Chapter 1- Introduction to Fluid Motion

Introduction to Fluid Motion

This chapter discusses the analysis of fluid in motion - fluid dynamics. It is useful to
introduce some definitions about fluid motion.

dm

Mass flow rate (rin):is the mass per time taken to accumulate this mass, m= E

Volume of fluid
time

Volume flow rate-Discharge (Q),Q =

Types of flowlines

Pathline: A pathline follows the movement of a single fluid particle. It can be produced in
the laboratory by marking a fluid particle (dying a small fluid element) and taking a time
exposure photograph of its motion.

Streakline: consists of all particles in a flow that have previously passed through a common
point. Streaklines are more of a laboratory tool than an analytical tool. They can be obtained
by taking instantaneous photographs of marked particles that all passed through a given
location in the flow field at some earlier time. Such a line can be produced by continuously
injecting marked fluid (neutrally buoyant smoke in air, or dye in water) at a given location.

Streamline: A streamline is a line that is everywhere tangent to the velocity field. If the
flow is steady, nothing at a fixed point (including the velocity direction) changes with time,
so the streamlines are fixed lines in space. For unsteady flows the streamlines may change
shape with time. Streamlines are obtained analytically by integrating the equations defining
lines tangent to the velocity field. For two-dimensional flows the slope of the streamline,
must be equal to the tangent of the angle that the velocity vector makes with the x axis.

Types of flow

Uniform flow: If the flow velocity is the same magnitude and direction at every point in
the fluid it is said to be uniform.

Non-uniform: If at a given instant, the velocity is not the same at every point the flow is
non-uniform.(In practice, by this definition, every fluid that flows near a solid boundary
will be non-uniform — as the fluid at the boundary must take the speed of the boundary,
usually zero. However if the size and shape of the cross-section of the stream of fluid is
constant the flow is considered uniform).
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Steady flow: A steady flow is one in which the conditions (velocity, pressure and cross-
section) may differ from point to point but DO NOT change with time.

Unsteady flow: If at any point in the fluid, the conditions change with time, the flow is
described as unsteady. (In practice there is always slight variations in velocity and pressure,
but if the average values are constant, the flow is considered steady).

Combining the above we can classify any flow in to one of the following four
types:

1.Steady uniform flow. Conditions do not change with position in the stream or with time.
An example is the flow of water in a pipe of constant diameter at constant velocity.

2. Steady non-uniform flow. Conditions change from point to point in the stream but do not
change with time. An example is flow in a tapering pipe with constant velocity at the inlet
- velocity will change as you move along the length of the pipe toward the exit.

3. Unsteady uniform flow. At a given instant in time the conditions at every point are the
same, but will change with time. An example is a pipe of constant diameter connected to a
pump pumping at a constant rate which is then switched off.

4. Unsteady non-uniform flow. Every condition of the flow may change from point to point
and with time at every point. For example waves in a channel.

Compressible and Incompressible Flow

All fluids are compressible - even water - their density will change as pressure changes.
Under steady conditions, and provided that the changes in pressure are small, it is usually
possible to simplify analysis of the flow by assuming it is incompressible and has constant
density. As you will appreciate, liquids are quite difficult to compress - so under most
steady conditions they are treated as incompressible. In some unsteady conditions very
high pressure differences can occur and it is necessary to take these into account- even for
liquids. Gasses, on the contrary, are very easily compressed, it is essential in most cases to
treat these as compressible, taking changes in pressure into account.

Three Dimensional Flow

Although in general all fluids flow three-dimensionally, with pressures and velocities and
other flow properties varying in all directions, in many cases the greatest changes only
occur in two directions or even only in one. In these cases changes in the other direction
can be effectively ignored making analysis much more simple.
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Flow is one dimensional if the flow parameters (such as velocity, pressure, depth etc.) at a
given instant in time only vary in the direction of flow and not across the cross-section.
The flow may be unsteady, in this case the parameter vary in time but still not across the
cross-section. An example of one-dimensional flow is the flow in a pipe. Note that since
flow must be zero at the pipe wall - yet non-zero in the center — there is a difference of
parameters across the cross-section. Should this be treated as two-dimensional flow?
Possibly - but it is only necessary if very high accuracy is required. A correction factor is
then usually applied.

