraulic and aerodynamic situations associated with flow

regime changes from supercritical to subcritical flows. Such study is important in estimating

impact pressures exerted by avalanches and granular flows on defense structures or infrastructure

along the channel and in the run-out zones, and to study the complex flow dynamics around the

obstacles and in depositions when the mass comes suddenly to a standstill.

In Section 2 of this course you will cover these topics:

Moving Normal Shock Waves

Oblique Shock Waves

Pr And Tl Meyer Flow
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Topic Objective:

At the end of this topic student would be able to:

 To Define Moving Normal Shock Waves

 To Learn about Changes in Flow Properties Across a Shock

 To Elaborate The Hugoniot Relation

Definition/Overview:

Moving Normal Shock Waves: As an object moves through a gas, the gas molecules are

deflected around the object. If the speed of the object is much less than the speed of sound of the

gas, the density of the gas remains constant and the flow of gas can be described by conserving

momentum and energy. As the speed of the object increases towards the speed of sound, we must

consider compressibility effects on the gas. The density of the gas varies locally as the gas is

compressed by the object.

Key Points:

1. Moving Normal Shock Waves

As an object moves through a gas, the gas molecules are deflected around the object. If the speed

of the object is much less than the speed of sound of the gas, the density of the gas remains

constant and the flow of gas can be described by conserving momentum and energy. As the

speed of the object increases towards the speed of sound, we must consider compressibility

effects on the gas. The density of the gas varies locally as the gas is compressed by the object.
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For compressible flows with little or small flow turning, the flow process is reversible and the

entropy is constant. The change in flow properties is then given by the isentropic relations

(isentropic means "constant entropy"). But when an object moves faster than the speed of sound,

and there is an abrupt decrease in the flow area, the flow process is irreversible and the entropy

increases. Shock waves are generated which are very small regions in the gas where the gas

properties change by a large amount. Across a shock wave, the static pressure, temperature, and

gas density increases almost instantaneously. Because a shock wave does no work, and there is

no heat addition, the total enthalpy and the total temperature are constant. But because the flow is

non-isentropic, the total pressure downstream of the shock is always less than the total pressure

upstream of the shock; there is a loss of total pressure associated with a shock wave. The ratio of

the total pressure is shown on the slide. Because total pressure changes across the shock, we can

not use the usual (incompressible) form of Bernoulli's equation across the shock. The Mach

number and speed of the flow also decrease across a shock wave.

If the shock wave is perpendicular to the flow direction it is called a normal shock. On this slide

we have listed the equations which describe the change in flow variables for flow across a

normal shock. The equations presented here were derived by considering the conservation of

mass, momentum, and energy. for a compressible gas while ignoring viscous effects. The

equations have been further specialized for a one-dimensional flow without heat addition.

The equations can be applied to the two dimensional flow past a wedge for the following

combination of free stream Mach number M and wedge angle a :

a > (4 / ( 3 * sqrt(3) * (gam + 1)) * {[M^2 -1]^3/2} / M^2

where gam is the ratio of specific heats. If the wedge angle is less than this detachment angle, an

attached oblique shock occurs and the equations are slightly modified.

Across the normal shock wave the Mach number decreases to a value specified as M1:

M1^2 = [(gam - 1) * M^2 + 2] / [2 * gam * M^2 - (gam - 1)]
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The total temperature Tt across the shock is constant,

Tt1 / Tt0 = 1

The static temperature T increases in zone 1 to become:

T1 / T0 = [2 * gam * M^2 - (gam - 1)] * [(gam - 1) * M^2 + 2] / [(gam + 1)^2 * M^2]

The static pressure p increases to:

p1 / p0 = [2* gam * M^2 - (gam - 1)] / (gam + 1)

And the density r changes by:

r1 / r0 = [(gam + 1) * M^2 ] / [(gam -1 ) * M^2 + 2]

The total pressure pt decreases according to:

pt1 / pt0 = {[(gam + 1) * M^2 ] / [(gam - 1) *M^2 + 2]}^[gam/(gam-1)] * {(gam + 1) /[2 * gam

* M^2 - (gam - 1)]}^[1/(gam - 1)]

The right hand side of all these equations depend only on the free stream Mach number. So

knowing the Mach number, we can determine all the conditions associated with the normal

shock. The equations describing normal shocks were published in a NACA report (NACA-1135)

in 1951.

2. Changes in Flow Properties Across a Shock
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To find the change in flow properties across

a normal shock wave, it is convenient to

describe the flow in a reference frame fixed

in the shock wave, as shown in the figure at

the left. In the flow field depicted, a flow is

approaching from the left at supersonic

conditions and the corresponding flow

properties are designated with the subscript

1. The flow properties downstream of the

shock are designated with the subscript 2.

[Table 1]

Again, the control volume is selected so that it encloses the shock wave. We begin by applying

the conservation laws for this inviscid, adiabatic flow. It is important to point out that since the

thinkness of a shock is so thin, the areas on either side of the shock are almost identically the

same (A1 = A2). With this assumption, the conservation of mass, momentum, and energy reduce

to:

Conservation of Mass Conservation of Momentum Conservation of Energy

[Table 2]

Remember that the stagnation enthalpy, ho, is constant because we are dealing with an adiabatic

flow, since no heat is added.
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3. The Hugoniot Relation

A special equation, Hugoniot Relation, can be obtained if we eliminate the velocities (U1 and U2)

in the conservation equations. The Hugoniot Relation allows us to determine the change in flow

properties across a shock using only the thermodynamic variables. Tthe conservation of mass, or

continuity equation, can be to write the momentum equation in the form:

In a similar fashion, the conservation of energy can be written as

Finally, we can use the two equations above to obtain the Hugoniot Relation

This is the most generic form of the jum condition relating the states on either side of a normal

shock. Note, it does not take into account the equation of state. It was derived using only the

conservtion of mass, momentum, and energy.

Topic Objective:

At the end of this topic student would be able to Learn about:

 Oblique shock

 Oblique Shock Wave Theory

 Oblique Shock Wave Applications

 Oblique Shock Waves and the Hypersonic Limit
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Definition/Overview:

Oblique shock: An oblique shock wave, unlike a normal shock, is inclined with respect to the

incident upstream flow direction. It will occur when a supersonic flow encounters a corner that

effectively turns the flow into itself and compresses. The upstream streamlines are uniformly

deflected after the shock wave. The most common way to produce an oblique shock wave is to

place a wedge into supersonic, compressible flow. Similar to a normal shock wave, the oblique

shock wave consists of a very thin region across which nearly discontinuous changes in the

thermodynamic properties of a gas occur. While the upstream and downstream flow directions

are unchanged across a normal shock, they are different for flow across an oblique shock wave.

It is always possible to convert an oblique shock into a normal shock by a Galilean

transformation.

Key Points:

1. Oblique shock

As an object moves through a gas, the gas molecules are deflected around the object. If the speed

of the object is much less than the speed of sound of the gas, the density of the gas remains

constant and the flow of gas can be described by conserving momentum, and energy. As the

speed of the object approaches the speed of sound, we must consider compressibility effects on

the gas. The density of the gas varies locally as the gas is compressed by the object.

For compressible flows with little or small flow turning, the flow process is reversible and the

entropy is constant. The change in flow properties are then given by the isentropic relations

(isentropic means "constant entropy"). But when an object moves faster than the speed of sound,

and there is an abrupt decrease in the flow area, shock waves are generated in the flow. Shock

waves are very small regions in the gas where the gas properties change by a large amount.

Across a shock wave, the static pressure, temperature, and gas density increases almost

instantaneously. The changes in the flow properties are irreversible and the entropy of the entire

system increases. Because a shock wave does no work, and there is no heat addition, the total

enthalpy and the total temperature are constant. But because the flow is non-isentropic, the total
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pressure downstream of the shock is always less than the total pressure upstream of the shock;

there is a loss of total pressure associated with a shock wave. The ratio of the total pressure is

shown on the slide. Because total pressure changes across the shock, we can not use the usual

(incompressible) form of Bernoulli's equation across the shock. The Mach number and speed of

the flow also decrease across a shock wave.

