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4.1 Fluid Flow

Fluid flow can be broken down into two terms, either laminar or turbulent. Knowing whether a fluid is
laminar or not is very important in figuring out its characteristics.

4.1.1 Laminar Flow

Laminar flow is the name given to a “smooth” flow. Consider the pipe shown in Fig.4.1, the arrows in the
image show the direction that the fluid travels, and it can be considered that a laminar flow are all parallel
to each other. Laminar flow is also simpler to calculate, as it can also be assumed that the flow’s velocity,
pressure at each point is constant.

Laminar flow typically occurs in very small flow channels, whegels i igh viscosity fluid flows slowly.
Examples of this are oil through a small pipe, or bloo api s (not arteries or veins). The URL
below shows a laminar flow.

https://www.youtube.com/watch?v=90pbBI

4.1.2 Turbulent Flow

Turbulent flow, on the other hand, is d the flow paths will often cross and mix. The velocity of

Figure 4.2: Turbulent flow through a pipe

There are far more examples of turbulent flow in systems, such as oil transport pipes and blood through
arteries and veins. Turbulent flow also includes air over an aerofoil.

4.1.3 The Reynold’s Number
They Reynold’s number (Re) is a dimensionless constant that is used to describe fluid flow. The Reynold’s
number is calculated using Eq.4.1, and is a ratio of inertia forces to viscous forces.
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4.2 Head Losses in Pipe

No system is 1009% efficient, and pipework is no exception, frictional losses occur as the surface of the water
and the surface of the pipe make contact with each other.

Head losses in particular describe the loss of pressure in the system, consider the pipework in Fig.4.3 below,
this method is a simple pressure measurement without the use of electronics. The head losses refer to the
height lost at each gauge, the further along the pipe, the more frictional losses occur, this loss in pressure
means that the height that the water reaches in the gauge lowers, and as such h; > h, > h; in Fig.4.3.

i h,

Figure 4.3: Head losse

4.2.1 Surface Roughness
Head losses in pipes can have a range of reasons, o
of the pipe. Fig.4.4 shows the effect surface r
of the flow contained within the crevices,
requires more forces and pressures to get t
compared to the perfectly smooth pi

4.4: Turbulent flow through a rough (left) and smooth (right) pipe

The relative roughness of a pipe is defined Eq.4.2, where k is the average height of the surface irregularities
(some sources will use €), and d is the diameter of the pipe.

Relative Roughness = E (Eq.4.2)

Fig.4.5 gives a graphical demonstration of the dimensions.
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Figure 4.5: The measurement of the diameter and height of irregularities in a pipe.

4.2.2 Moody Diagrams
Moody diagrams is a diagram to measure the coefficient of friction in pipes
some sources will use A). Calculating the coefficient of friction depends on bg
relative roughness.

his workbook as f,
W invthe pipe and its

The equations used for calculating f are:

_ 16

Laminar: f=
a a -

Turbulent Smooth pipes: f=0.079Re 02>

1
Turbulent Rough pipes: —= =

gh pip 77
These equations are quite long to calcula e laminar equation (Eq.4.3). So
alternatively, the Moody chart is availabl he Moody chart is a graph that has already plot

a given relative roughness, but
absolute roughness

number. Most Moody diagrams will also include an
> absolute roughness value is a typical estimate for € for

Example
Let’s say for an ex ld’s number of a given flow is 7 - 10%, and the absolute roughness is
0.25mm with a diamet m. The friction factor will be ~0.007 (maybe 0.0071, shown as a red dot

in Fig.4.7), or using the nowing that the pipe is rough and turbulent.

L g 6.9+( k )1-11 gl 69 (_025-10% \"™)_
JF 7B Re T\371d) | T TR 7005 T\3 7T 625103 |
2
f:(11.827> = 000715

Which means the estimate from the Moody diagram is very close.
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Figure 4.7: Moody Diagram
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4.2.4 The Darcy-Weisbach Equation

The Darcy-Weisbach equation is used to calculate the head losses in a system. The head loss of a system is
measured in the height change in metres, and is a valid measurement of pressure drop. The Darcy-Weisbach
equation is defined by Eq.4.6:

_ flu?
f = 2gd

(Eq.4.6)
Where:

e hgis the head loss (m)

e fis the friction factor

e [isthe length of the pipe (m)

e u is the velocity of the fluid (m/s)

e g isacceleration due to gravity (m/s?)
e disthe diameter of the pipe (m)

Example

p 4kg/m3) over 500m at
a relative roughness of 0.008.

