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Significant Fluid Properties and Characteristics of Fluid Flow



Introduction

Fluid Mechanics is that branch of engineering that deals with the behavior of fluids in motion or
at rest. Fluid in motion is termed fluid dynamics while fluids at rest is called fluid statics.

Whether at rest or in motion fluids take the shape of the inner surface boundaries containing
them. This is obvious with liguids, but with gases which are also fluids, they occupy the entire
volume of their container. Since the container could be of any shape, liquid fluids will deform to
conforim to boundaries. This deformation is due to shear siress acting on the fluid at their
boundaries. Such a stress is defined as the rate of change of ve!oci'ty of a moving fluid as its
depth in the container changes. That is, for example, for water flowing in a twelve-foot depth
pond or waterway, the shear stress at the bottom where there is thearetically no flow, velocity
of flow equals zero, therefore no stress. While at an eight-foot depth there is flow taking place
{fluid velocity not equal zero), therefore shear stress is present there. Mathematically this is
written:

T = .dv/dy, where
dv represents an element of velocity
dy represents an element of depth, and

I is a proportionality constant related to fluid viscosity.

Fluid Properties
Viscosity

This is defined as a measure of a fluid’s resistance ta shear or angular deformation* lt's a
property that resists the movement of adjacent layers of the fluid which leads to the angular
deformation. It relates the local stresses in 3 moving fluid to the strain rate of the fluid
element.?

Because of movement of the layers of a fluid, the resulting viscosity is called dynamic viscosity,
and symbolized, i1, which relates the shear stress to velocity gradient.? Also note that viscosity
of a fiquid decreases with increasing temperature because of decreasing inter-molecular forces

(cohesive forces) with increasing temperature?. Whenever there is an increasing temperature
the density of a fluid is affected, and so also is the value of p.

Density

This is defined as the amount of mass of fluid flowing per unit volume. With changing values of
u and a corresponding density p (rho), another relationship v {nu), kinematic viscosity is found.
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This is, v = u/p. The kinematic viscosity property plays a vital role in the determination of some
fluid flow characteristics. Measurements of this viscosity using the Sl system (metric system)

shows kinematic viscosity has units L2/T where Lis the unit for length and T the unit for
temperature>.

The units for density are kg/m? {(mass per unit volume). Note that as the temperature of a fluid
increases, its density decreases, and as the pressure increases its density increases.

Density when applied to gravity produces a particular form of weight — specific weight. This is

defined as the weight of a given volume of a fluid, and is denoted by ¥ = pg. lts units are
kg/m2.m?/s? or kg m2sZ,

Specific Gravity

This is a ratio of the density of a specific fluid to the density of a standard reference fluid such as
water or air; in the case of gases, it is denoted:

SGliquid = pliquid/pwater or
SGgas = pgas/Pair

The liquids have close-packed molecules with strong cohesive forces, definite volume and free
surfaces. The gases have widely-spaced molecules, negligible cohesive forces, and they expand
to fili the container.

These properties apply to all types of fluids which in turn can be classified into four main
categories, namely,

a, ldeal fluid
b, real fluid
c, Newtonian fluid

d, Non-Newtonian fluid

See Fig 1.



- Elastic solig”

Fluid Types
Ideal Fluid

This is one in which there is no friction between adjacent moving layers, that is, one in which
the viscosity is zero. it is also termed inviscid fluid.

Real Fluid

Here, there is the development of shear stresses between nei

ghboring particles when they are
moving at different velocities.

Newtonian Fluid

This is a fluid in which the viscous stresses are proportional to the element strain rates and the
coefficient of viscosity. This is simply the rate of change of deformation over time.®

Non-Newtonian Fluid

These are fluids that do not obey the relationship between stress and shear strain.

Of these categories the one most used in practice is the Newtonian. This type is applied in the
two main areas of fluid flow — Laminar and Turbulent. Laminar flow is seen as steady, uniform
flow in which there is no macroscopic mixing between adjacent layers of fluid.” On the other
hand turbuient flow does lead to macroscopic mixing. See Figs. 2 and 3.
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Fluid Flows

Laminar Flow Turbulent Flow

S SO
3333335555 <) Sj (‘)‘x‘( ) ?2) 'y ) ¢

Fig. 2 ' Fig. 3
Steady flow here means the velocity Unsteady flow here shows fluid particles
at any point in the fluid is constant and curved away from streamlines and
flow is in layers. mixing with adjacent layers.

The common characteristic of both flows is layer distortion. They conform quite easily to the
shape of their container, whether the flow is laminar or turbulent. The determination of
turbulence or laminarity is often done by application of a mathematical formula for a well-

known flow parameter called Reynolds number. It is a dimensionless number comparing inertial
forces to viscous forces in a flowing fluid.

