
“Aerospace Fluid flows”.

In Section 1 of this course you will cover these topics:
Introduction To Viscous Flows

Integral Equations And Solutions For Laminar Flow

Differential Equations Of Motion For Laminar Flow

Topic : Introduction To Viscous Flows

Topic Objective:

At the end of this topic student will able to learn:

 Viscosity

 Viscous Coupling

 Viscosity of solids

 Eddy viscosity

 Viscosity of amorphous materials

Definition/Overview:

Viscosity: Viscosity is a measure of the resistance of a fluid which is being deformed by either

shear stress or extensional stress. In everyday terms (and for fluids only), viscosity is

"thickness". Thus, water is "thin", having a lower viscosity, while vegetable oil is "thick" having

a higher viscosity. Viscosity describes a fluid's internal resistance to flow and may be thought of

as a measure of fluid friction. For example, high-viscosity magma will create a tall, steep

stratovolcano, because it cannot flow far before it cools, while low-viscosity lava will create a

wide, shallow-sloped shield volcano. All real fluids (except superfluids) have some resistance to
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stress, but a fluid which has no resistance to shear stress is known as an ideal fluid or inviscid

fluid. The study of viscosity is known as rheology.

Key Points:

1. Viscous Coupling

A viscous coupling is made up of alternating circular plates. The plates have tabs or perforations

in them. The plates are mounted in a sealed drum, and are located very close to each other. The

drum is filled with silicone, or some dilatant fluid. When the two sets of plates are rotating in

unison, the fluid stays cool and remains in a liquid state. When the plates start rotating at two

different speeds, the shear effect of the tabs or perforations on the fluid will cause it to heat up

and solidify (Silicone when heated will turn into a near solid; the viscosity of dilatant fluids

rapidly increases with shear). The fluid in this state will essentially glue the plates together and

transmit power from one set of plates to the other. The size of the tabs or perforations on the

plates, along with the number of plates and fluid used will determine the strength and onset of

when this mechanical transfer will happen.

2. Viscosity of solids

On the basis that all solids such as granite flow to a small extent in response to shear stress, some

researchers have contended that substances known as amorphous solids, such as glass and many

polymers, may be considered to have viscosity. This has led some to the view that solids are

simply liquids with a very high viscosity, typically greater than 1012 Pas. This position is often

adopted by supporters of the widely held misconception that glass flow can be observed in old

buildings. This distortion is more likely the result of the glass making process rather than the

viscosity of glass.
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However, others argue that solids are, in general, elastic for small stresses while fluids are not.

Even if solids flow at higher stresses, they are characterized by their low-stress behavior.

Viscosity may be an appropriate characteristic for solids in a plastic regime. The situation

becomes somewhat confused as the term viscosity is sometimes used for solid materials, for

example Maxwell materials, to describe the relationship between stress and the rate of change of

strain, rather than rate of shear.

These distinctions may be largely resolved by considering the constitutive equations of the

material in question, which take into account both its viscous and elastic behaviors. Materials for

which both their viscosity and their elasticity are important in a particular range of deformation

and deformation rate are called viscoelastic. In geology, earth materials that exhibit viscous

deformation at least three times greater than their elastic deformation are sometimes called

rheids.

3. Eddy viscosity

In the study of turbulence in fluids, a common practical strategy for calculation is to ignore the

small-scale vortices (or eddies) in the motion and to calculate a large-scale motion with an eddy

viscosity that characterizes the transport and dissipation of energy in the smaller-scale flow (see

large eddy simulation). Values of eddy viscosity used in modeling ocean circulation may be from

5x104 to 106 Pas depending upon the resolution of the numerical grid.

4. Viscosity of amorphous materials

Viscous flow in amorphous materials (e.g. in glasses and melts) [1] [2] [3] is a thermally activated
process:
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where Q is the activation energy of viscosity, T is temperature, R is the molar gas
constant and A is approximately a constant.

The viscous flow in amorphous materials is characterised by a deviation from the Arrhenius-
type behaviour: Q changes from a high value QH at low temperatures (in the glassy state) to a
low value QL at high temperatures (in the liquid state). Depending on this change, amorphous
materials are classified as either

Strong when: QH − QL < QL or

Fragile when:

The fragility of amorphous materials is numerically characterized by the Doremus' fragility ratio:

RD = QH / QL

and strong material have RD < 2; whereas fragile materials have RD ≥ 2

The viscosity of amorphous materials is quite exactly described by a two-exponential equation:

with constants A1, A2, B, C, and D related to thermodynamic parameters of joining bonds of an
amorphous material.

Not very far from the glass transition temperature Tg this equation can be approximated by a

Vogel-Tammann-Fulcher (VTF) equation or stretched exponent-type equation.[4]

If the temperature is significantly lower than the glass transition temperature (T < Tg), then the

two-exponential equation simplifies to an Arrhenius type equation:

with:

QH = Hd + Hm

where Hd is the enthalpy of formation of broken bonds (termed configuron s) and Hm is the

enthalpy of their motion.
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When the temperature is less than the glass transition temperature, T < Tg, the activation energy

of viscosity is high because the amorphous materials are in the glassy state and most of their

joining bonds are intact.

If the temperature is highly above the glass transition temperature, T > Tg, the two-exponential

equation also simplifies to an Arrhenius type equation:

with:

QL = Hm

When the temperature is higher than the glass transition temperature (T < Tg), the activation

energy of viscosity is low because amorphous materials are melt and have most of their joining

bonds broken which facilitates flow.

Topic : Integral Equations And Solutions For Laminar Flow

Topic Objective:

At the end of this topic student will able to learn:

 Integral Equation

 Laminar flow

 Overview

 Laminar Flow Cabinet
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Definition/Overview:

Integral Equation: In mathematics, an integral equation is an equation in which an unknown

function appears under an integral sign. There is a close connection between differential and

integral equations, and some problems may be formulated either way. See, for example,

Maxwell's equations.

Laminar flow: It sometimes known as streamline flow, occurs when a fluid flows in parallel

layers, with no disruption between the layers. In fluid dynamics, laminar flow is a flow regime

characterized by high momentum diffusion, low momentum convection, pressure and velocity

independent from time. It is the opposite of turbulent flow. In nonscientific terms laminar flow is

"smooth," while turbulent flow is "rough."

Key Points:

1. Overview

The most basic type of integral equation is a Fredholm equation of the first type:

The notation follows Arfken. Here φ is an unknown function, f is a known function, and K is

another known function of two variables, often called the kernelfunction. Note that the limits of

integration are constant; this is what characterizes a Fredholm equation.

If the unknown function occurs both inside and outside of the integral, it is known as a Fredholm

equation of the second type:
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The parameter λ is an unknown factor, which plays the same role as the eigenvalue in linear

algebra.

If one limit of integration is variable, it is called a Volterra equation. Thus Volterra equations of

the first and second types, respectively, would appear as:

In all of the above, if the known function f is identically zero, it is called a homogeneous integral

equation. If f is nonzero, it is called an inhomogeneous integral equation.

Integral equations are important in many applications. Problems in which integral equations are

encountered include radiative energy transfer and the oscillationof a string, membrane, or axle.