If the shock wave is inclined to the flow direction it is called an oblique shock. On this slide we

have listed the equations which describe the change in flow variables for flow past a two

dimensional wedge. The same changes and oblique shocks occur downstream of a nozzle if the

expanded pressure is different from free stream conditions. The equations presented here were

derived by considering the conservation of mass, momentum, and energy for a compressible gas

while ignoring viscous effects. The equations have been further specialized for a two-

dimensional flow (not three dimensional axisymmetric) without heat addition. The equations

only apply for those combinations of free stream Mach number and wedge angle for which an

attached oblique shock occurs. If the Mach number is too low, or the wedge angle too high, the

normal shock equations should be used. For the Mach number change across an oblique shock

there are two possible solutions; one supersonic and one subsonic. In nature, the supersonic

("weak shock") solution occurs most often. However, under some conditions the "strong shock",

subsonic solution is possible.

For the problem given on the slide, a supersonic flow at Mach number M approaches a wedge of

angle a. A shock wave is generated which is inclined at angle s. Then:

cot(a) = tan(s) * [{((gam+1) * M^2)/(2 * M^2 * sin^2(s) - 1)} - 1]

where tan is the trigonometric tangent function, cot is the co-tangent function:

cot(a) = tan(90 degrees - a)

and sin^2 is the square of the sine. Gam is the ratio of specific heats. Across the shock wave the

Mach number decreases to a value specified as M1:

M1^2 * sin^2(s -a) = [(gam-1)M^2 sin^2(s) + 2] / [2 * gam * M^2 * sin^2(s) - (gam - 1)]

The total temperature across the shock is constant, but the static temperature T increases in zone

1 to become:

T1 / T0 = [2 * gam * M^2 * sin^2(s) - (gam - 1)] * [(gam -1) * M^2 * sin^2(s) + 2] / [(gam +

1)^2 * M^2 * sin^2(s)]

The total pressure pt decreases according to:
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pt1 / pt0 = {[(gam + 1) * M^2 * sin^2(s)]/[(gam-1)*M^2 * sin^2(s) + 2]}^[gam/((gam-1)] *

{(gam+1)/[2 * gam * M^2 * sin^2(s)-(gam-1)]}^[1/(gam-1)]

The static pressure p increases to:

p1 / p0 = [2 * gam * M^2 * sin^2(s)-(gam -1)] / (gam + 1)

And the density r changes by:

r1 / r0 = [(gam + 1) * M^2 * sin^2(s)] / [(gam -1) * M^2 * sin^2(s) + 2]

The right hand side of all these equations depend only on the free stream Mach number and the

shock angle. The shock angle depends in a complex way on the free stream Mach number and

the wedge angle. So knowing the Mach number and the wedge angle, we can determine all the

conditions associated with the oblique shock. The equations describing oblique shocks were

published in NACA report (NACA-1135) in 1951.

2. Oblique Shock Wave Theory

This chart shows the oblique shock angle, β, as a function of the corner angle, θ, for a few

constant M1 lines. The blue line separates the strong and weak solutions.

For a given Mach number, M1, and corner angle, θ, the oblique shock angle, β, and the

downstream Mach number, M2, can be calculated. M2 is always less than M1. Unlike after a

normal shock, M2 can still be supersonic. Discontinuous changes also occur in the pressure,

density and temperature, which all rise downstream of the oblique shock wave.

Using the continuity equation and the fact that the tangential velocity component does not

change across the shock, trigonometric relations eventually lead to the θ-β-M equation which

shows θ as a function of M1 and β. It is more intuitive to want to solve for β as a function of M1

and θ, but this approach is more complicated, the results of which are often contained in tables or

calculated through an applet.

Within the θ-β-M equation, a maximum corner angle, θMAX, exists for any upstream Mach

number. When θ > θMAX, the oblique shock wave is no longer attached to the corner and is

replaced by a detached bow shock. A θ-β-M diagram, common in most compressible flow

textbooks, shows a series of curves that will indicate θMAX for each Mach number. The θ-β-M

relationship will produce two β angles for a given θ and M1, with the larger angle called a strong
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shock and the smaller called a weak shock. The weak shock is almost always seen

experimentally.

The rise in pressure, density, and temperature after an oblique shock can be calculated as

follows:

M2 is solved for as follows:

3. Oblique Shock Wave Applications

Oblique shock waves are used predominantly in engineering applications when compared with

normal shock waves. This can be attributed to the fact that using one or a combination of oblique

shock waves results in more favorable post-shock conditions (lower post-shock temperature,

etc.) when compared to utilizing a single normal shock. An example of this technique can be

seen in the design of supersonic aircraft engine inlets, which are wedge-shaped to compress air

flow into the combustion chamber while minimizing thermodynamic losses. Early supersonic

aircraft jet engine inlets were designed using compression from a single normal shock, but this

approach caps the maximum achievable Mach number to roughly 1.6. The wedge-shaped inlets

are clearly visible on the sides of the F-14 Tomcat, which has a maximum speed of Mach 2.34.

Many supersonic aircraft wings are designed around a thin diamond shape. Placing a diamond-

shaped object at an angle of attack relative to the supersonic flow streamlines will result in two

oblique shocks propagating from the front tip over the top and bottom of the wing, with Prandtl-

Meyer expansion fans created at the two corners of the diamond closest to the front tip. When

correctly designed, this generates lift.

4. Oblique Shock Waves and the Hypersonic Limit

As the Mach number of the upstream flow becomes hypersonic, the equations for the pressure,

density, and temperature after the oblique shock wave reach a mathematical limit. The pressure

and density ratios can then be expressed as:
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For a perfect atmospheric gas approximation using γ = 1.4, the hypersonic limit for the density

ratio is 6. However, hypersonic post-shock dissociation of O2 and N2 into O and N lowers γ,

allowing for higher density ratios in nature. The hypersonic temperature ratio is:

Topic Objective:

At the end of this topic student would be able to Learn about:

 Meyer Flow

 Flow properties

 Maximum turn angle

 Impossibility of expanding a flow through a single "shock" wave:

 Mach lines (cone) and Mach angle:

 Prandtl-Meyer function

Definition/Overview:

In an expansion flow of a dusty gas around a convex corner, a dustfree region is formed

downstream near the wall by the separation of the dust. The case of a small deflection angle is

investigated by making use of a perturbation method. It is found that, when the gas traverses the

separation line, the vorticity is increased suddenly to a large value, which depends on the angle

between the separation line and the direction of the relative velocity of the gas to the dust.

Interaction between the gas and the dust particles causes a decay of the centered expansion wave

emanating from the corner. The development of the equilibrium centered expansion wave is also

studied by means of the method of matched expansions.
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Key Points:

1. Meyer Flow

A Meyer Flow is a centered expansion process, which turns a supersonic flow around a convex

corner. The fan consists of infinite number of Mach waves, diverging from a sharp corner. In

case of a smooth corner, these waves can be extended backwards to meet at a point. Each wave

in the expansion fan turns the flow gradually (in small steps). It is physically impossible to turn

the flow away from itself through a single "shock" wave because it will violate the second law of

thermodynamics. Across the expansion fan, the flow accelerates (velocity increases) and the

Mach number increases, while the static pressure, temperature and density decrease. Since the

process is isentropic, the stagnation properties remain constant across the fan.

2. Flow properties

The expansion fan consists of infinite number of expansion waves or Mach lines. The first Mach

line is at an angle with respect to the flow direction and the last Mach

line is at an angle with respect to final flow direction. Since the flow

turns in small angles and the changes across each expansion wave are small, the whole process is

isentropic. This simplifies the calculations of the flow properties significantly. Since the flow is

isentropic, the stagnation properties like stagnation pressure (p0), stagnation temperature (T0) and

stagnation density (ρ0) remain constant. The final static properties are a function of the final flow

Mach number (M2) and can be related to the initial flow conditions as follows,

The Mach number after the turn (M2) is related to the initial Mach number (M1) and the turn

angle (θ) by,
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where, is the Prandtl-Meyer function. This function determines the angle through which a

sonic flow (M = 1) must turn to reach a particular Mach number (M). Mathematically,

By convention, Thus, given the initial Mach number (M1), one can calculate

and using the turn angle find . From the value of one can obtain the final Mach

number (M2) and the other flow properties.

3. Maximum turn angle

As Mach number varies from 1 to , takes values from 0 to , where

This places a limit on how much a supersonic flow can turn through, with the maximum turn

angle given by,

One can also look at it as follows. A flow has to turn so that it can satisfy the boundary

conditions. In an ideal flow, there are two kinds of boundary condition that the flow has to

satisfy,

 Velocity boundary condition, which dictates that the component of the flow velocity normal to

the wall be zero. It is also known as no-penetration boundary condition.

 Pressure boundary condition, which states that there cannot be a discontinuity in the static

pressure inside the flow (since there are no shocks in the flow).