An oil Pipeline is transporting Arabian Light oil at 20°C (v =
1m/s. Calculate the head loss in the pipe if the pipe’s diamé

Answer

Flow is turbulent, and from the Moody di n factor f can be estimated as 0.0089, meaning
that h¢ can be calculated as:

(500)(1)*

8D _ Lidm

0.008 - 0.2 = 0.0016

)1.11 = —3.61 69 +( 0.0016 >1.11 = 10.6542
= 70080 17107 T 37102 -

f = 0.00881

~ 10.65422

Meaning head loss is:

flu>  0.0088(500)(1)?

B =2ed = 2008D002) - 12m

Again, an almost miniscule difference over 500m of pipe.
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4.3 Turbines

Hydraulic Machines are systems that will use the force of water to do work (or vice versa). The earliest
examples of this are the traditional water wheels which date back to roughly 4000 B.C, which were used for
crop irrigation, water transport and grinding grain. As technology advanced, water wheels were used to
power sawmills, bellows and textile mills, before being replaced with fuel powered engines in a lot of
applications.

Turbines use the movement of fluid to generate work, while pumps do work to move fluid. Turbines can be
classed as either an impulse turbine, or a reaction turbine. Reaction turbines move as a result of a reaction
force with the fluid acting on it, while impulse turbines are pushed using an impulse (the rate of change of
momentum) from the fluid.

4.3.1 Pelton Wheel

The Pelton wheel was developed in the 1800s during the Ameri
turbine, and consists of a series of buckets connected to an impeller. to a nozzle, the
pressure of the discharge is dictated by the position of the spear rod. he buckets, it will
create a moment acting around the impeller, which will force it g ets will discharge the fluid

is an impulse

Discharge

Figure 4.9: Pelton wheel diagram

4.3.2 Kaplan Turbi
The Kaplan turbine are reaction turbines that typically use adjustable blades; a schematic of a vertical-axis
Kaplan turbine can be seen in Fig.4.10, Kaplan turbines can also be found in an “s-turbine” configuration. The
fluid flow into the system is controlled using inlet vanes. Altering the position of the vanes means that the
fluid will hit the rotors at the appropriate angle for the highest efficiency, this can also be achieved using the
rotor blade’s pitch; the rotor pitch will be angled almost flat during low flow, and heavily pitched at high flow
(~45°). The nose cone of the system is used to prevent the formation of rope vortices, which can cause large
pressure fluctuations in the system, which can be detrimental to the blades. The draft tube’s diameter slowly
tapers off after the fluid has passed through the turbine blades in order to reduce the pressure of the fluid
and extract all the kinetic energy from the fluid to put into the turbine.
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Figure 4.10: Kaplan Turbine
The Kaplan turbine can have a number of configurations:
e Full Kaplan (Adjustable inlet vanes and turbine pitch

e Semi-Kaplan
o Adjustable inlet vanes — fixed turbine
o Fixed inlet vanes — adjustable turbin

e Simple propeller turbine (Fixed inlet va

Figure 4.11 shows an estimated efficiency
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Figure 4.11: Efficiency against load of various Kaplan turbines

4.3.3 Francis Wheel

The Francis wheel is also a reaction turbine. Hoover Dam in Nevada, USA uses 17 Francis turbines powered
by flow of the Colorado River. A schematic of a Francis wheel turbine is shown in Fig.4.12. While the Pelton
wheel and Kaplan turbines both used an axial inflow to the turbine (straight line), Francis turbines use a radial
inflow, but the flow ends up axial once leaving the turbine. The fluid flows in and is slowly guided in to the
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propellers of the turbine by a series of vanes dotted around the runner, as the fluid is flowing through the
runner, its pressure and angular momentum decreases, these reductions provide a reaction on the runner
and will rotate the driveshaft at the centre of the runner. As the fluid loses its speed in the runner, it will flow
into the draft tube underneath. Like the Kaplan turbine, the draft tube tapers outwards to maximise the
energy extracted by the turbine.