Ideal Flow: frictionless (u = 0) and

incompressible. —a

Real Flow: p#0

h 4

Pipe Ideal flow Real flow

Adiabatic flow: fluid flow in which no One dimensional flow in a pipe.
heat is transferred to or from the fluid

Adiabatic + frictionless = isentropic

Laminar Flow: fluid particles move along smooth path in laminas (or layers). Laminar
flow is governed by Newton’s law of viscosity:

Turbulent Flow: Fluid particles move in very irregular paths.

Laminar and turbulent flow
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Control Volume and Conservations Laws

The control volume was "an imagined spatial volume having certain characteristics and
introduced for purposes of analysis" of fluid mechanics. The concept was later expanded
to aid in thermodynamic analysis.

Ll
S——" Control volume

Time ¢ Time 7 + ¢
(a) (5)

A control volume is defined as a region of three-dimensional space selected for the
purposes of analysis and on which specific fundamental physical laws can be applied.
Around this volume of space is a control surface. That surface is an imaginary, infinitely
thin 2 dimensional surface. The purpose of the control surface is to aid in identifying mass
and energy which act on the control volume.

When applying control volumes to fluid dynamics, flow is allowed to enter or leave
the volume, resulting in changes to momentum, kinetic energy and other physically
measurable properties internal to the volume. When applying control volumes to
thermodynamics, this flow influences the internal energy of the volume and other
properties of the fluid's physical state. Heat and work are also accounted for when they are
found to cross the control surface.

dN

Ez%LvﬂpdV+L3ﬂpV -dA

N: the total amount of some property (mass, energy or momentum),} the amount of this
N

mass’

property per unit mass, § =
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1- CONSERVATION OF MASS (CONTINUITY EQUATION)

—m—l dN—dm—O teady stat
’B_m_ , Frinir T (for steady state)

0= fdeA= fprldA1+ fszZdAz

Ccs n out

0 =-p, V141 + pV24A;
p1V14, = p,V,A, or my = m,(Continuity equation).
For incompressible flow, p; = p», hence,

ViA1 =V,A; or Q= Q;
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Example: A 10 kg/s of water flows through a main pipe. The pipe branches
to two pipes, 10 cm-diameter and 20 cm diameter. Find the mass flow rate
and velocity at each branch if you know that the water velocity in the 10 cm
branch is 0.5 m/s

d, =10 cm V,=0.5 m/s
\ —

m, =10 kg/s——

(=

d, =20 cm
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Notes:
The appearing V in the equations above is the mean velocity Vmean

e For ideal fluid in pipe, Q = AVmean
e For real fluid in pipe, Q = AVnean = J; V(r)dA

Q Jv(r)daA

-~V =
mean — 4 - 7”02

H.W: Determine the mean and maximum velocities for a fluid flow inside pipe according

2
to the velocity profile: V = (1 — (L)>

To

2- CONSERVATION OF ENERGY

Applying Newton’s 2" law along S-direction:
ma =Y Fs

(Assuming steady, incompressible, nun-
viscous) Streamline

v opP
pdAdS —- = pdA - (P + = ds) dA — ydAdS cos6

d aS
av 1 0P dz
- o5 9 1)
dVv = ant+anS
-~ ot S

dv _ov _ ovds
dt odt aSdt
dv

oV ov
E—E'ng (2)
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Eqg. (1) = Egq. (2 —>—16—P— E—a—V+a—VV
q-(1)=Eq. (2) p dS 9as " ot T os

For steady state, ‘;—Z =0

av 1dP dz , :
= 55 Y9 (3) Euler’s Equation

Integrating eg. (3) along S and assuming incompressible flow:

S (1ap [ odZ
as ") pas ) 9as T

2

V7+§+gz=const. 4)

V22 : (J/kg) is the kinetic energy
P/p : (J/kg) is the flow energy
gz (J/kg) is the potential energy

Note that, equation (4) can be written in other forms, by dividing
it by g or multiplying it by p.