Oscillation problems may also be solved as differential equations.

Both Fredholm and Volterra equations are linear integral equations, due to the linear behaviour

of φ(x) under the integral. A nonlinear Volterra integral equation has the general form:

,

where F is a known function
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2. Laminar flow

The dimensionless Reynolds number is an important parameter in the equations that describe

whether flow conditions lead to laminar or turbulent flow. Reynolds numbers of less than 500 are

generally considered to be of a laminar type. When the Reynolds number is much less than 1,

Creeping motion or Stokes flow occurs. This is an extreme case of laminar flow where viscous

(friction) effects are much greater than inertial forces.

For example, consider the flow of air over an airplane wing. The boundary layer is a very thin

sheet of air lying over the surface of the wing (and all other surfaces of the airplane). Because air

has viscosity, this layer of air tends to adhere to the wing. As the wing moves forward through

the air, the boundary layer at first flows smoothly over the streamlined shape of the airfoil. Here

the flow is called laminar and the boundary layer is a laminar layer.

For a practical demonstration of laminar and non-laminar flow, one can observe the smoke rising

off a cigarette in a place where there is no breeze. The smoke from the cigarette will rise

vertically and smoothly for some distance (laminar flow) and then will start undulating into a

turbulent, nonlaminar flow.

3. Laminar Flow Cabinet

A laminar flow cabinet or laminar flow closet or tissue culture hood is a carefully enclosed bench

designed to prevent contamination of semiconductor wafers, biological samples, or any particle

sensitive device. Air is drawn through a HEPA filter and blown in a very smooth, laminar flow

towards the user. The cabinet is usually made of stainless steel with no gaps or joints where

spores might collect.
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Such hoods exist in both horizontal and vertical configurations, and there are many different

types of cabinets with a variety of airflow patterns and acceptable uses. NSF49 is the commonly

accepted regulatory standard for these cabinets.

Laminar flow cabinets may have a UV-C germicidal lamp to sterilize the shell and contents

when not in use. (It is important to switch this light off during use, as it will quickly give any

exposed skin sunburn and may cause cataracts.

Topic : Differential Equations Of Motion For Laminar Flow

Topic Objective:

At the end of this topic student will able to learn:

 Laminar flow

 Laminar Flow Cabinet

Definition/Overview:

Laminar flow: It sometimes known as streamline flow, occurs when a fluid flows in parallel

layers, with no disruption between the layers. In fluid dynamics, laminar flow is a flow regime

characterized by high momentum diffusion, low momentum convection, pressure and velocity

independent from time. It is the opposite of turbulent flow. In nonscientific terms laminar flow is

"smooth," while turbulent flow is "rough."
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Key Points:

1. Laminar flow

The dimensionless Reynolds number is an important parameter in the equations that describe

whether flow conditions lead to laminar or turbulent flow. Reynolds numbers of less than 500 are

generally considered to be of a laminar type. When the Reynolds number is much less than 1,

Creeping motion or Stokes flow occurs. This is an extreme case of laminar flow where viscous

(friction) effects are much greater than inertial forces.

For example, consider the flow of air over an airplane wing. The boundary layer is a very thin

sheet of air lying over the surface of the wing (and all other surfaces of the airplane). Because air

has viscosity, this layer of air tends to adhere to the wing. As the wing moves forward through

the air, the boundary layer at first flows smoothly over the streamlined shape of the airfoil. Here

the flow is called laminar and the boundary layer is a laminar layer.

For a practical demonstration of laminar and non-laminar flow, one can observe the smoke rising

off a cigarette in a place where there is no breeze. The smoke from the cigarette will rise

vertically and smoothly for some distance (laminar flow) and then will start undulating into a

turbulent, nonlaminar flow.

2. Laminar Flow Cabinet

A laminar flow cabinet or laminar flow closet or tissue culture hood is a carefully enclosed bench

designed to prevent contamination of semiconductor wafers, biological samples, or any particle

sensitive device. Air is drawn through a HEPA filter and blown in a very smooth, laminar flow

towards the user. The cabinet is usually made of stainless steel with no gaps or joints where

spores might collect.
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Such hoods exist in both horizontal and vertical configurations, and there are many different

types of cabinets with a variety of airflow patterns and acceptable uses. NSF49 is the commonly

accepted regulatory standard for these cabinets.

Laminar flow cabinets may have a UV-C germicidal lamp to sterilize the shell and contents

when not in use. (It is important to switch this light off during use, as it will quickly give any

exposed skin sunburn and may cause cataracts.

In Section 2 of this course you will cover these topics:
Exact And Numerical Solutions For Laminar Constant-Property Incompressible Flows

Compressible Laminar Boundary Layers

Topic : Exact And Numerical Solutions For Laminar Constant-Property Incompressible
Flows

Topic Objective:

At the end of this topic student will able to learn:

 Laminar flow

 Incompressible Flows

Relation to compressibility factor

Relation to solenoidal field
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Difference between incompressible flow and material

Incompressible constraints

Numerical solutions of Incompressible flow

 Low Mach flow/ Pseudo-incompressibility

 Anelastic flow

Definition/Overview:

Laminar flow: Laminar flow, sometimes known as streamline flow, occurs when a fluid flows

in parallel layers, with no disruption between the layers. In fluid dynamics, laminar flow is a

flow regime characterized by high momentum diffusion, low momentum convection, pressure

and velocity independent from time.

Incompressible Flows: In fluid mechanics or more generally continuum mechanics, an

incompressible flow is solid or fluid flow in which the divergence of velocity is zero. This is

more precisely termed isochoric flow. It is an idealization used to simplify analysis. In reality, all

materials are compressible to some extent. Note that isochoric refers to flow, not the material

property. This means that under certain circumstances, a compressible material can undergo

(nearly) incompressible flow. However, by making the 'incompressible' assumption, the

governing equations of material flow can be simplified significantly.
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Key Points:

1. Laminar flow

The dimensionless Reynolds number is an important parameter in the equations that describe

whether flow conditions lead to laminar or turbulent flow. Reynolds numbers of less than 500 are

generally considered to be of a laminar type. When the Reynolds number is much less than 1,

Creeping motion or Stokes flow occurs. This is an extreme case of laminar flow where viscous

(friction) effects are much greater than inertial forces.

For example, consider the flow of air over an airplane wing. The boundary layer is a very thin

sheet of air lying over the surface of the wing (and all other surfaces of the airplane). Because air

has viscosity, this layer of air tends to adhere to the wing. As the wing moves forward through

the air, the boundary layer at first flows smoothly over the streamlined shape of the airfoil. Here

the flow is called laminar and the boundary layer is a laminar layer.

For a practical demonstration of laminar and non-laminar flow, one can observe the smoke rising

off a cigarette in a place where there is no breeze. The smoke from the cigarette will rise

vertically and smoothly for some distance (laminar flow) and then will start undulating into a

turbulent, nonlaminar flow.