If the flow turns enough so that it becomes parallel to the wall, we do not need to worry about

this boundary condition. However, as the flow turns, its static pressure decreases (as described

earlier). If there is not enough pressure to start with, the flow won't be able to complete the turn

and will not be parallel to the wall. This shows up as the maximum angle through which a flow
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can turn. The lower the Mach number is to start with (i.e. small M1), the greater the maximum

angle through which the flow can turn.

The streamline which separates the final flow direction and the wall is known as a slipstream

(shown as the dashed line in the figure). Across this line there is a jump in the temperature,

density and tangential component of the velocity (normal component being zero). Beyond the

slipstream the flow is stagnant (which automatically satisfies the velocity boundary condition at

the wall). In case of real flow, a shear layer is observed instead of a slipstream, because of the

additional no-slip boundary condition.

4. Impossibility of expanding a flow through a single "shock" wave:

 Consider the scenario shown in the adjacent figure. As a supersonic flow turns, the normal

component of the velocity increases (w2 > w1), while the tangential component remains constant

(v2 = v1). The corresponding change is the entropy (Δs = s2 − s1) can be expressed as follows,

where, R is the universal gas constant, γ is the ratio of specific heat capacities, ρ is the static

density, p is the static pressure, s is the static entropy, and w is the component of flow velocity

normal to the "shock". The suffix "1" and "2" refer to the initial and final conditions respectively.

Since w2 > w1, this would mean that Δs < 0. Since this is not possible it means that it is

impossible to turn a flow through a single shock wave. The argument may be further extended to

show that such an expansion process can occur only if we consider a turn through infinite

number of expansion waves in the limit . Accordingly an expansion process is an

isentropic process.

For an object moving at supersonic speeds (u > c) as it moves from point A to B (distance ut),

the disturbances originating from point A travel a distance ct. The corresponding angle is known

as Mach angle and the lines enclosing the disturbed region are known as Mach lines (in 2-D

case) or Mach cone (in 3-D).

Mach lines (cone) and Mach angle:
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Mach lines is a concept usually encountered in 2-D supersonic flows (i.e. ). They are a

pair of bounding lines which separate the region of disturbed flow from the undisturbed part of

the flow. These lines occur in pair and are oriented at an angle

with respect to the direction of motion (also known as the Mach angle). In case of 3-D flow field

these lines form a surface known as Mach cone, with Mach angle as the half angle of the cone.

To understand the concept better, consider the case sketched in the figure. We know that when

an object moves in a flow, it causes pressure disturbances (which travel at the speed of sound,

also known as Mach waves). The figure shows an object moving from point A to B along the

line AB at supersonic speeds (u > c). By the time the object reaches point B, the pressure

disturbances from point A have traveled a distance ct and are now at circumference of the circle

(with center at point A). There are infinite such circles with their center on the line AB, each

representing the location of the disturbances due to the motion of the object. The lines

propagating outwards from point B and tangent to all these circles are known as Mach lines.

Note: These concepts have a physical meaning only for supersonic flows ( ). In case of

subsonic flows the disturbances will travel faster than the source and the argument of the arcsin()

function will be greater than one.

In Section 3 of this course you will cover these topics:

Applications Involving Shocks And Expansion Fans

Flow With Friction

Heat Addition
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Topic Objective:

At the end of this topic student would be able to Learn about:

 Prandtl-Meyer expansion fan

 Flow properties

 Maximum turn angle

Definition/Overview:

Prandtl-Meyer Expansion Fan: A Prandtl-Meyer expansion fan is a centered expansion

process, which turns a supersonic flow around a convex corner. The fan consists of infinite

number of Mach waves, diverging from a sharp corner. In case of a smooth corner, these waves

can be extended backwards to meet at a point.

Key Points:

1. Prandtl-Meyer expansion fan

A Prandtl-Meyer expansion fan is a centered expansion process, which turns a supersonic flow

around a convex corner. The fan consists of infinite number of Mach waves, diverging from a

sharp corner. In case of a smooth corner, these waves can be extended backwards to meet at a

point. Each wave in the expansion fan turns the flow gradually (in small steps). It is physically

impossible to turn the flow away from itself through a single "shock" wave because it will

violate the second law of thermodynamics. Across the expansion fan, the flow accelerates

(velocity increases) and the Mach number increases, while the static pressure, temperature and

density decrease. Since the process is isentropic, the stagnation properties remain constant across

the fan.

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

43
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



2. Flow properties

The expansion fan consists of infinite number of expansion waves or Mach lines. The first Mach

line is at an angle with respect to the flow direction and the last Mach line

is at an angle with respect to final flow direction. Since the flow turns in

small angles and the changes across each expansion wave are small, the whole process is

isentropic. This simplifies the calculations of the flow properties significantly. Since the flow is

isentropic, the stagnation properties like stagnation pressure (p0), stagnation temperature (T0) and

stagnation density (ρ0) remain constant. The final static properties are a function of the final flow

Mach number (M2) and can be related to the initial flow conditions as follows,

The Mach number after the turn (M2) is related to the initial Mach number (M1) and the turn

angle (θ) by,

where, is the Prandtl-Meyer function. This function determines the angle through which a

sonic flow (M = 1) must turn to reach a particular Mach number (M). Mathematically,

By convention, Thus, given the initial Mach number (M1), one can calculate

and using the turn angle find . From the value of one can obtain the final Mach

number (M2) and the other flow properties.
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3. Maximum turn angle

As Mach number varies from 1 to , takes values from 0 to , where

This places a limit on how much a supersonic flow can turn through, with the maximum turn

angle given by,

One can also look at it as follows. A flow has to turn so that it can satisfy the boundary

conditions. In an ideal flow, there are two kinds of boundary condition that the flow has to

satisfy,

 Velocity boundary condition, which dictates that the component of the flow velocity normal to

the wall be zero. It is also known as no-penetration boundary condition.

 Pressure boundary condition, which states that there cannot be a discontinuity in the static

pressure inside the flow (since there are no shocks in the flow).

If the flow turns enough so that it becomes parallel to the wall, we do not need to worry about

this boundary condition. However, as the flow turns, its static pressure decreases (as described

earlier). If there is not enough pressure to start with, the flow won't be able to complete the turn

and will not be parallel to the wall. This shows up as the maximum angle through which a flow

can turn. The lower the Mach number is to start with (i.e. small M1), the greater the maximum

angle through which the flow can turn.

The streamline which separates the final flow direction and the wall is known as a slipstream

(shown as the dashed line in the figure). Across this line there is a jump in the temperature,

density and tangential component of the velocity (normal component being zero). Beyond the
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slipstream the flow is stagnant (which automatically satisfies the velocity boundary condition at

the wall). In case of real flow, a shear layer is observed instead of a slipstream, because of the

additional no-slip boundary condition.

Topic Objective:

At the end of this topic student would be able to Learn about:

 Friction

 Coulomb friction

Definition/Overview:

Friction: Friction is not a fundamental force, as it is derived from electromagnetic force between

charged particles, including electrons, protons, atoms, and molecules, and so cannot be

calculated from first principles, but instead must be found empirically.

Key Points:

1. Friction

Friction is the force resisting the relative lateral (tangential) motion of solid surfaces, fluid layers,

or material elements in contact. It is usually subdivided into several varieties:

 Dry friction resists relative lateral motion of two solid surfaces in contact. Dry friction is also

subdivided into static friction between non-moving surfaces, and kinetic friction (sometimes

called sliding friction or dynamic friction) between moving surfaces.

 Lubricated friction or fluid friction resists relative lateral motion of two solid surfaces separated

by a layer of gas or liquid.
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 Fluid friction is also used to describe the friction between layers within a fluid that are moving

relative to each other.

 Skin friction is a component of drag, the force resisting the motion of a solid body through a

fluid.

 Internal friction is the force resisting motion between the elements making up a solid material

while it undergoes deformation.

Friction is not a fundamental force, as it is derived from electromagnetic force between charged

particles, including electrons, protons, atoms, and molecules, and so cannot be calculated from

first principles, but instead must be found empirically. When contacting surfaces move relative

to each other, the friction between the two surfaces converts kinetic energy into thermal energy,

or heat. Contrary to earlier explanations, kinetic friction is now understood not to be caused by

surface roughness but by chemical bonding between the surfaces. Surface roughness and contact

area, however, do affect kinetic friction for micro- and nano-scale objects where surface area

forces dominate inertial forces.

Friction is distinct from traction. Surface area does not affect friction significantly because as

contact area increases, force per unit area decreases. In traction, however, surface area is

important.