VZ P . .
— 4+ —+ z = const (Bernoulli equation)
29 pg

V?/2g (m): velocity head (m)
P/pg (m): pressure head
Z (m): potential head

Total energy is always constant

1
Esz + P +yz = const
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% pV# (Pa): dynamic pressure

P (Pa): static pressure

vz (Pa): pressure due to elevation

Definitions:

Total pressure: is the summation of static, dynamic, elevation

pressures, Pt =P + % pV? + pgz

Piezometric pressure:

pressure, P,= P + pgz

Dynamic
pressure
Piezometer Stagnation
\ — pressure, Py,
:\V'2
Static P _
pressure, P 4 Pitot
tube

1 4
Stagnation
point

Measurement of static and total pressures

is the summation of static and elevation

Pitot
tube

Manometer

Pitot Tube
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H.W: For the tube shown in figure, derive a relation for the velocity of air at
point A.

10
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Ex: The system shown in figure discharges gasoline (p = 680 kg/m®) to
atmosphere at a rate of 12 kg/s. Calculate the pressure P;.

Scm

Example: Derive the flow rate relation through venturi meter for air. Then
determine the manometer reading h, where S=0.8

Air 1
200L/8t206m ‘lOcm—q—h

11
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Applications of Bernoulli Equation

1- Pump system

VZ P VZ P
St — 4zt hp =424z

29 pg 29 pg

hp: is the pressure head generated by the pump (m)

the pump efficiency is given by:

N output power vQhp
~ inputpower = Wp

2- Turbine system

W+H+ ht ﬁ+&+
—+—+4+zi—ht=—"—+—+2z
29 pg 29 pg °

h¢: is the pressure head supplied to the turbine (m)

T]t_output power__ Ty,
~ input power _htyQ

nt: Turbine efficiency

13
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Example: Water is pumped at a rate of 180 m3hr to the upper reservoir as
shown. Calculate the power required to drive the pump. Take pump efficiency
as 70%

v

P=150 kPa

Pump

14
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3- Momentum Conservation

Z—Tz%LVﬂpdV+LSﬂpV -dA

N=mV (momentum)

d(mV)_ a (mV v + .[mV v dA
at ot m?P m PV

cv CcS

For steady state

dV_O-I—jV V.dA
e T pY-
cs
wma=xF=[_ Vidnm,— [ V,dm,

Or

D F =iV, —mV;
Pressure force (P * A)

F Reaction force
Wieght (sometimes)

15
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Example: Find the horizontal force of the water on the horizontal bend shown
in figure.

e |,
V1=10m/s—?—b 8cm .
)

16
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APPLICATION OF MOMENTUM EQUATION ON MOVING VANES

Bernoilli between 1 and 2,
Vi=V>
V1= Vj-Vp

where:

V1: relative velocity (velocity of jet relative to the vane)
V;j : Jet or (Nozzle) velocity
Vb: vane (or blade) velocity

In vane application, the mass flow rate is calculated as follow:

1- m = pA;V; For multi vanes (turbine)
2- m = pA;(V; — V) for single vane

ZFX :movo _mi\/i

—F, =my,cos0—mV, =m(V,; -V, )(cosd —1)

F.=m(; -V,)1-cos0)

18



Chapter 1- Introduction to Fluid Motion

Example: The vane shown in figure moves to the right at 30 m/s. the jet velocity

is 80 m/s. determine (a) the force components needed to support the vane (b) the
absolute velocity at the exit, and (c) the power generated by the vane.

Aj=2 mmx40 cm

2 /
- Vj=80m/s 1
-

e

—> V;=30m/s
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