2. Laminar Flow Cabinet

A laminar flow cabinet or laminar flow closet or tissue culture hood is a carefully enclosed bench

designed to prevent contamination of semiconductor wafers, biological samples, or any particle

sensitive device. Air is drawn through a HEPA filter and blown in a very smooth, laminar flow

towards the user. The cabinet is usually made of stainless steel with no gaps or joints where

spores might collect.
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Such hoods exist in both horizontal and vertical configurations, and there are many different

types of cabinets with a variety of airflow patterns and acceptable uses. NSF49 is the commonly

accepted regulatory standard for these cabinets. Laminar flow cabinets may have a UV-C

germicidal lamp to sterilize the shell and contents when not in use. (It is important to switch this

light off during use, as it will quickly give any exposed skin sunburn and may cause cataracts.

3. Relation to compressibility factor

In some fields, a measure of the incompressibility of a flow is the change in density as a result of
the pressure variations. This is best expressed in terms of the compressibility

If the compressibility is acceptably small, the flow is considered to be incompressible.

4. Relation to solenoidal field

An incompressible flow is described by a velocity field which is solenoidal. But a solenoidal

field, besides having a zero divergence, also has the additional connotation of having non-zero

curl (i.e., rotational component).

Otherwise, if an incompressible flow also has a curl of zero, so that it is also irrotational, then the

velocity field is actually Laplacian.

5. Difference between incompressible flow and material

As defined earlier, an incompressible (isochoric) flow is the one in which

This is equivalent to saying that
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i.e. the material derivative of the density is zero. Thus if we follow a material element, its mass

density will remain constant. Note that the material derivative consists of two terms. The first

term describes how the density of the material element changes with time. This term is also

known as the unsteady term. The second term, describes the changes in the density as

the material element moves from one point to another. This is the convection or theadvection

term. For a flow to be incompressible the sum of these terms should be zero.

On the other hand, a homogeneous, incompressible material is defined as one which has

constant density throughout. For such a material, ρ = constant. This implies that,

and

independently.

From the continuity equation it follows that

Thus homogeneous materials always undergo flow that is incompressible, but the converse is

not true.

It is common to find references where the author mentions incompressible flow and assumes

that density is constant. Even though this is technically incorrect, it is an accepted practice. One

of the advantages of using the incompressible material assumption over the incompressible flow

assumption is in the momentum equation where the kinematic viscosity ( ) can be

assumed to be constant. The subtlety above is frequently a source of confusion. Therefore many

people prefer to refer explicitly to incompressible materials or isochoric flow when being

descriptive about the mechanics.
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6. Incompressible constraints

In fluid dynamics, incompressible flow is considered to be if the divergence of the velocity is

zero. However, varying forms of this constraint can be derived depending on the system to be

solved. Some extended versions of this constraint are described below:

Incompressible flow: . This can assume either constant density (strict

incompressible) or varying density flow. The varying density set accepts solutions involving

small perturbations in density, pressure and/or temperature fields, and can allow for pressure

stratification in the domain.

7. Anelastic flow

.

Principally used in the field of atmospheric sciences, the anelastic constraint extend

incompressible flow validity to stratified density and/or temperature as well as pressure. This

allow the thermodynamic variables to relax to an 'atmospheric' base state seen in the lower

atmosphere when used in the field of meteorology, for example. This condition can also be used

for various astrophysical systems.

8. Low Mach flow/ Pseudo-incompressibility

.

The Low Mach constraint can be derived from the compressible Euler equations using scale

analysis of non-dimensional quantities. The restraint, like the previous in this section, allows for

the removal of acoustic waves, but also allows for large perturbations in density and/or

temperature. The assumption is that the flow remains within a Mach number limit (normally less

than 0.3) for any solution using such a constraint to be valid. Again, in accordance with all
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incompressible flows the pressure deviation must be small in comparison to the pressure base

state.

9. Numerical solutions of Incompressible flow

The stringent nature of the incompressible flow equations means that specific mathematical

techniques have been devised to solve them. Some of these methods include:

 The projection method (both approximate and exact)

 Artificial compressibility technique

 Compressibility pre-conditioning

These methods make differing assumptions about the flow, but all take into account the general

form of the constraint for general flow dependent functions α and β.

Topic : Compressible Laminar Boundary Layers

Topic Objective:

At the end of this topic student will able to learn:

 Boundary Layer

 Laminar boundary layers

 Aerodynamics

 Naval architecture

 Boundary layer equations

 Turbulent boundary layers

 Boundary layer turbine
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Definition/Overview:

Boundary Layer: In physics and fluid mechanics, a boundary layer is that layer of fluid in the

immediate vicinity of a bounding surface. In the Earth's atmosphere, the planetary boundary

layer is the air layer near the ground affected by diurnal heat, moisture or momentum transfer to

or from the surface. On an aircraft wing the boundary layer is the part of the flow close to the

wing. The boundary layer effect occurs at the field region in which all changes occur in the flow

pattern. The boundary layer distorts surrounding nonviscous flow. It is a phenomenon of viscous

forces. This effect is related to the Reynolds number.

Laminar boundary layers: Laminar boundary layers come in various forms and can be loosely

classified according to their structure and the circumstances under which they are created. The

thin shear layer which develops on an oscillating body is an example of a Stokes boundary layer,

whilst the Blasius boundary layer refers to the well-known similarity solution for the steady

boundary layer attached to a flat plate held in an oncoming unidirectional flow. When a fluid

rotates, viscous forces may be balanced by the Coriolis effect, rather than convective inertia,

leading to the formation of an Ekman layer. Thermal boundary layers also exist in heat transfer.

Multiple types of boundary layers can coexist near a surface simultaneously.
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Key Points:

1. Aerodynamics

The aerodynamic boundary layer was first defined by Ludwig Prandtl in a paper presented on

August 12, 1904 at the third International Congress of Mathematicians in Heidelberg, Germany.

It allows aerodynamicists to simplify the equations of fluid flow by dividing the flow field into

two areas: one inside the boundary layer, where viscosity is dominant and the majority of the

drag experienced by a body immersed in a fluid is created, and one outside the boundary layer

where viscosity can be neglected without significant effects on the solution. This allows a

closed-form solution for the flow in both areas, which is a significant simplification over the

solution of the full NavierStokes equations. The majority of the heat transfer to and from a body

also takes place within the boundary layer, again allowing the equations to be simplified in the

flow field outside the boundary layer.

The thickness of the velocity boundary layer is normally defined as the distance from the solid

body at which the flow velocity is 99% of the freestream velocity, that is, the velocity that is

calculated at the surface of the body in an inviscid flow solution. An alternative definition, the

displacement thickness, recognises the fact that the boundary layer represents a deficit in mass

flow compared to an inviscid case with slip at the wall. It is the distance by which the wall would

have to be displaced in the inviscid case to give the same total mass flow as the viscous case. The

no-slip condition requires the flow velocity at the surface of a solid object be zero and the fluid

temperature be equal to the temperature of the surface. The flow velocity will then increase

rapidly within the boundary layer, governed by the boundary layer equations, below. The thermal

boundary layer thickness is similarly the distance from the body at which the temperature is 99%

of the temperature found from an inviscid solution. The ratio of the two thicknesses is governed

by the Prandtl number. If the Prandtl number is 1, the two boundary layers are the same

thickness. If the Prandtl number is greater than 1, the thermal boundary layer is thinner than the

velocity boundary layer. If the Prandtl number is less than 1, which is the case for air at standard

conditions, the thermal boundary layer is thicker than the velocity boundary layer.
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In high-performance designs, such as sailplanes and commercial transport aircraft, much

attention is paid to controlling the behavior of the boundary layer to minimize drag. Two effects

must to be considered. First, the boundary layer adds to the effective thickness of the body,

through the displacement thickness, hence increasing the pressure drag. Secondly, the shear

forces at the surface of the wing create skin friction drag.