Reynolds Number
The formula generally used for this number is:
Res=p.UL/u
where p = density,
U is the velocity of the fluid
L the length of flow investigated.
11 is the dynamic viscosity of the fluid
The calculated value of the Reynolds number is used to categorize the nature of the flow,
be it faminar, turbulent or transitional.
If Re <2000 flow is taminar

2000 < Re < 4000 fow is transitional



4000 <Re flow is turbulent

These numbers are not exact but good approximations, depending on the specific applications.
in particular, modeling data from experimental investigations is one of the prime uses of

Reynolds number. When the number derived from an experiment’s data closely matches the
theoretically calculated value, then the criterium of similarity is achieved and the nature of the
flow can be predicted.

Low Reynolds numbers indicate steady or uniform flow; this is more easily predictable for
incompressibie fluids than it is for say air. As a result, characteristics of steady flow are easily
measurable and so low flow speeds and constant density values can be determined guickly.

When measurements show increasing density and/or velocity values over some length of
region, it indicates a transition of flow is taking place; the flow is neither laminar nor turbulent,
and so this region is called the transition region. During its length the calculated Reynolds
number is greater than 2000 but less than 4000 (2000 < Rey < 4000j}. As the flow speed keeps
increasing, the resulting Reynolds number also increases, moving past 4000, thereafter the flow

is no longer streamlined but becomes turbulent. See Fig. 3

But if the extended region reaches some finite length “I” and flow is laminar then some work
coutd be done at position “I” because of accumulated energy there. In particular when the flow
is internal as in some pipeline systems and the fluid is an incompressible liquid, it can be treated
as an ideal flow and so the known Bernoulli’s theorem can be used.

Incompressible Flow
Bernoulli Theorem

This states that for a steady state ideal flow of an incompressible fluid, the total energy
comprising mechanical energy associated with fluid pressure, gravitational potential energy of
elevation and kinetic energy of fluid motion remains constant.® That is, from point 1 to another
point 2 in an ideal flow situation the total energy of flow is represented as:

Pi/p +0.5(Vi)? +g1Z1 = Pyfp +0.5(V2)2 + gZ, = Constant, where p is the density

When pressure changes are very small in incompressible fluids and friction is also small as in
some pipe flow problems, then the Bernoulli Theorem can be used quite satisfactorily for real
fluids applications. However, if the flow is through very long pipelines, then this equation must
be modified to account for large energy losses, called head losses. They could be friction losses
ht, pump losses hy, or turbine losses hy.

Now working in terms of energy per unit weight, where a specific-weight y = pg, the Bernoulli’s
Theorem becomes:



Pufy + 0.5(V1)*/g + Z1 = P2/y + 0.5(V2)*/g + Z, = Canstant
When relevant losses are included during practical use we get:
{Pfy +0.5V%/g + Z)in = (P/y + 0.5V + Z)our + hr + hy - hp
This approach allows the determination of volume flow rate Q, and/or pressure P.

The Q can be calculated through use of the flow velocity and the area perpendicular to the flow,
applied mostly when the flow medium is liquid or incompressible.

Velocity can also be determined from Bernoulli’s theorem,

when the inner diameter of the system pipe is known, combining the two produces Q.

Continuity Equation

This states O = AV, and this is known as the continuity equation.

V=Q/A where A =t D?/4
and V=4Q/nD? where Dis the diameter of the pipe.
When the flow medium is air and its velocity is high, the density varies along the way making
The mass flow rate, m’=pAV  where m’ is titled “m-dot”
and m’ means the derivative with respect to time.
for continuity, m’ = piA1Vy = p2AaV;

It is the presence of density changes that make the flow compressible.

Compressibility and Compressible Flow

Compressibility is a measure of the ease or difficulty with which a fluid’s volume is changed or
reduced when subjected to an external pressure. This causes the density to change. it takes
place mostly when the fluid is gaseous and moving at an extremely high speed. If the fluid is
liguid such compressibility effects dictate the speed at which flow can occur. If there is a small
reduction in the flow pipe’s diameter this can lead to the condition known as flow choking. This
is a condition in which no additional mass flow can take place. it happens when the speed of the
moving gas approaches Mach one, that is, when it approaches the speed of sound, which is
approximately 300my/s; at this time the flow becomes compressible. At such speeds its density
and pressure change significantly. Comparing the speed of the moving fluid to the speed of
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sound, that ratio is called Mach Number, and written as,

Ma = v/c

where v is the speed of the fluid and “¢” is the speed of scund.

