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Nomenclature

A Area
b Blade height
¢ Chord length
Cp Dissipation coefficient or drag coefficient
C'1, Lift coefficient
i ind turbines

C, Specific heat capacity at constant pressure or power coefficient for wind tu

P
C, Specific heat capacity at constant volume
D Machine diameter

g Acceleration due to gravity
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Nomencalture

h Enthalpy or static pressure head

H Total head

¢ Incidence angle

I Rothalpy

k Loss coefficient

K Dimensionless specific speed or loss coefficient
L Angular momentum

m Mass flow rate

N Rotation speed in revolutions per second or Dimensional specific speed

p Pressure

P Power

) Flow rate

q Heat transfer

R Gas constant or Reaction or tip radius
r Radial coordinate

7, Mean radius

ry Tip radius

r, Hub radius

s Blade pitch or entropy
t Time or blockage factor
T Torques or temperature
U Frame velocity vector
U

Frame velocity magnitude

<u

Absolute velocity vector

V' Absolute velocity magnitude
W Relative velocity vector

w Work

W Relative velocity magnitude
x Axial coordinate

z Height

a Absolute flow angle
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Nomencalture

( Relative flow angle

~ Ratio C,,/C,, or blade inlet angle for wind turbines
© Angle made by Pelton wheel bucket
0 Tangential coordinate

A Tip speed ratio for wind turbines

IT Dimensionless parameter

n Efficiency

p Density

1 Viscosity

o Thoma’s parameter for cavitation

& Stage loading coefficient

1 Flow coefficient

w Rotational speed
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Chapter 1

Introduction

This book is designed to help you understand turbomachinery. It aims to help you over some of the
difficult initial concepts so that your work or study with turbomachinery will be much more fruitful.
It does not tell you how to design a turbomachine but instead aims to make your other studies, lectures
and textbooks which go into more depth make much more sense. For those readers not concerned with
turbomachinery design it might provide all the background they need. It is based on an introductory
course taught at Durham University for some years.

There are actually only three really difficult ideas in this book: understanding the cascade view
(Chapter 1), velocity triangles (Chapter 2)and the concept of reaction (Chapter 6). Once you have
mastered those three concepts Turbomachinery actually becomes relatively straightforward!
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This book is available on-line and any comments or suggestions about the book are gratefully
received by the author. He can be contacted via e-mail at: g./.ingram@durham.ac.uk

1.1 How this book will help you

The book is designed to provide guidance on the basics. So if someone is presenting a velocity
triangle which you do not understand or you have absolutely no idea what a stator is this book will
help. Armed with this understanding you can then go on use the more complex texts effectively.

The book also contains examples which illustrate how understanding these basic concepts lead to
an immediate appreciation of why machines look the way they do. So for example you will rapidly be
able to see why wind turbine blades are twisted, why a the blade height in a steam turbine increases
towards the low pressure end and why pump blades often point away from the direction of rotation.

The most valuable learning experience however is to actually manipulate the ideas contained in
this text. A series of problems are provided at the end of each chapter with numerical answers - to
fully understand the material in this book you should attempt these problems.

1.2 Things you should already know

This book is directed at readers with a basic knowledge of Fluid Mechanics and Thermodynamics.
In order to make best use of the book you should have some knowledge of the steady flow energy
equation, static and stagnation conditions, the perfect gas law, how to use steam tables and charts and
an understanding of the boundary layer.

1.3 What is a Turbomachine?

A turbomachine is a device that exchanges energy with a fluid using continuously flowing fluid and
rotating blades. Examples of these devices include aircraft engines and wind turbines.

If the device extracts energy from the fluid it is generally called a turbine. If the device delivers
energy to the fluid it is called a compressor, fan, blower or pump depending on the fluid used and the
magnitude of the change in pressure that results. Turbomachinery is the generic name for all these
machines.