At high Reynolds numbers, typical of full-sized aircraft, it is desirable to have a laminar

boundary layer. This results in a lower skin friction due to the characteristic velocity profile of

laminar flow. However, the boundary layer inevitably thickens and becomes less stable as the

flow develops along the body, and eventually becomes turbulent, the process known as boundary

layer transition. One way of dealing with this problem is to suck the boundary layer away

through a porous surface (see Boundary layer suction). This can result in a reduction in drag, but

is usually impractical due to the mechanical complexity involved and the power required to

move the air and dispose of it. Natural laminar flow is the name for techniques pushing the

boundary layer transition aft by shaping of an aerofoil or a fuselage so that their thickest point is

aft and less thick. This reduces the velocities in the leading part and the same Reynolds number

is achieved with a greater length.

At lower Reynolds numbers, such as those seen with model aircraft, it is relatively easy to

maintain laminar flow. This gives low skin friction, which is desirable. However, the same

velocity profile which gives the laminar boundary layer its low skin friction also causes it to be

badly affected by adverse pressure gradients. As the pressure begins to recover over the rear part

of the wing chord, a laminar boundary layer will tend to separate from the surface. Such flow

separation causes a large increase in the pressure drag, since it greatly increases the effective size

of the wing section. In these cases, it can be advantageous to deliberately trip the boundary layer

into turbulence at a point prior to the location of laminar separation, using a turbulator. The fuller

velocity profile of the turbulent boundary layer allows it to sustain the adverse pressure gradient
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without separating. Thus, although the skin friction is increased, overall drag is decreased. This

is the principle behind the dimpling on golf balls, as well as vortex generators on aircraft. Special

wing sections have also been designed which tailor the pressure recovery so laminar separation is

reduced or even eliminated. This represents an optimum compromise between the pressure drag

from flow separation and skin friction from induced turbulence.

2. Naval architecture

Many of the principles that apply to aircraft also apply to ships and offshore platforms. There are

a few key differences. One is the mass of the boundary layer. Since a good portion of the

boundary layer travels at or near the speed of the ship, the energy required to accelerate and

decelerate this additional mass must be taken into account. When calculating the power required

by the engine, this mass is added to the mass of the ship. In aircraft, this additional mass is not

usually taken into account because the weight of the air is so small. However, in ship design, this

mass can easily reach 1/4 or 1/3 of the weight of the ship and therefore represents a significant

drag in addition to frictional drag.

3. Boundary layer equations

The deduction of the boundary layer equations was perhaps one of the most important advances

in fluid dynamics. Using an order of magnitude analysis, the well-known governing

NavierStokes equations of viscous fluid flow can be greatly simplified within the boundary layer.

Notably, the characteristic of the partial differential equations (PDE) becomes parabolic, rather

than the elliptical form of the full NavierStokes equations. This greatly simplifies the solution of

the equations. By making the boundary layer approximation, the flow is divided into an inviscid

portion (which is easy to solve by a number of methods) and the boundary layer, which is

governed by an easier to solve PDE. The NavierStokes equations for a two-dimensional steady

incompressible flow in Cartesian coordinates are given by
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where u and v are the velocity components, ρ is the density, p is the pressure, and ν is the

kinematic viscosity of the fluid at a point.

The approximation states that, for a sufficiently high Reynolds number the flow over a surface

can be divided into an outer region of inviscid flow unaffected by viscosity (the majority of the

flow), and a region close to the surface where viscosity is important (the boundary layer). Let u

and v be streamwise and transverse (wall normal) velocities respectively inside the boundary

layer. Using scale analysis, it can be shown that the above equations of motion reduce within the

boundary layer to become

and if the fluid is incompressible (as liquids are under standard conditions):

The asymptotic analysis also shows that v, the wall normal velocity, is small compared with u the

streamwise velocity, and that variations in properties in the streamwise direction are generally

much lower than those in the wall normal direction.

Since the static pressure p is independent of y, then pressure at the edge of the boundary layer is

the pressure throughout the boundary layer at a given streamwise position. The external pressure

may be obtained through an application of Bernoulli's equation. Let u0 be the fluid velocity

outside the boundary layer, where u and u0 are both parallel. This gives upon substituting for p

the following result

with the boundary condition
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For a flow in which the static pressure p also does not change in the direction of the flow then

so u0 remains constant.

Therefore, the equation of motion simplifies to become

These approximations are used in a variety of practical flow problems of scientific and

engineering interest. The above analysis is for any instantaneous laminar or turbulent boundary

layer, but is used mainly in laminar flow studies since the mean flow is also the instantaneous

flow because there are no velocity fluctuations present.

4. Turbulent boundary layers

The treatment of turbulent boundary layers is far more difficult due to the time-dependent

variation of the flow properties. One of the most widely used techniques in which turbulent flows

are tackled is to apply Reynolds decomposition. Here the instantaneous flow properties are

decomposed into a mean and fluctuating component. Applying this technique to the boundary

layer equations gives the full turbulent boundary layer equations not often given in literature:

Using the same order-of-magnitude analysis as for the instantaneous equations, these turbulent

boundary layer equations generally reduce to become in their classical form:
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The additional term in the turbulent boundary layer equations is known as the Reynolds

shear stress and is unknown a priori. The solution of the turbulent boundary layer equations

therefore necessitates the use of a turbulence model, which aims to express the Reynolds shear

stress in terms of known flow variables or derivatives. The lack of accuracy and generality of

such models is the single major obstacle which inhibits the successful prediction of turbulent

flow properties in modern fluid dynamics.

5. Boundary layer turbine

This effect was exploited in the Tesla turbine, patented by Nikola Tesla in 1913. It is referred to

as a bladeless turbine because it uses the boundary layer effect and not a fluid impinging upon

the blades as in a conventional turbine. Boundary layer turbines are also known as cohesion-type

turbine, bladeless turbine, and Prandtl layer turbine (after Ludwig Prandtl).

In Section 3 of this course you will cover these topics:
Transition To Turbulent Flow

Wall-Bounded, Incompressible Turbulent Flows

Topic : Transition To Turbulent Flow

Topic Objective:

At the end of this topic student will able to learn:

 Turbulent Flow

 Examples of turbulence
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Definition/Overview:

Turbulent Flow: In fluid dynamics, turbulence or turbulent flow is a fluid regime characterized

by chaotic, stochastic property changes. This includes low momentum diffusion, high

momentum convection, and rapid variation of pressure and velocity in space and time. Flow that

is not turbulent is called laminar flow. The (dimensionless) Reynolds number characterizes

whether flow conditions lead to laminar or turbulent flow; e.g. for pipe flow, a Reynolds number

above about 4000 (A Reynolds number between 2100 and 4000 is known as transitional flow)

will be turbulent. At very low speeds the flow is laminar, i.e., the flow is smooth (though it may

involve vortices on a large scale). As the speed increases, at some point the transition is made to

turbulent flow. In turbulent flow, unsteady vortices appear on many scales and interact with each

other. Drag due to boundary layer skin friction increases. The structure and location of boundary

layer separation often changes, sometimes resulting in a reduction of overall drag. Because

laminar-turbulent transition is governed by Reynolds number, the same transition occurs if the

size of the object is gradually increased, or the viscosity of the fluid is decreased, or if the density

of the fluid is increased.