Whenever Ma < 0.3 flow is considered incompressible and so density effects are negligible.
When 0.3<Ma<0.38, flow is subsonic and density effects must be cansidered

When 1.2 < Ma < 3.0, flow is supersonic and density values must be included in calculations.
And for Ma > 3.0, flow is hypersonic.

The flows can be external as is the case around airplanes, rockets and re-entry vehicles,

or internal as happens inside ducts and nozzle passages.

For large density changes it follows from the eqguation of state that the pressure and
temperature changes are substantal, enabling two new properties of the fluid to become
active, introducing two new equations into the system and these must be solved simultaneously
with equations of momentum and continuity.

Thus, four fundamental equations must be used when analyzing compressible flow.

Contihuity is expressed as a mass flow rate, m’= pAV = constant

Momentum, for one-dimension steady flow is: F = m'{Vz — V1) = p2QaV; - piQ:V,

Energy Equation for compressible flow: (Py/y1 + 1, + 21 + Vi2/28) + Qu = (Pofya + 2 + 72 + Vu¥/2g)
where Qu = heat lost and | = heat energy.

Equation of State: P/p = pv = RT where v = 1/p is a specific volume and P is the pressure.

For internal flows, every elemental change in pressure brings about a change in velocity
because of the value of density at that moment.

Pressure changes are the main phenomena responsible for aerodynamic forces in external
compressible flows. As is known, when the working fluid is air in motion it creates aerodynamic
forces that act on an aircraft for example. See Fig. 4

These forces are identified as:

Thrust: The force acting forward that pushes the airplane ahead. In the case of today’s aircraft,
the thrust is generated inward of the airplane by its engines and sometimes by a very small
force due to a tailwind.

Drag: This is the force that tends to hold back the forward movement of the airpiane, reducing
its velocity.






Lift: This force lifts the airplane. It is achieved by the action of thrust and angle of attack of the
wings.

Weight: This is a component of force acting opposite the lift component; its formula is F= mg
where m is the total mass of the airplane and g is the acceleration due to gravity.

These are the fluid forces acting simultaneously on an airpiane in flight. in steady-level flight,
the overall lift equals the weight of the aircraft while its drag is balanced by engine trust.?

Therefore, it can be seen that thrust is the force that overcomes all viscous, external and
pressure forces needed to propel the aircraft forward. That is,

FintemaE + Fexternal = Fpressure + Fuiscous

the total driving force is the sum of pressure and viscous forces. The pressure itseif is usually
easilty determined by manipulation of Bernoulli's Equation, while the viscous forces can be
deduced from the Navier-Stokes Equations. Navier-Stokes equations are used mainly when the
flow is unsteady and compressibie. For the compressible flow the momentum component of
the Navier-Stokes equation is the one usually applied. It is written as:

5 .

pDU/D: = —IP/dx; + pgi + O U/ + (v + 1/310)/3%. Dt /% )20, The presence of the density
term in the equation tells that some viscous effects are present. Since the force being sought is
a pressure force, then the viscous terms can be omitted from this equation reducing it to,

pDu/D: = -+ pg

This holds true in one dimension. But in three dimensions when flows become unsteady very
quickly, applicabte Navier-Stokes equations combine the changing characteristics of the flow
(i.e. density change, velocity, energy and weight) with time. This is done using configurations of
continuity, momentum, energy and weight. See Fig. 5.

The practical result of all this is the solution to certain flow problems, by solving all the
equations simultancously. As can be seen this entails a huge tedious task which is usually done
efficiently by a program in numerical methods in the subject of Computational Fluid Dynamics
(CFD). tt is a very efficient and accurate way of finding reliable results.

Conclusion
It can be seen that fluid properties are directly affected by the nature of the flow.

The rate of flow invariably determines the category of application. That is, for low-speed
uniform flow liquids are the better choice in many areas while gaseous fluids allow high speed
applications.

When flow is at a very high speed the magnitudes of its characteristics — velocity, pressure,
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energy, etc., are tedious and difficult to calculate and so use is made of the well-known Navier-
Stokes equations to determine their values. This determination is done through the use of

algorithms of Computational Fluid Dynamics (CFD). However, it has been found that the
solutions to these theoretical equations are still not fully understood,! especially so, because of
the phenomenon of turbulence which indirectly is incorporated in the equations.



{llustrations

Fig. 1 Fuid Mechanics with Engineering Applications 10™ Edition by E. John Finnemore and
loseph B. Franzini, Pub. McGraw Hiil, 2002, P. 31

Fig. 4 www.grc.nasa.gov>www>BGP/cruise.himl

Fig. 5 www.grc.nasa.gov>www>BGP/navier-stokes-equation.html
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