2. Coulomb friction

Coulomb friction, named after Charles-Augustin de Coulomb, is a model used to calculate the

force of dry friction. It is governed by the equation:

where
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 Ff is either the force exerted by friction, or, in the case of equality, the maximum possible

magnitude of this force.

 μ is the coefficient of friction, which is an empirical property of the contacting materials,

 Fn is the normal force exerted between the surfaces.

For surfaces at rest relative to each other μ = μs, where μs is the coefficient of static friction. This

is usually larger than its kinetic counterpart. The Coulomb friction may take any value from zero

up to Ff, and the direction of the frictional force against a surface is opposite to the motion that

surface would experience in the absence of friction. Thus, in the static case, the frictional force is

exactly what it must be in order to prevent motion between the surfaces; it balances the net force

tending to cause such motion. In this case, rather than providing an estimate of the actual

frictional force, the Coulomb approximation provides a threshold value for this force, above

which motion would commence.

For surfaces in relative motion μ = μk, where μk is the coefficient of kinetic friction. The

Coulomb friction is equal to Ff, and the frictional force on each surface is exerted in the direction

opposite to its motion relative to the other surface.

This approximation mathematically follows from the assumptions that surfaces are in atomically

close contact only over a small fraction of their overall area, that this contact area is proportional

to the normal force (until saturation, which takes place when all area is in atomic contact), and

that frictional force is proportional to the applied normal force, independently of the contact area

(you can see the experiments on friction from Leonardo Da Vinci). Such reasoning aside,

however, the approximation is fundamentally an empirical construction. It is a rule of thumb

describing the approximate outcome of an extremely complicated physical interaction. The

strength of the approximation is its simplicity and versatility though in general the relationship

between normal force and frictional force is not exactly linear (and so the frictional force is not

entirely independent of the contact area of the surfaces), the Coulomb approximation is an

adequate representation of friction for the analysis of many physical systems.
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2.1 Coefficient of friction

The coefficient of friction (COF), also known as a frictional coefficient or friction

coefficient, symbolized by the Greek letter μ, is a dimensionless scalar value which

describes the ratio of the force of friction between two bodies and the force pressing

them together. The coefficient of friction depends on the materials used; for example,

ice on steel has a low coefficient of friction, while rubber on pavement has a high

coefficient of friction. Coefficients of friction range from near zero to greater than

one under good conditions, a tire on concrete may have a coefficient of friction of 1.7.

When the surfaces are conjoined, Coulomb friction becomes a very poor

approximation (for example, adhesive tape resists sliding even when there is no

normal force, or a negative normal force). In this case, the frictional force may

depend strongly on the area of contact. Some drag racing tires are adhesive in this

way. However, despite the complexity of the fundamental physics behind friction, the

relationships are accurate enough to be useful in many applications.

The force of friction is always exerted in a direction that opposes movement (for

kinetic friction) or potential movement (for static friction) between the two surfaces.

For example, a curling stone sliding along the ice experiences a kinetic force slowing

it down. For an example of potential movement, the drive wheels of an accelerating

car experience a frictional force pointing forward; if they did not, the wheels would

spin, and the rubber would slide backwards along the pavement. Note that it is not the

direction of movement of the vehicle they oppose, it is the direction of (potential)

sliding between tire and road.

The coefficient of friction is an empirical measurement it has to be measured

experimentally, and cannot be found through calculations. Rougher surfaces tend to

have higher effective values. Most dry materials in combination have friction

coefficient values between 0.3 and 0.6. Values outside this range are rarer, but teflon,
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for example, can have a coefficient as low as 0.04. A value of zero would mean no

friction at all, an elusive property even magnetic levitation vehicles have drag.

Rubber in contact with other surfaces can yield friction coefficients from 1 to 2.

Occasionally it is maintained that is always < 1, but this is not true. While in most

relevant applications < 1, a value above 1 merely implies that the force required to

slide an object along the surface is greater than the normal force of the surface on the

object. For example, silicone rubber or acrylic rubber-coated surfaces have a

coefficient of friction that can be substantially larger than 1.

Both static and kinetic coefficients of friction depend on the pair of surfaces in

contact; their values are usually approximately determined experimentally. For a

given pair of surfaces, the coefficient of static friction is usually larger than that of

kinetic friction; in some sets the two coefficients are equal, such as teflon-on-teflon.

In the case of kinetic friction, the direction of the friction force may or may not match

the direction of motion: a block sliding atop a table with rectilinear motion is subject

to friction directed along the line of motion; an automobile making a turn is subject to

friction acting perpendicular to the line of motion (in which case it is said to be

'normal' to it). The direction of the static friction force can be visualized as directly

opposed to the force that would otherwise cause motion, were it not for the static

friction preventing motion. In this case, the friction force exactly cancels the applied

force, so the net force given by the vector sum, equals zero. It is important to note that

in all cases, Newton's first law of motion holds.

While it is often stated that the COF is a "material property," it is better categorized

as a "system property." Unlike true material properties (such as conductivity,

dielectric constant, yield strength), the COF for any two materials depends on system

variables like temperature, velocity, atmosphere and also what are now popularly

described as aging and deaging times; as well as on geometric properties of the

interface between the materials. For example, a copper pin sliding against a thick
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copper plate can have a COF that varies from 0.6 at low speeds (metal sliding against

metal) to below 0.2 at high speeds when the copper surface begins to melt due to

frictional heating. The latter speed, of course, does not determine the COF uniquely;

if the pin diameter is increased so that the frictional heating is removed rapidly, the

temperature drops, the pin remains solid and the COF rises to that of a 'low speed'

test.

2.2 The normal force

The normal force is defined as the net force compressing two parallel surfaces

together; and its direction is perpendicular to the surfaces. In the simple case of a

mass resting on a horizontal surface, the only component of the normal force is the

force due to gravity, where N = mg. In this case, the magnitude of the friction force is

the product of the mass of the object, the acceleration due to gravity, and the

coefficient of friction. However, the coefficient of friction is not a function of mass or

volume; it depends only on the material. For instance, a large aluminum block has the

same coefficient of friction as a small aluminum block. However, the magnitude of

the friction force itself depends on the normal force, and hence the mass of the block.

If an object is on a level surface and the force tending to cause it to slide is horizontal,

the normal force N between the object and the surface is just its weight, which is

equal to its mass multiplied by the acceleration due to earth's gravity, g. If the object

is on a tilted surface such as an inclined plane, the normal force is less, because less

of the force of gravity is perpendicular to the face of the plane. Therefore, the normal

force, and ultimately the frictional force, is determined using vector analysis, usually

via a free body diagram. Depending on the situation, the calculation of the normal

force may include forces other than gravity.
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2.3 Static friction

Static friction is friction between two solid objects that are not moving relative to

each other. For example, static friction can prevent an object from sliding down a

sloped surface. The coefficient of static friction, typically denoted as μs, is usually

higher than the coefficient of kinetic friction. The static friction force must be

overcome by an applied force before an object can move. The maximum possible

friction force between two surfaces before sliding begins is the product of the

coefficient of static friction and the normal force: f = μsFn. When there is no sliding

occurring, the friction force can have any value from zero up to Fmax. Any force

smaller than Fmax attempting to slide one surface over the other is opposed by a

frictional force of equal magnitude and opposite direction. Any force larger than

Fmax overcomes the force of static friction and causes sliding to occur. The instant

sliding occurs, static friction is no longer applicable and kinetic friction becomes

applicable.

An example of static friction is the force that prevents a car wheel from slipping as it

rolls on the ground. Even though the wheel is in motion, the patch of the tire in

contact with the ground is stationary relative to the ground, so it is static rather than

kinetic friction. The maximum value of static friction, when motion is impending, is

sometimes referred to as limiting friction, although this term is not used universally.

2.4 Kinetic friction

Kinetic (or dynamic) friction occurs when two objects are moving relative to each

other and rub together (like a sled on the ground). The coefficient of kinetic friction is

typically denoted as μk, and is usually less than the coefficient of static friction for

the same materials.