Key Points:

1. Turbulent Flow

Turbulence causes the formation of eddies of many different length scales. Most of the kinetic

energy of the turbulent motion is contained in the large scale structures. The energy "cascades"

from these large scale structures to smaller scale structures by an inertial and essentially inviscid

mechanism. This process continues, creating smaller and smaller structures which produces a

hierarchy of eddies. Eventually this process creates structures that are small enough that
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molecular diffusion becomes important and viscous dissipation of energy finally takes place. The

scale at which this happens is the Kolmogorov length scale.

In two dimensional turbulence (as can be approximated in the atmosphere or ocean), energy

actually flows to larger scales. This is referred to as the inverse energy cascade and is

characterized by a k − (5 / 3) in the power spectrum. This is the main reason why large scale

weather features such as hurricanes occur.

Turbulent diffusion is usually described by a turbulent diffusion coefficient. This turbulent

diffusion coefficient is defined in a phenomenological sense, by analogy with the molecular

diffusivities, but it does not have a true physical meaning, being dependent on the flow

conditions, and not a property of the fluid, itself. In addition, the turbulent diffusivity concept

assumes a constitutive relation between a turbulent flux and the gradient of a mean variable

similar to the relation between flux and gradient that exists for molecular transport. In the best

case, this assumption is only an approximation. Nevertheless, the turbulent diffusivity is the

simplest approach for quantitative analysis of turbulent flows, and many models have been

postulated to calculate it. For instance, in large bodies of water like oceans this coefficient can be

found using Richardson's four-third power law and is governed by the random walk principle. In

rivers and large ocean currents, the diffusion coefficient is given by variations of Elder's formula.

When designing piping systems, turbulent flow requires a higher input of energy from a pump

(or fan) than laminar flow. However, for applications such as heat exchangers and reaction

vessels, turbulent flow is essential for good heat transfer and mixing. While it is possible to find

some particular solutions of the Navier-Stokes equations governing fluid motion, all such

solutions are unstable at large Reynolds numbers. Sensitive dependence on the initial and

boundary conditions makes fluid flow irregular both in time and in space so that a statistical

description is needed. Russian mathematician Andrey Kolmogorov proposed the first statistical

theory of turbulence, based on the aforementioned notion of the energy cascade (an idea

originally introduced by Richardson) and the concept of self-similarity. As a result, the

Kolmogorov microscales were named after him. It is now known that the self-similarity is

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

26
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



broken so the statistical description is presently modified. Still, the complete description of

turbulence remains one of the unsolved problems in physics.

2. Examples of turbulence

 Smoke rising from a cigarette. For the first few centimeters, the flow remains laminar,

and then becomes unstable and turbulent as the rising hot air accelerates upwards.

Similarly, the dispersion of pollutants in the atmosphere is governed by turbulent

processes.

 Flow over a golf ball. (This can be best understood by considering the golf ball to be

stationary, with air flowing over it.) If the golf ball were smooth, the boundary layer flow

over the front of the sphere would be laminar at typical conditions. However, the

boundary layer would separate early, as the pressure gradient switched from favorable

(pressure decreasing in the flow direction) to unfavorable (pressure increasing in the flow

direction), creating a large region of low pressure behind the ball that creates high form

drag. To prevent this from happening, the surface is dimpled to perturb the boundary

layer and promote transition to turbulence. This results in higher skin friction, but moves

the point of boundary layer separation further along, resulting in lower form drag and

lower overall drag.

 The mixing of warm and cold air in the atmosphere by wind, which causes clear-air

turbulence experienced during airplane flight, as well as poor astronomical seeing (the

blurring of images seen through the atmosphere.)

 Most of the terrestrial atmospheric circulation

 The oceanic and atmospheric mixed layers and intense oceanic currents.

 The flow conditions in many industrial equipment (such as pipes, ducts, precipitators, gas

scrubbers, dynamic scraped surface heat exchangers, etc.) and machines (for instance,

internal combustion engines and gas turbines).

 The external flow over all kind of vehicles such as cars, airplanes, ships and submarines.

 The motions of matter in stellar atmospheres.
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 A jet exhausting from a nozzle into a quiescent fluid. As the flow emerges into this

external fluid, shear layers originating at the lips of the nozzle are created. These layers

separate the fast moving jet from the external fluid, and at a certain critical Reynolds

number they become unstable and break down to turbulence.

 Unsolved problems in physics: Is it possible to make a theoretical model to describe the

behavior of a turbulent flow in particular, its internal structures?

 Race cars unable to follow each other through fast corners due to turbulence created by

the leading car causing understeer.

 In windy conditions, trucks that are on the motorway gets buffeted by their wake.

 Round bridge supports under water. In the summer when the river is flowing slowly the

water goes smoothly around the support legs. In the winter the flow is faster, so a higher

Reynolds Number, so the flow may start off laminar but is quickly separated from the leg

and becomes turbulent.

Topic : Wall-Bounded, Incompressible Turbulent Flows

Topic Objective:

At the end of this topic student will able to learn:

 Incompressible flow

 Relation to compressibility factor

 Relation to solenoidal field

 Difference between incompressible flow and material

 Incompressible constraints

 Anelastic flow

 Low Mach flow/ Pseudo-incompressibility

 Numerical solutions of Incompressible flow
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Definition/Overview:

Turbulence modeling: Turbulence modeling is the area of physical modeling where a simpler

mathematical model than the full time dependent Navier-Stokes Equations is used to predict the

effects of turbulence. There are various mathematical models used in flow modelling to

understand turbulence.

Key Points:

1. Incompressible flow

In fluid mechanics or more generally continuum mechanics, an incompressible flow is solid or

fluid flow in which the divergence of velocity is zero. This is more precisely termed isochoric

flow. It is an idealization used to simplify analysis. In reality, all materials are compressible to

some extent. Note that isochoric refers to flow, not the material property. This means that under

certain circumstances, a compressible material can undergo (nearly) incompressible flow.

However, by making the 'incompressible' assumption, the governing equations of material flow

can be simplified significantly. The equation describing an incompressible (isochoric) flow,

,

where is the velocity of the material

The continuity equation states that,

This can be expressed via the material derivative as
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Since ρ > 0, we see that a flow is incompressible if and only if,

that is, the mass density is constant following the material element.

2. Relation to compressibility factor

In some fields, a measure of the incompressibility of a flow is the change in density as a result of

the pressure variations. This is best expressed in terms of the compressibility factor

If the compressibility factor is acceptably small, the flow is considered to be incompressible.