Fluid

Volute

Figure 4.12: A F,
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4.4 Pumps

4.4.1 Centrifugal Pump

A centrifugal pump is one that uses rotation to move the fluid. It has a very similar shape and design to the
Francis wheel turbine. The fluid is brought into the system through the centre of the impeller (which typically,
is not the centre of the volute) and constant rotation through the impeller blades will direct the fluid to push
out through the discharge pipes. Due to the shape of the and position of the impeller, as the distance
between the impeller and the volute increase, there is a build up in pressure in the system which will push
the fluid out of the system.

Discharge

Volute

4.4.2 Reciprocating Pump

Reciprocating pumps are piston me
this system is to extract water fg
down into several stages.

0 = 0°:Thecra

of the piston, i e is open, and the discharge valve is closed.

Cylinder

X

Fluid Reservoir

Figure 4.14: A reciprocating pump at TDC
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4.5 Dimensional Analysis

We can create the equations we use in maths by looking at their dimensions. Which can be broken down
into three distinct dimensions:

e Length[L]
e Mass [M]
e Time [T]

If an equation is dimensionally consistent (RHS=LHS) then the equation maybe accurate (This does not
guarantee it is accurate). Let’s take a look at Newton’s 2™ Law. F = ma, we can break this down into the
three variables and their dimensions.

F = [N] = [M][L][T]~?

So, when we put this into the equation we get.

[M][L][T]™? = [M]

Which shows the equation for the Newtons 2" law a

The table below shows the differen riable, and the dimensional form.

Dimensional
Form

So the equation, in dime al form, is:

[L]® = [L]-[L] - [L]
Which we simplify further to
[L]S — [L](1+1+1)
Or, just looking at the powers, we can see that:
3=1+4+1+1

We can therefore show that this is dimensionally equal.
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From [3]:

Sub [4] into [1]:
1=15(2)+B~B=-2
Sub [4] into [2]:
1=05(2)+C~C=0
Almost there. Earlier we had...

F x Q4rBm¢

Since we know that C=0then the ‘m’ term disappears (anything to the power lso know values

for A and B...

F x Q4rBm¢

F « Q4rBm?°

F < Q4rB

An important thing to note here; wge the mass of the particles may have had an influence on
the force between them. Our dig termined that this was not the case — the mass was
irrelevant. Also, the a charge squared term, and we know that we had two

Q102

T2

F «

This result looks remar i ulomb’s Law.
However, lets look at a more complicated example.

It is believed that pressure drop AP in a pipe is related to the diameter of the pipe d, the length of the pipe
L, the density of the fluid p, the dynamic viscosity y, and the velocity u. Using Rayleigh’s method, determine
the relationship between the variables.

AP = daprCudue
Which in dimensional form can be expressed as:

[MLT=?] = [L]*[L]°[ML=3][ML-* T4 [LT 1]
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The function can then be written as below, where k and c will be determined by experimentation

AP k(L m )C

puz  \d’pdu
As all the T groups are dimensionless. It could be a case that the m groups given are the inverse. It is
entirely possible to write:

u? d pdu\©

P er(5, 2
AP L u

4.5.3 Scale Models

Dimensional analysis can be useful when developing scale models of experiments. For example, if engineers

by changing one variable, the value for c can be found,
meaning we can figu g other variables.

tangential velocit

a) The dimension ariable are:
T,, = ML?T 2
r=
u=LT?
p =ML
Q=13T"1
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Our recurring set will be:

r=
u=LT1?
p=ML3
To which the dimensions can be written as:
L=r
M = pr3
T
u
So, for Ty, :
= Ty X M1L72T2
1 1r?
And for Q:

And the

b) If the torque o ortional to the square of the radius, then we can rearrange to give.

C

Q
Ty = k(m) X pr3u?

If T, o r?:

Looking at the powers only:
3—2c=2
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