Examples of kinetic friction:
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o Kinetic friction is when two objects are rubbing against each other. Putting a book flat on a desk

and moving it around is an example of kinetic friction.

o Fluid friction is the interaction between a solid object and a fluid (liquid or gas), as the object

moves through the fluid. The skin friction of air on an airplane or of water on a swimmer are two

examples of fluid friction. This kind of friction is not only due to rubbing, which generates a

force tangent to the surface of the object (such as sliding friction). It is also due to forces that are

orthogonal to the surface of the object. These orthogonal forces significantly (and mainly, if

relative velocity is high enough) contribute to fluid friction. Fluid friction is the classic name of

this force. This name is no longer used in modern fluid dynamics. Since rubbing is not its only

cause, in modern fluid dynamics the same force is typically referred to as drag or fluid resistance,

while the force component due to rubbing is called skin friction. Notice that a fluid can in some

cases exert, together with drag, a force orthogonal to the direction of the relative motion of the

object (lift). The net force exerted by a fluid (drag + lift) is called fluidodynamic force

(aerodynamic if the fluid is a gas, or hydrodynamic if the fluid is a liquid).

o

2.5 Angle of friction

For the friction angle between granular material, see Angle of repose.

For certain applications it is more useful to define static friction in terms of the

maximum angle before which one of the items will begin sliding. This is called the

angle of friction or friction angle. It is defined as:

tanθ = μ

where \theta\, is the angle from horizontal and \mu\, is the static coefficient of

friction between the objects.
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Topic Objective:

At the end of this topic student would be able to learn about:

 Heat Addition

Definition/Overview:

The equations governing the infinitesimal changes in a constant area flow due to the addition of

a small amount of heat are:

Estimating the relative magnitudes of the various effects for small flow velocity u

(nondimensionally, for small Mach number.) For example, from (1) we see that the absolute

change in density is much larger than the absolute change in velocity ,while from (2) it is

seen that the absolute change in pressure is much smaller than the absolute change in

velocity, hence even less compared to the change in density. The thermodynamic changes are

pretty much isobaric.

This contrasts with isentropic flow where pressure and density changes ar similar in magnitude.

This is not isentropic flow; the fluid has not enough inertia at low velocity to support significant

pressure differences, but density differences are not restricted by inertia.

For constant pressure, in (3) the variation in h is due to the density variation, and since the

changes in velocity are small compared to the density changes, (1), almost all of the heat in

(3) goes into h, heating the flow, and very little into kinetic energy.
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Key Points:

1. Heat Addition

The equations governing the infinitesimal changes in a constant area flow due to the addition of a

small amount of heat are:

Let us estimate the relative magnitudes of the various effects for small flow velocity u

(nondimensionally, for small Mach number.) For example, from (1) we see that the absolute

change in density is much larger than the absolute change in velocity ,while from (2) it is

seen that the absolute change in pressure is much smaller than the absolute change in

velocity, hence even less compared to the change in density. The thermodynamic changes are

pretty much isobaric.

This contrasts with isentropic flow where pressure and density changes ar similar in magnitude.

This is not isentropic flow; the fluid has not enough inertia at low velocity to support significant

pressure differences, but density differences are not restricted by inertia.

For constant pressure, in (3) the variation in h is due to the density variation, and since the

changes in velocity are small compared to the density changes, (1), almost all of the heat in

(3) goes into h, heating the flow, and very little into kinetic energy.

We conclude that for low Mach numbers for the flow with heat addition:

 The flow is approximately isobaric.

 Almost all the heat goes into raising the enthalpy, hence the temperature, of the gas. This will

raise the speed of sound.

 The temperature increase is reflected in a corresponding decrease of density.

 The corresponding expansion of the fluid volume forces the fluid to go faster to preserve mass,

(1).

 However, the increase in velocity is small compared to the increase in speed of sound.
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So why does the Mach number go up? The problem is that a small Mach number is a lot more

sensitive to changes in velocity than to changes in density. In particular, the relative change in

Mach number is equal to the relative change in velocity minus the relative change in speed of

sound:

According to continuity (1), the relative change in velocity is equal and opposite to the relative

change in density. On the other hand, since a is proportional to the square root of temperature,

the relative change in speed of sound is equal to only half the relative change in temperature, or,

since temperature and density are inversely proportional, to minus half the relative change in

density.

The bottom line is that while the absolute change in velocity is small, the relative change is twice

the relative change in speed of sound, so the increase in velocity dominates the Mach number.

Note that the velocity change is driven by the temperature-induced expansion of the fluid.

In Section 4 of this course you will cover these topics:

Equations Of Motion For Multidimensional Flow

Linearized Flow

Methods Of Characteristics

Topic Objective:

At the end of this topic student would be able to Learn about:

 Analysis of Multidimensional Flow

 Equations of motion

 Classic version
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Definition/Overview:

Motion: In physics, motion means a constant change in the location of a body. Change in motion

is the result of applied force. Motion is typically described in terms of velocity, acceleration,

displacement, and time. An object's velocity cannot change unless it is acted upon by a force, as

described by Newton's first law. An object's momentum is directly related to the object's mass

and velocity, and the total momentum of all objects in a closed system (one not affected by

external forces) does not change with time, as described by the law of conservation of

momentum. A body which does not move is said to be at rest, motionless, immobile, stationary,

or to have constant (time-invariant) position.

Motion is always observed and measured relative to a frame of reference. As there is no absolute

reference frame, absolute motion cannot be determined; this is emphasised by the term relative

motion. A body which is motionless relative to a given reference frame, moves relative to

infinitely many other frames. Thus, everything in the universe is moving.

Key Points:

1. Analysis of Multidimensional Flow

Continuing advances in numerical algorithms, computational implementations, and parallel

computational hardware have lead to large-scale simulations of multidimensional reacting flows

with detailed chemical kinetics and transport. At the same time, complexity of these flows makes

the understanding of the computational databases, and the extraction of physical information,

very challenging. While qualitative flame behavior is plainly observable, the assignment of

cause-and-effect relationships based on quantitative analysis is generally difficult because of the

nonlinear coupled nature of the problem and its transient multidimensional character. When

comparisons with transient experiments are done, whether in agreement or not, it is highly useful
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to determine the driving processes behind specific observed flame behaviour thereby either

validating or casting doubt on established rate data.

Even when comparisons between detailed reacting flow computations and experimental

measurements clearly indicate difficulties with chemical components of the reacting flow model,

they do not necessarily pinpoint the specific culpable rate, if any, and therefore cannot be utilized

to recommend model improvements without further analysis of driving processes in the evolving

reacting flow system. These difficulties have prompted the utilization of Computational Singular

Perturbation (CSP) as a tool for the analysis of computed reacting flow databases and the

acquisition of physical information, especially on cause-and-effect relationships in observed

transient flame response. In this project, the diagnostic capabilities of CSP are extended to the

realm of Partial Differential Equations (PDE's) in order to analyze computed reacting flow

databases and acquire detailed physical understanding of flame/flow behavior.

The utility of CSP in the analysis of reacting flow problems is based on the emergence of

extremely fast time scales due to some components of the chemistry, which act along specific

directions in the space of the unknowns. If along these "fast'' directions the influence of the other

physical processes present - such as convection and diffusion - is sufficiently weak, the trajectory

of the system of PDE's modeling the problem is forced to move along a manifold (a low

dimensional surface in the space of the unknowns perpendicular to the "fast'' directions). This

manifold is described by linearly independent relations among the rates of some of the

elementary reactions, the participation of the spatial operators (convection or diffusion) being of

higher order.

CSP can identify the fast time scales due to chemistry, the specific "fast'' directions in the space

of the unknowns along which they act and the shape of the manifold. As a result, it is

straightforward to identify the reactions which are responsible for the emergence of these fast

time scales and the reactions whose rates are major participants in the relations describing the
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manifold. In addition, CSP can identify the physical processes associated with the slow time

scales in the problem (due to convection, diffusion and the slow part of chemistry), which

determine the specific motion of the trajectory on the manifold. By neglecting the fastest time

scales due to chemistry, which are responsible for the emergence of the manifold and are not

related to the evolution of the trajectory on it, the characteristic time scale and its origin can be

identified, resulting in a more directunderstanding of the physics of the process at hand. Further,

by identifying steady-state species associated with the exhausted eigenmodes, and the low-

dimensional system manifold at the local conditions, automatic chemical model reduction is

possible, paving the way to adaptive chemistry implementations in general reacting flow.

Hitherto analysis of flame interaction with a counter-rotating vortex-pair using CSP has

identified importance indices pertaining to particular species and highlighting specific reactions

of dominant influence on the time evolution of the given species. They have also identified

steady-state species and corresponding lower dimensional manifolds. Ongoing work is focused

on detailed accounting of the role of transport when transport and chemical time scales are

comparable, and on the refinement of the CSP eigenvector solution for improved accuracy and

robustness of the analysis results.