3. Relation to solenoidal field

An incompressible flow is described by a velocity field which is solenoidal. But a solenoidal

field, besides having a zero divergence, also has the additional connotation of having non-zero

curl (i.e., rotational component).

Otherwise, if an incompressible flow also has a curl of zero, so that it is also irrotational, then the

velocity field is actually Laplacian.
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4. Difference between incompressible flow and material

As defined earlier, an incompressible (isochoric) flow is the one in which

.

This is equivalent to saying that

i.e. the material derivative of the density is zero. Thus if we follow a material element, its mass

density will remain constant. Note that the material derivative consists of two terms. The first

term describes how the density of the material element changes with time. This term is also

known as the unsteady term. The second term, describes the changes in the density as the

material element moves from one point to another. This is the convection or the advection term.

For a flow to be incompressible the sum of these terms should be zero.

On the other hand, a homogeneous, incompressible material is defined as one which has constant

density throughout. For such a material, ρ = constant. This implies that,

and

independently.

From the continuity equation it follows that

Thus homogeneous materials always undergo flow that is incompressible, but the converse is not

true. It is common to find references where the author mentions incompressible flow and

assumes that density is constant. Even though this is technically incorrect, it is an accepted

practice. One of the advantages of using the incompressible material assumption over the
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incompressible flow assumption is in the momentum equation where the kinematic viscosity (

) can be assumed to be constant. The subtlety above is frequently a source of confusion.

Therefore many people prefer to refer explicitly to incompressible materials or isochoric flow

when being descriptive about the mechanics.

5. Incompressible constraints

In fluid dynamics, incompressible flow is considered to be if the divergence of the velocity is

zero. However, varying forms of this constraint can be derived depending on the system to be

solved. Some extended versions of this constraint are described below:

Incompressible flow: . This can assume either constant density (strict

incompressible) or varying density flow. The varying density set accepts solutions involving

small perturbations in density, pressure and/or temperature fields, and can allow for pressure

stratification in the domain.

6. Anelastic flow

.

Principally used in the field of atmospheric sciences, the anelastic constraint extend

incompressible flow validity to stratified density and/or temperature as well as pressure. This

allow the thermodynamic variables to relax to an 'atmospheric' base state seen in the lower

atmosphere when used in the field of meteorology, for example. This condition can also be used

for various astrophysical systems.
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7. Low Mach flow/ Pseudo-incompressibility

.

The Low Mach constraint can be derived from the compressible Euler equations using scale

analysis of non-dimensional quantities. The restraint, like the previous in this section, allows for

the removal of acoustic waves, but also allows for large perturbations in density and/or

temperature. The assumption is that the flow remains within a Mach number limit (normally less

than 0.3) for any solution using such a constraint to be valid. Again, in accordance with all

incompressible flows the pressure deviation must be small in comparison to the pressure base

state.

8. Numerical solutions of Incompressible flow

The stringent nature of the incompressible flow equations means that specific mathematical

techniques have been devised to solve them. Some of these methods include:

 The projection method (both approximate and exact)

 Artificial compressibility technique

 Compressibility pre-conditioning

These methods make differing assumptions about the flow, but all take into account the general

form of the constraint for general flow dependent functions α and β.

In Section 4 of this course you will cover these topics:
Internal Flows

Free Shear Flows
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Topic : Internal Flows

Topic Objective:

At the end of this topic student will able to learn:

Fluid dynamics

Equations of fluid dynamics

Compressible vs incompressible flow

Viscous vs inviscid flow

Steady vs unsteady flow

Laminar vs turbulent flow

Newtonian vs non-newtonian fluids

Subsonic vs transonic, supersonic and hypersonic flows

Non-relativistic vs relativistic flows

Magnetohydrodynamics

Definition/Overview:

Internal Flows: In fluid mechanics, internal flow is a flow for which the fluid is confined by a

surface. Hence the boundary layer is unable to develop without eventually being constrained.
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The internal flow configuration represents a convenient geometry for heating and cooling fluids

used in chemical processing, environmental control, and energy conversion technologies.

Key Points:

1. 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.

2. 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),
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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

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. Compressible vs incompressible flow
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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.

4. 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
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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.

5. 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.
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6. 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 72 km/h (20 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.

7. Newtonian vs non-Newtonian fluids
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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.

8. 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.

9. 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.

10.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.
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Topic : Free Shear Flows

Topic Objective:

At the end of this topic student will able to learn:

 Transonic

 Modern Jet Powered Aircraft

 Transonic Speeds

Definition/Overview:

Transonic: Transonic is an aeronautics term referring to a range of velocities just below and

above the speed of sound. Transonic speeds can also occur at the tips of rotor blades of

helicopters and aircraft. Wave drag is caused by the formation of shock waves around the

aircraft. 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

During transonic flight, the plane must pass through large shock wave, as well as contending

with the instability caused by air moving faster than sound over parts of the wing and slower in

other parts. The shock wave is one of several different ways in which a gas in a supersonic flow

can be compressed.

Key Points:
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1. Transonic

Transonic is an aeronautics term referring to a range of velocities just below and above the speed

of sound (about mach 0.81.2). It is defined as the range of speeds between the critical mach

number, when some parts of the airflow over an aircraft become supersonic, and a higher speed,

typically near Mach 1.2, when all of the airflow is supersonic. Between these speeds some of the

airflow is supersonic ,and some is not.

2. Modern Jet Powered Aircraft

Most modern jet powered aircraft spend a considerable amount of time in the transonic state.

This is particularly important due to an effect known as wave drag, which is prevalent in these

speed ranges. Attempts to combat wave drag can be seen on all high-speed aircraft; most notable

is the use of swept wings, but another common form is a wasp-waist fuselage as a side effect of

the Whitcomb area rule.

3. Transonic Speeds

Severe instability can occur at transonic speeds. Shock waves move through the air at the speed

of sound. When an object such as an aircraft also moves at the speed of sound, these shock

waves build up in front of it to form a single, very large shock wave. During transonic flight, the

plane must pass through this large shock wave, as well as contending with the instability caused

by air moving faster than sound over parts of the wing and slower in other parts. The difference

in speed is due to Bernoulli's principle.

Transonic speeds can also occur at the tips of rotor blades of helicopters and aircraft. However,

as this puts severe, unequal stresses on the rotor blade, it is avoided and may lead to dangerous

accidents if it occurs. It is one of the limiting factors to the size of rotors, and also to the forward
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speeds of helicopters (as this speed is added to the forward-sweeping (leading) side of the rotor,

thus possibly causing localized transonics). The lift force, lifting force or simply lift is a

mechanical force generated by solid objects as they move through a fluid.

While many types of objects can generate lift, the most common and familiar object in this

category is the airfoil, a relatively flat object of which the common airplane wing is an example.

For the sake of simplicity, this article will discuss lift primarily in the context of airfoils and

wings.