2. Equations of motion

2.1 Equations of uniformly accelerated linear motion

The body is considered between two instants in time: one "initial" point and one

"current". Often, problems in kinematics deal with more than two instants, and

several applications of the equations are required. If a is constant, a differential, a dt,

may be integrated over an interval from 0 to Δt (Δt = t − ti), to obtain a linear

relationship for velocity. Integration of the velocity yields a quadratic relationship for

the position at the end of the interval.
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where...

is the body's initial velocity

is the body's initial position

and its current state is described by:

, The velocity at the end of the interval

, position at the end of the interval

(displacement)

, the time interval between the initial and

current states

, the constant acceleration, or in the case of

bodies moving under the influence of gravity,

g.

[Table 1]

Note that each of the equations contains four of the five variables. Thus, in this situation it is

sufficient to know three out of the five variables to calculate the remaining two.

2. Classic version

The above equations are often written in the following form:

By substituting (1) into (2), we can get (3), (4) and (5)

where

s = the distance between initial and final positions (displacement) (sometimes denoted R or x)

u = the initial velocity (speed in a given direction)
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v = the final velocity

a = the constant acceleration

t = the time taken to move from the initial state to the final state

Topic Objective:

At the end of this topic student would be able to:

 To Define Linearized Flow

 To Learn about Dynamical systems

 To Explain History

 To Elaborate Concepts

Definition/Overview:

In mathematics and its applications, linearization refers to finding the linear approximation to a

function at a given point. In the study of dynamical systems, linearization is a method for

assessing the local stability of an equilibrium point of a system of nonlinear differential

equations or discrete dynamical systems. This method is used in fields such as engineering,

physics, economics, and ecology.
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Key Points:

1. Linearized Flow

In mathematics, especially in the area of mathematical analysis known as dynamical systems

theory, a linear flow on the torus is a flow on the n-dimensional torus

which is represented by the following differential equations with respect to the standard angular

coordinates (θ1, θ2, ..., θn):

The solution of these equations can explicitly be expressed as

If we respesent the torus as Rn/Zn we see that a starting point is moved by the flow in the

direction ω=(ω1, ω2, ..., ωn) at constant speed and when it reaches the border of the unitary n-

cube it jumps to the opposite face of the cube.

For a linear flow on the torus either all orbits are periodic or all orbits are dense on a subset of

the n-torus which is a k-torus. When the components of ω are rationally independent all the

orbits are dense on the whole space. This can be easily seen in the two dimensional case: if the

two components of ω are rationally independent then the Poincare section of the flow on an edge

of the unit square is an irrational rotation on a circle and therefore its orbits are dense on the

circle, as a consequence the orbits of the flow must be dense on the torus.

2. Dynamical systems

Dynamical systems theory is an area of applied mathematics used to describe the behavior of

complex dynamical systems, usually by employing differential equations or difference equations.
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When differential equations are employed, the theory is called continuous dynamical systems.

When difference equations are employed, the theory is called discrete dynamical systems. When

the time variable runs over a set which is discrete over some intervals and continuous over other

intervals or is any arbitrary time-set such as a cantor set then you get dynamic equations on time

scales. Some situations may also be modelled by mixed operators such as differential-difference

equations.

This theory deals with the long-term qualitative behavior of dynamical systems, and studies of

solutions to the equations of motion of systems that are primarily mechanical in nature; although

this includes both planetary orbits as well as the behaviour of electronic circuits and the solutions

to partial differential equations that arise in biology. Much of modern research is focused on the

study of chaotic systems.

Dynamical systems theory and chaos theory deals with the long-term qualitative behavior of

dynamical systems. Here, the focus is not on finding precise solutions to the equations defining

the dynamical system (which is often hopeless), but rather to answer questions like "Will the

system settle down to a steady state in the long term, and if so, what are the possible steady

states?", or "Does the long-term behavior of the system depend on its initial condition?"

An important goal is to describe the fixed points or steady states of given dynamical systems;

these are values of the variable which won't change over time. Some of these fixed points are

attractive, meaning that if the system starts out in a nearby state, it will converge towards the

fixed point. Similarly, one is interested in periodic points, states of the system which repeat

themselves after several time-steps. Periodic points can also be attractive. Sarkovskii's theorem is

an interesting statement about the number of periodic points of a one-dimensional discrete

dynamical system. Even simple nonlinear dynamical systems often exhibit almost random,

completely unpredictable behavior that has been called chaos. The branch of dynamical systems

which deals with the clean definition and investigation of chaos is called chaos theory.
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3. History

The concept of dynamical systems theory has its origins in Newtonian mechanics. There, as in

other natural sciences and engineering disciplines, the evolution rule of dynamical systems is

given implicitly by a relation that gives the state of the system only a short time into the future.

Before the advent of fast computing machines, solving a dynamical system required

sophisticated mathematical techniques and could only be accomplished for a small class of

dynamical systems. Some excellent presentations of mathematical dynamic system theory

include Beltrami (1987), Luenberger (1979), Padula and Arbib (1974), and Strogatz (1994)

4. Concepts

4.1 Dynamical systems

The dynamical system concept is a mathematical formalization for any fixed "rule"

which describes the time dependence of a point's position in its ambient space.

Examples include the mathematical models that describe the swinging of a clock

pendulum, the flow of water in a pipe, and the number of fish each spring in a lake.

A dynamical system has a state determined by a collection of real numbers, or more

generally by a set of points in an appropriate state space. Small changes in the state of

the system correspond to small changes in the numbers. The numbers are also the

coordinates of a geometrical spacea manifold. The evolution rule of the dynamical

system is a fixed rule that describes what future states follow from the current state.

The rule is deterministic: for a given time interval only one future state follows from

the current state.

4.2 Dynamicism

Dynamicism, also termed the dynamic hypothesis or the dynamic hypothesis in

cognitive science or dynamic cognition, is a new approach in cognitive science

exemplified by the work of philosopher Tim van Gelder. It argues that differential
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equations are more suited to modelling cognition than more traditional computer

models.

4.3 Nonlinear system

In mathematics, a nonlinear system is a system which is not linear, i.e. a system

which does not satisfy the superposition principle. Less technically, a nonlinear

system is any problem where the variable(s) to be solved for cannot be written as a

linear sum of independent components. A nonhomogenous system, which is linear

apart from the presence of a function of the independent variables, is nonlinear

according to a strict definition, but such systems are usually studied alongside linear

systems, because they can be transformed to a linear system as long as a particular

solution is known.

Topic Objective:

At the end of this topic student would be able to Learn about:

 Method of characteristics

 Characteristics of first-order partial differential equations

 Linear and quasilinear cases

 Fully nonlinear case

Definition/Overview:

Method of characteristics: In mathematics, the method of characteristics is a technique for

solving partial differential equations. Typically, it applies to first-order equations, although more

generally the method of characteristics is valid for any hyperbolic partial differential equation.
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Key Points:

1. Method of characteristics

In mathematics, the method of characteristics is a technique for solving partial differential

equations. Typically, it applies to first-order equations, although more generally the method of

characteristics is valid for any hyperbolic partial differential equation. The method is to reduce a

partial differential equation to a family of ordinary differential equations along which the

solution can be integrated from some initial data given on a suitable hypersurface.

2. Characteristics of first-order partial differential equations

For a first-order PDE, the method of characteristics discovers curves (called characteristic curves

or just characteristics) along which the PDE becomes an ordinary differential equation (ODE).

Once the ODE is found, it can be solved along the characteristic curves and transformed into a

solution for the original PDE.

For the sake of motivation, we confine our attention to the case of a function of two independent

variables x and y for the moment. Consider a quasilinear PDE of the form

(1)

Suppose that a solution u is known, and consider the surface graph z = u(x,y) in R3. A normal

vector to this surface is given by

As a result, equation (1) is equivalent to the geometrical statement that the vector field
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is tangent to the surface z = u(x,y) at every point. In other words, the graph of the solution must

be a union of integral curves of this vector field. These integral curves are called the

characteristic curves of the original partial differential equation.

The equations of the characteristic curve may be expressed invariantly by the Charpit-Lagrange

equations

or, if a particular parametrization t of the curves is fixed, then these equations may be written as

a system of ordinary differential equations for x(t), y(t), z(t):

These are the characteristic equations for the original system.

3. Linear and quasilinear cases

Consider now a PDE of the form

For this PDE to be linear, the coefficients ai may be functions of the spatial variables only, and

independent of u. For it to be quasilinear, ai may also depend on the value of the function, but

not on any derivatives. The distinction between these two cases is inessential for the discussion

here.

For a linear or quasilinear PDE, the characteristic curves are given parametrically by
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such that the following system of ODEs is satisfied

(2)

(3)

Equations (2) and (3) give the characteristics of the PDE.

4. Fully nonlinear case

Consider the partial differential equation

where the variables pi are shorthand for the partial derivatives

Let (xi(s),u(s),pi(s)) be a curve in R2n+1. Suppose that u is any solution, and that

Along a solution, differentiating (1) with respect to s gives

(The second equation follows from applying the chain rule to a solution u, and the third follows

by taking an exterior derivative of the relation du-Σpidxi=0.) Manipulating these equations gives
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where λ is a constant. Writing these equations more symmetrically, one obtains the Charpit-

Lagrange equations for the characteristic

In Section 5 of this course you will cover these topics:

Computational Gas Dynamics

Special Topics In Gas Dynamics

Measurement In Compressible Flow

Topic Objective:

At the end of this topic student would be able to Learn about:

 Gas-dynamic

 Flows of interest

 Mass flow rate of a gas at choked conditions

Definition/Overview:

Computational linguistics is an interdisciplinary field dealing with the statistical and/or rule-

based modeling of natural language from a computational perspective. This modeling is not

limited to any particular field of linguistics. Traditionally, computational linguistics was usually

performed by computer scientists who had specialized in the application of computers to the

processing of a natural language. Computational linguists often work as members of

interdisciplinary teams, including linguists (specifically trained in linguistics), language experts

(persons with some level of ability in the languages relevant to a given project), and computer

scientists. In general, computational linguistics draws upon the involvement of linguists,

computer scientists, experts in artificial intelligence, mathematicians, logicians, cognitive
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scientists, cognitive psychologists, psycholinguists, anthropologists and neuroscientists, amongst

others.

Key Points:

1. Gas-dynamic

A gas-dynamic control system is one where the path of an object in flight is controlled by either

the generation or redirection of gas flow out of an orifice rather than with the traditional movable

control surfaces. There are two major types of gas-dynamic control: thrust vectoring and control

jets.

Thrust vectoring involves redirecting part or all of the same gas outflow that is used to generate

thrust for maneuvering. Either vanes that are placed in the gas flow jet are moved, redirecting it,

or else there is a nozzle around the gas jet which can be tilted in one axis (1D thrust vectoring) or

two axes (2D thrust vectoring) in order to direct the gas jet.

Control jets are small orifices in the top/bottom and/or sides of the object to be controlled,

through which gas can be ejected. This gas may be tapped from the main engine or generated

separately from compressed gas in bottles or by burning fuel. If mounted in front of the vehicle,

a gas jet blowing out the left of the nose will push the nose, and therefore the object, to the right.

If mounted behind the center of gravity of the object the opposite effect will occur - a gas jet on

the left side will turn the object to the left. Varying the amount of gas exiting the jet will control

the amount of force and therefore the rate of turn.
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2. Flows of interest

2.1 Choked flow

Choked flow of a fluid is a fluid dynamic condition caused by the Venturi effect.

When a flowing fluid at a certain pressure and temperature flows through a restriction

(such as the hole in an orifice plate or a valve in a pipe) into a lower pressure

environment, under the conservation of mass the fluid velocity must increase for

initially subsonic upstream conditions as it flows through the smaller cross-sectional

area of the restriction. At the same time, the Venturi effect causes the static pressure

to decrease. Choked flow is a limiting condition which occurs when the mass flow

rate will not increase with a further decrease in the downstream pressure environment

while upstream pressure is fixed.

For homogeneous fluids, the physical point at which the choking occurs for adiabatic

conditions is when the exit plane velocity is at sonic conditions or at a Mach number

of 1. It is most important to note that the mass flow rate can still be increased by

increasing the upstream stagnation pressure, or by decreasing the upstream stagnation

temperature.

The choked flow of gases is useful in many engineering applications because the

mass flow rate is independent of the downstream pressure, depending only on the

temperature and pressure on the upstream side of the restriction. Under choked

conditions, valves and calibrated orifice plates can be used to produce a particular

mass flow rate.

If the fluid is a liquid, a different type of limiting condition (also known as choked

flow) occurs when the Venturi effect acting on the liquid flow through the restriction

decreases the liquid pressure to below that of the liquid vapor pressure at the
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prevailing liquid temperature. At that point, the liquid will partially flash into bubbles

of vapor and the subsequent collapse of the bubbles causes cavitation. Cavitation is

quite noisy and can be sufficiently violent to physically damage valves, pipes and

associated equipment. In effect, the vapor bubble formation in the restriction limits

the flow from increasing any further.

3. Mass flow rate of a gas at choked conditions

All gases flow from upstream higher stagnation pressure sources to downstream lower pressure

sources. There are several situations in which choked flow occurs, such as: change of cross

section (as in a convergent-divergent nozzle or flow through an orifice plate), Fanno flow,

isothermal flow and Rayleigh flow.

3.1 Choking in change of cross section flow

Assuming ideal gas behavior, steady state choked flow occurs when the ratio of the

absolute upstream pressure to the absolute downstream pressure is equal to or greater

than [ ( k + 1 ) / 2 ] k / ( k - 1 ), where k is the specific heat ratio of the gas (sometimes called

the isentropic expansion factor and sometimes denoted as γ ).

For many gases, k ranges from about 1.09 to about 1.41, and therefore [ ( k + 1 ) / 2 ] k / ( k

- 1 ) ranges from 1.7 to about 1.9 ... which means that choked flow usually occurs when

the absolute source vessel pressure is at least 1.7 to 1.9 times as high as the absolute

downstream pressure.

When the gas velocity is choked, the equation for the mass flow rate in SI metric units is:

=
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where the terms are defined in the table below. If the density ρ is not known directly, then

it is useful to eliminate it using the Ideal gas law corrected for the real gas

compressibility:

=

so that the mass flow rate is primarily dependent on the cross-sectional area A of the hole

and the upstream pressure P, and only weakly dependent on the temperature T. The rate

does not depend on the downstream pressure at all. All other terms are constants that

depend only on the composition of the material in the flow. Although the gas velocity

reaches a maximum and becomes choked, the mass flow rate is not choked. The mass

flow rate can still be increased if the upstream pressure is increased.

where:

= mass flow rate, kg/s

C = discharge coefficient, dimensionless (usually about 0.72)

A = discharge hole cross-sectional area, m

k = cp/cv of the gas

cp = specific heat of the gas at constant pressure

cv = specific heat of the gas at constant volume

ρ = real gas density at P and T, kg/m

P = absolute upstream stagnation pressure, Pa

M = the gas molecular mass, kg/kmole (also known as the molecular weight)
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R = Universal gas law constant = 8314.5 (Nm) / (kmoleK)

T = absolute gas temperature, K

Z = the gas compressibility factor at P and T, dimensionless

[Table 1]

The above equations calculate the steady state mass flow rate for the stagnation pressure

and temperature existing in the upstream pressure source.

If the gas is being released from a closed high-pressure vessel, the above steady state

equations may be used to approximate the initial mass flow rate. Subsequently, the mass

flow rate will decrease during the discharge as the source vessel empties and the pressure

in the vessel decreases. Calculating the flow rate versus time since the initiation of the

discharge is much more complicated, but more accurate. Two equivalent methods for

performing such calculations are explained and compared online.

The technical literature can be very confusing because many authors fail to explain

whether they are using the universal gas law constant R which applies to any ideal gas or

whether they are using the gas law constant Rs which only applies to a specific individual

gas. The relationship between the two constants is Rs = R / M.

Topic Objective:

At the end of this topic student would be able to:

 To Learn about Compressible flow

 To Define Fluid dynamics

 To Learn about Equations of fluid dynamics
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Definition/Overview:

Compressible flow: In fluid dynamics, a flow is considered to be a compressible flow if the

density of the fluid changes with respect to pressure. In general, this is the case where the Mach

number (defined as the ratio of the flow speed to the local speed of sound) of the flow exceeds

0.3. The Mach 0.3 value is rather arbitrary, but it is used because gas flows with a Mach number

below that value introduce less than 5% change in density. Furthermore, the maximum density

change occurs at the stagnation points and the density change in the rest of the flow field will be

significantly lower.