In Section 5 of this course you will cover these topics:
Wall-Bounded Turbulent Flows With Variable Density And Heat And Mass Transfer

Three-Dimensional External Boundary Layer Flows

Topic : Wall-Bounded Turbulent Flows With Variable Density And Heat And Mass
Transfer

Topic Objective:

At the end of this topic student will able to learn:

 Incompressible flow

 Relation to compressibility factor

 Relation to solenoidal field

 Difference between incompressible flow and material

 Incompressible constraints

 Anelastic flow

 Low Mach flow/ Pseudo-incompressibility
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 Numerical solutions of Incompressible flow

Definition/Overview:

Turbulence modeling: Turbulence modeling is the area of physical modeling where a simpler

mathematical model than the full time dependent Navier-Stokes Equations is used to predict the

effects of turbulence. There are various mathematical models used in flow modelling to

understand turbulence.

Key Points:

1. Incompressible flow

In fluid mechanics or more generally continuum mechanics, an incompressible flow is solid or

fluid flow in which the divergence of velocity is zero. This is more precisely termed isochoric

flow. It is an idealization used to simplify analysis. In reality, all materials are compressible to

some extent. Note that isochoric refers to flow, not the material property. This means that under

certain circumstances, a compressible material can undergo (nearly) incompressible flow.

However, by making the 'incompressible' assumption, the governing equations of material flow

can be simplified significantly. The equation describing an incompressible (isochoric) flow,

,

where is the velocity of the material

The continuity equation states that,
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This can be expressed via the material derivative as

Since ρ > 0, we see that a flow is incompressible if and only if,

that is, the mass density is constant following the material element.

2. Relation to compressibility factor

In some fields, a measure of the incompressibility of a flow is the change in density as a result of

the pressure variations. This is best expressed in terms of the compressibility factor

If the compressibility factor is acceptably small, the flow is considered to be incompressible.

3. Relation to solenoidal field

An incompressible flow is described by a velocity field which is solenoidal. But a solenoidal

field, besides having a zero divergence, also has the additional connotation of having non-zero

curl (i.e., rotational component).

Otherwise, if an incompressible flow also has a curl of zero, so that it is also irrotational, then the

velocity field is actually Laplacian.

4. Difference between incompressible flow and material

As defined earlier, an incompressible (isochoric) flow is the one in which
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.

This is equivalent to saying that

i.e. the material derivative of the density is zero. Thus if we follow a material element, its mass

density will remain constant. Note that the material derivative consists of two terms. The first

term describes how the density of the material element changes with time. This term is also

known as the unsteady term. The second term, describes the changes in the density as

the material element moves from one point to another. This is the convection or the advection

term. For a flow to be incompressible the sum of these terms should be zero.

On the other hand, a homogeneous, incompressible material is defined as one which has constant

density throughout. For such a material, ρ = constant. This implies that,

From the continuity equation it follows that

Thus homogeneous materials always undergo flow that is incompressible, but the converse is not

true. It is common to find references where the author mentions incompressible flow and

assumes that density is constant. Even though this is technically incorrect, it is an accepted

practice. One of the advantages of using the incompressible material assumption over the

incompressible flow assumption is in the momentum equation where the kinematic viscosity (

) can be assumed to be constant. The subtlety above is frequently a source of confusion.

Therefore many people prefer to refer explicitly to incompressible materials or isochoric flow

when being descriptive about the mechanics.

5. Incompressible constraints
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In fluid dynamics, incompressible flow is considered to be if the divergence of the velocity is

zero. However, varying forms of this constraint can be derived depending on the system to be

solved. Some extended versions of this constraint are described below:

Incompressible flow: . This can assume either constant density (strict

incompressible) or varying density flow. The varying density set accepts solutions involving

small perturbations in density, pressure and/or temperature fields, and can allow for pressure

stratification in the domain.

6. Anelastic flow

.

Principally used in the field of atmospheric sciences, the anelastic constraint extend

incompressible flow validity to stratified density and/or temperature as well as pressure. This

allow the thermodynamic variables to relax to an 'atmospheric' base state seen in the lower

atmosphere when used in the field of meteorology, for example. This condition can also be used

for various astrophysical systems.

7. Low Mach flow/ Pseudo-incompressibility

.

The Low Mach constraint can be derived from the compressible Euler equations using scale

analysis of non-dimensional quantities. The restraint, like the previous in this section, allows for

the removal of acoustic waves, but also allows for large perturbations in density and/or

temperature. The assumption is that the flow remains within a Mach number limit (normally less

than 0.3) for any solution using such a constraint to be valid. Again, in accordance with all

incompressible flows the pressure deviation must be small in comparison to the pressure base

state.
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8. Numerical solutions of Incompressible flow

The stringent nature of the incompressible flow equations means that specific mathematical

techniques have been devised to solve them. Some of these methods include:

 The projection method (both approximate and exact)

 Artificial compressibility technique

 Compressibility pre-conditioning

These methods make differing assumptions about the flow, but all take into account the general

form of the constraint for general flow dependent functions α and β.

Topic : Three-Dimensional External Boundary Layer Flows

Topic Objective:

At the end of this topic student will able to learn:

 Boundary Layer

 Velocity Boundary Layer

 Reynolds numbers

 Laminar boundary layers

 Aerodynamics

 Naval architecture

 Boundary layer equations

 Turbulent boundary layers
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 Boundary layer turbine

Definition/Overview:

Boundary Layer: In physics and fluid mechanics, a boundary layer is that layer of fluid in the

immediate vicinity of a bounding surface. In the Earth's atmosphere, the planetary boundary

layer is the air layer near the ground affected by diurnal heat, moisture or momentum transfer to

or from the surface. On an aircraft wing the boundary layer is the part of the flow close to the

wing. The boundary layer effect occurs at the field region in which all changes occur in the flow

pattern. The boundary layer distorts surrounding nonviscous flow. It is a phenomenon of viscous

forces. This effect is related to the Reynolds number.

Laminar boundary layers: Laminar boundary layers come in various forms and can be loosely

classified according to their structure and the circumstances under which they are created. The

thin shear layer which develops on an oscillating body is an example of a Stokes boundary layer,

whilst the Blasius boundary layer refers to the well-known similarity solution for the steady

boundary layer attached to a flat plate held in an oncoming unidirectional flow. When a fluid

rotates, viscous forces may be balanced by the Coriolis effect, rather than convective inertia,

leading to the formation of an Ekman layer. Thermal boundary layers also exist in heat transfer.

Multiple types of boundary layers can coexist near a surface simultaneously.

Key Points:

1. Aerodynamics
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The aerodynamic boundary layer was first defined by Ludwig Prandtl in a paper presented on

August 12, 1904 at the third International Congress of Mathematicians in Heidelberg, Germany.

It allows aerodynamicists to simplify the equations of fluid flow by dividing the flow field into

two areas: one inside the boundary layer, where viscosity is dominant and the majority of the

drag experienced by a body immersed in a fluid is created, and one outside the boundary layer

where viscosity can be neglected without significant effects on the solution. This allows a

closed-form solution for the flow in both areas, which is a significant simplification over the

solution of the full NavierStokes equations. The majority of the heat transfer to and from a body

also takes place within the boundary layer, again allowing the equations to be simplified in the

flow field outside the boundary layer.

2. Velocity Boundary Layer

The thickness of the velocity boundary layer is normally defined as the distance from the solid

body at which the flow velocity is 99% of the freestream velocity, that is, the velocity that is

calculated at the surface of the body in an inviscid flow solution. An alternative definition, the

displacement thickness, recognises the fact that the boundary layer represents a deficit in mass

flow compared to an inviscid case with slip at the wall. It is the distance by which the wall would

have to be displaced in the inviscid case to give the same total mass flow as the viscous case. The

no-slip condition requires the flow velocity at the surface of a solid object be zero and the fluid

temperature be equal to the temperature of the surface. The flow velocity will then increase

rapidly within the boundary layer, governed by the boundary layer equations, below. The thermal

boundary layer thickness is similarly the distance from the body at which the temperature is 99%

of the temperature found from an inviscid solution. The ratio of the two thicknesses is governed

by the Prandtl number. If the Prandtl number is 1, the two boundary layers are the same

thickness. If the Prandtl number is greater than 1, the thermal boundary layer is thinner than the

velocity boundary layer. If the Prandtl number is less than 1, which is the case for air at standard

conditions, the thermal boundary layer is thicker than the velocity boundary layer.
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In high-performance designs, such as sailplanes and commercial transport aircraft, much

attention is paid to controlling the behavior of the boundary layer to minimize drag. Two effects

must to be considered. First, the boundary layer adds to the effective thickness of the body,

through the displacement thickness, hence increasing the pressure drag. Secondly, the shear

forces at the surface of the wing create skin friction drag.

3. Reynolds numbers

At high Reynolds numbers, typical of full-sized aircraft, it is desirable to have a laminar

boundary layer. This results in a lower skin friction due to the characteristic velocity profile of

laminar flow. However, the boundary layer inevitably thickens and becomes less stable as the

flow develops along the body, and eventually becomes turbulent, the process known as boundary

layer transition. One way of dealing with this problem is to suck the boundary layer away

through a porous surface (see Boundary layer suction). This can result in a reduction in drag, but

is usually impractical due to the mechanical complexity involved and the power required to

move the air and dispose of it. Natural laminar flow is the name for techniques pushing the

boundary layer transition aft by shaping of an aerofoil or a fuselage so that their thickest point is

aft and less thick. This reduces the velocities in the leading part and the same Reynolds number

is achieved with a greater length.

At lower Reynolds numbers, such as those seen with model aircraft, it is relatively easy to

maintain laminar flow. This gives low skin friction, which is desirable. However, the same

velocity profile which gives the laminar boundary layer its low skin friction also causes it to be

badly affected by adverse pressure gradients. As the pressure begins to recover over the rear part

of the wing chord, a laminar boundary layer will tend to separate from the surface. Such flow

separation causes a large increase in the pressure drag, since it greatly increases the effective size

of the wing section. In these cases, it can be advantageous to deliberately trip the boundary layer

into turbulence at a point prior to the location of laminar separation, using a turbulator. The fuller

velocity profile of the turbulent boundary layer allows it to sustain the adverse pressure gradient
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without separating. Thus, although the skin friction is increased, overall drag is decreased. This

is the principle behind the dimpling on golf balls, as well as vortex generators on aircraft. Special

wing sections have also been designed which tailor the pressure recovery so laminar separation is

reduced or even eliminated. This represents an optimum compromise between the pressure drag

from flow separation and skin friction from induced turbulence.

4. Naval architecture

Many of the principles that apply to aircraft also apply to ships and offshore platforms. There are

a few key differences. One is the mass of the boundary layer. Since a good portion of the

boundary layer travels at or near the speed of the ship, the energy required to accelerate and

decelerate this additional mass must be taken into account. When calculating the power required

by the engine, this mass is added to the mass of the ship. In aircraft, this additional mass is not

usually taken into account because the weight of the air is so small. However, in ship design, this

mass can easily reach 1/4 or 1/3 of the weight of the ship and therefore represents a significant

drag in addition to frictional drag.

5. Boundary layer equations

The deduction of the boundary layer equations was perhaps one of the most important advances

in fluid dynamics. Using an order of magnitude analysis, the well-known governing

NavierStokes equations of viscous fluid flow can be greatly simplified within the boundary layer.

Notably, the characteristic of the partial differential equations (PDE) becomes parabolic, rather

than the elliptical form of the full NavierStokes equations. This greatly simplifies the solution of

the equations. By making the boundary layer approximation, the flow is divided into an inviscid

portion (which is easy to solve by a number of methods) and the boundary layer, which is

governed by an easier to solve PDE. The NavierStokes equations for a two-dimensional steady

incompressible flow in Cartesian coordinates are given by
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where u and v are the velocity components, ρ is the density, p is the pressure, and ν is the

kinematic viscosity of the fluid at a point.

The approximation states that, for a sufficiently high Reynolds number the flow over a surface

can be divided into an outer region of inviscid flow unaffected by viscosity (the majority of the

flow), and a region close to the surface where viscosity is important (the boundary layer). Let u

and v be streamwise and transverse (wall normal) velocities respectively inside the boundary

layer. Using scale analysis, it can be shown that the above equations of motion reduce within the

boundary layer to become

The asymptotic analysis also shows that v, the wall normal velocity, is small compared with u the

streamwise velocity, and that variations in properties in the streamwise direction are generally

much lower than those in the wall normal direction.

Since the static pressure p is independent of y, then pressure at the edge of the boundary layer is

the pressure throughout the boundary layer at a given streamwise position. The external pressure

may be obtained through an application of Bernoulli's equation. Let u0 be the fluid velocity

outside the boundary layer, where u and u0 are both parallel. This gives upon substituting for p

the following result

For a flow in which the static pressure p also does not change in the direction of the flow then

so u0 remains constant.

Therefore, the equation of motion simplifies to become
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These approximations are used in a variety of practical flow problems of scientific and

engineering interest. The above analysis is for any instantaneous laminar or turbulent boundary

layer, but is used mainly in laminar flow studies since the mean flow is also the instantaneous

flow because there are no velocity fluctuations present.

6. Turbulent boundary layers

The treatment of turbulent boundary layers is far more difficult due to the time-dependent

variation of the flow properties. One of the most widely used techniques in which turbulent flows

are tackled is to apply Reynolds decomposition. Here the instantaneous flow properties are

decomposed into a mean and fluctuating component. Applying this technique to the boundary

layer equations gives the full turbulent boundary layer equations not often given in literature:

Using the same order-of-magnitude analysis as for the instantaneous equations, these turbulent

boundary layer equations generally reduce to become in their classical form:
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The additional term in the turbulent boundary layer equations is known as the Reynolds

shear stress and is unknown a priori. The solution of the turbulent boundary layer equations

therefore necessitates the use of a turbulence model, which aims to express the Reynolds shear

stress in terms of known flow variables or derivatives. The lack of accuracy and generality of

such models is the single major obstacle which inhibits the successful prediction of turbulent

flow properties in modern fluid dynamics.

7. Boundary layer turbine

This effect was exploited in the Tesla turbine, patented by Nikola Tesla in 1913. It is referred to

as a bladeless turbine because it uses the boundary layer effect and not a fluid impinging upon

the blades as in a conventional turbine. Boundary layer turbines are also known as cohesion-type

turbine, bladeless turbine, and Prandtl layer turbine (after Ludwig Prandtl).
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