Key Points:

1. Compressible flow

In fluid dynamics, a flow is considered to be a compressible flow if the density of the fluid

changes with respect to pressure. In general, this is the case where the Mach number (defined as

the ratio of the flow speed to the local speed of sound) of the flow exceeds 0.3. The Mach 0.3

value is rather arbitrary, but it is used because gas flows with a Mach number below that value

introduce less than 5% change in density. Furthermore, the maximum density change occurs at

the stagnation points and the density change in the rest of the flow field will be significantly

lower.

The factor that distinguishes a flow from being compressible or incompressible is the fact that in

compressible flow the changes in the velocity of the flow can lead to changes in the temperature

which are not negligible. On the other hand in case of incompressible flow, the changes in the

internal energy (i.e. temperature) are negligible even if the entire kinetic energy of the flow is

converted to internal energy (i.e. the flow is brought to rest).
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These definitions, though they seem to be inconsistent, are all saying one and the same thing: the

Mach number of the flow is high enough so that the effects of compressibility can no longer be

neglected.

For subsonic compressible flows, it is sometimes possible to model the flow by applying a

correction factor to the answers derived from incompressible calculations or modelling - for

example, the Prandtl-Glauert rule:

(ac is compressible lift curve slope, ai is the incompressible lift curve slope, and M is the Mach

number). Note that this correction only yields acceptable results over a range of approximately

0.3<M<0.7.

For many other flows, their nature is qualitatively different to subsonic flows. A flow where the

local Mach number reaches or exceeds 1 will usually contain shock waves. A shock is an abrupt

change in the velocity, pressure and temperature in a flow; the thickness of a shock scales with

the molecular mean free path in the fluid (typically a few micrometers).

Shocks form because information about conditions downstream of a point of sonic or supersonic

flow cannot propagate back upstream past the sonic point.

The behaviour of a fluid changes radically as it starts to move above the speed of sound (in that

fluid), ie. when the Mach number is greater than 1. For example, in subsonic flow, a stream tube

in an accelerating flow contracts. But in a supersonic flow, a stream tube in an accelerating flow

expands. To interpret this in another way, consider steady flow in a tube that has a sudden

expansion: the tube's cross section suddenly widens, so the cross-sectional area increases.

In subsonic flow, the fluid speed drops after the expansion (as expected). In supersonic flow, the

fluid speed increases. This sounds like a contradiction, but it isn't: the mass flux is conserved but

because supersonic flow allows the density to change, the volume flux is not constant. This

effect is utilized in De Laval nozzles.

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

76
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



2. Fluid dynamics

In physics, fluid dynamics is the sub-discipline of fluid mechanics dealing with fluid flow the

natural science of 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.

In an historical context, hydrodynamics had a different meaning than it has nowadays. Before the

twentieth century, hydrodynamics was synonymous with fluid dynamics. This is still reflected in

the names of some fluid dynamics topics, like magnetohydrodynamics and hydrodynamic

stability both also applicable in, as well as being applied to, gases.

3. Equations of fluid dynamics

The foundational axioms of fluid dynamics are the conservation laws, specifically, conservation

of mass, conservation of linear momentum (also known as Newton's Second Law of Motion),

and conservation of energy (also known as First Law of Thermodynamics). These are based on
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classical mechanics and are modified in quantum mechanics and general relativity. They are

expressed using the Reynolds Transport Theorem.

In addition to the above, fluids are assumed to obey the continuum assumption. Fluids are

composed of molecules that collide with one another and solid objects. However, the continuum

assumption considers fluids to be continuous, rather than discrete. Consequently, properties such

as density, pressure, temperature, and velocity are taken to be well-defined at infinitesimally

small points, and are assumed to vary continuously from one point to another. The fact that the

fluid is made up of discrete molecules is ignored.

For fluids which are sufficiently dense to be a continuum, do not contain ionized species, and

have velocities small in relation to the speed of light, the momentum equations for Newtonian

fluids are the Navier-Stokes equations, which is a non-linear set of differential equations that

describes the flow of a fluid whose stress depends linearly on velocity gradients and pressure.

The unsimplified equations do not have a general closed-form solution, so they are primarily of

use in Computational Fluid Dynamics. The equations can be simplified in a number of ways, all

of which make them easier to solve. Some of them allow appropriate fluid dynamics problems to

be solved in closed form.

In addition to the mass, momentum, and energy conservation equations, a thermodynamical

equation of state giving the pressure as a function of other thermodynamic variables for the fluid

is required to completely specify the problem. An example of this would be the perfect gas

equation of state:

where p is pressure, ρ is density, Ru is the gas constant, M is the molecular mass and T is

temperature.
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3.1 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.,

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.
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3.2 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.

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.
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3.3 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.

3.4 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.

Mathematically, turbulent flow is often represented via Reynolds decomposition, in

which the flow is broken down into the sum of a steady component and a perturbation

component.

It is believed that turbulent flows obey the Navier-Stokes equations. Direct numerical

simulation (DNS), based on the incompressible Navier-Stokes equations, makes it

possible to simulate turbulent flows with moderate Reynolds numbers (restrictions

depend on the power of computer and efficiency of solution algorithm). The results of

DNS agree with the experimental data.

Most flows of interest have Reynolds numbers too high for DNS to be a viable

option, given the state of computational power for the next few decades. Any flight

vehicle large enough to carry a human (L > 3 m), moving faster than 73 km/h

(30 m/s) is well beyond the limit of DNS simulation (Re = 4 million). Transport
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aircraft wings (such as on an Airbus A300 or Boeing 747) have Reynolds numbers of

40 million (based on the wing chord). In order to solve these real life flow problems,

turbulence models will be a necessity for the foreseeable future. Reynolds-averaged

Navier-Stokes equations (RANS) combined with turbulence modeling provides a

model of the effects of the turbulent flow, mainly the additional momentum transfer

provided by the Reynolds stresses, although the turbulence also enhances the heat and

mass transfer. Large eddy simulation (LES) also holds promise as a simulation

methodology, especially in the guise of detached eddy simulation (DES), which is a

combination of turbulence modeling and large eddy simulation.

3.5 Newtonian vs non-Newtonian fluids

Sir Isaac Newton showed how stress and the rate of strain are very close to linearly

related for many familiar fluids, such as water and air. These Newtonian fluids are

modeled by a coefficient called viscosity, which depends on the specific fluid.

However, some of the other materials, such as emulsions and slurries and some visco-

elastic materials (eg. blood, some polymers), have more complicated non-Newtonian

stress-strain behaviours. These materials include sticky liquids such as latex, honey,

and lubricants which are studied in the sub-discipline of rheology.

3.6 Subsonic vs transonic, supersonic and hypersonic flows

While many terrestrial flows (e.g. flow of water through a pipe) occur at low mach

numbers, many flows of practical interest (e.g. in aerodynamics) occur at high

fractions of the Mach Number M=1 or in excess of it (supersonic flows). New

phenomena occur at these Mach number regimes (e.g. shock waves for supersonic

flow, transonic instability in a regime of flows with M nearly equal to 1, non-

equilibrium chemical behavior due to ionization in hypersonic flows) and it is

necessary to treat each of these flow regimes separately.
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3.7 Non-relativistic vs relativistic flows

Classical fluid dynamics is derived based on Newtonian mechanics, which is

adequate for most applications. However, at speeds comparable to the speed of light,

c, Newtonian mechanics is inaccurate and a relativistic framework has to be used

instead.

3.8 Magnetohydrodynamics

Magnetohydrodynamics is the multi-disciplinary study of the flow of electrically

conducting fluids in electromagnetic fields. Examples of such fluids include plasmas,

liquid metals, and salt water. The fluid flow equations are solved simultaneously with

Maxwell's equations of electromagnetism.

3.9 Other approximations

There are a large number of other possible approximations to fluid dynamic

problems. Some of the more commonly used are listed below.

o The Boussinesq approximation neglects variations in density except to calculate buoyancy

forces. It is often used in free convection problems where density changes are small.

o Lubrication theory and Hele-Shaw flow exploits the large aspect ratio of the domain to show that

certain terms in the equations are small and so can be neglected.

o Slender-body theory is a methodology used in Stokes flow problems to estimate the force on, or

flow field around, a long slender object in a viscous fluid.

o The shallow-water equations can be used to describe a layer of relatively inviscid fluid with a

free surface, in which surface gradients are small.

o The Boussinesq equations are applicable to surface waves on thicker layers of fluid and with

steeper surface slopes.
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o Darcy's law is used for flow in porous media, and works with variables averaged over several

pore-widths.

o In rotating systems, the quasi-geostrophic approximation assumes an almost perfect balance

between pressure gradients and the Coriolis force. It is useful in the study of atmospheric

dynamics.
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