Somewhat confusingly the word turbine is sometimes applied to a complete engine system on an
aircraft or in a power station, e.g. “a Boeing 747 is equipped with four gas turbines for thrust”. A
glossary is in Appendix A on page 137 at the end of the book to help you navigate your way through
the turbomachinery jargon.

Turbomachinery is essential to the operation of the modern world. Turbines are used in all sig-
nificant electricity production throughout the world in steam turbine power plants, gas turbine power
plants, hydro-electric power plant and wind turbines. Pumps are used to transport water around mu-
nicipal water systems and in homes, pumps and turbines are also essential in the transportation of
fuel oil and gas around pipe networks. Gas turbine engines are used to power all large passenger
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Figure 1.1: Applications of Turbomachinery
aircraft either in the form of turbo-prop or turbo-fan engines and also through a gearbox they power
all helicopter engines.

In short turbomachinery is all around you and is an area worthy of further study! Figure 1.1 shows
four important applications of turbomachinery, in the top left gas turbine propulsion for aeroplanes,
in the top right wind turbine power of electricity production, in the bottom left the rotor of a steam
turbine for power production and a water pump is shown in the bottom right.

1.4 A Simple Turbine

There are many variants of turbine, here we describe the operation of a simple turbine so you get a
feel for what is going on. An outline of a turbine is shown in Figure 1.2. From this view all we know
about the device is that flow goes into it and as if by magic the shaft turns and produces a torque.

If we look at the device in an exploded view (Figure 1.3) we see that as well as a number of covers
and bearings there is a row of aerodynamically shaped objects that don’t move followed by a row of
aerodynamically shaped objects that provide the torque to the shaft.

The objects are known various as blades, buckets, nozzles, aerofoils or airfoils. In this book we
will generally refer to them as blades. The row of stationary blades is known as a stator and the row
of rotating blades connected to the output shaft is known as the rotor.

The basic mechanism of operation is as follows (Figure 1.4):

1. the fluid flows directly into the device in an axial direction (in line with the machine)
2. the stator blades turn the flow so that it is lined up with the turbine blades

3. the turbine blades turn the flow back towards the axial direction and turn the output shaft.
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The key point is that the power extraction from the fluid arises from turning the flow. More
complex turbines use more than one row of rotors and stators, but all work on the same essential
principle. A question often asked at this point is that since all the power comes from the rotor can you
do without a stator? The answer is yes! Wind turbines extract power from fluid with the need for a
stator. However for flows with much larger energy densities such as those in aircraft engines adding
a stator allows you to get much more energy out of the subsequent stator row - the reason for this is
found in Chapter 5.

1.5 The Cascade View

There are two key views of turbomachinery used throughout this book (and in turbomachinery design
in general). These are the cascade view and the meridional view.

The cascade view arises from looking at the stator and rotor of the simple turbine shown earlier
(Top half of Figure 1.5) if you look closely at the topmost part of the turbine you can see the blades
of the stator and rotor outlined in plan view. This is highlighted by a red box. You can actually do
this for any rotor/stator blade combination around the circumference of the turbine. The fact that
you can do this for every blade suggests that the plan view may be an excellent way of analysing the
performance of the machine.

The 2D cascade view of the simple turbine is shown in the lower half of Figure 1.5. The cascade
view with a single stator and rotor blade is highlighted with a red box. The relation between the 2D
cascade view and the 3D real turbine should be obvious. The rest of the cascade view is made up of
plan views of the other stator and rotor blade combinations. When looking directly down onto the red
box in the the 3D view of the turbine the movement of the rotor blade appears to be simply from left
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Figure 1.2: A Simple Turbine
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Figure 1.3: A Simple Turbine: Exploded View
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Figure 1.4: Simple Turbine Operation
Stator Rotation

Rotation

<
-

I

Figure 1.5: Cascade View

Download free ebooks at bookboon.com

21


http://bookboon.com/

Basic Concepts in Turbomachinery Introduction

3D View

e

1 Very large radius

Figure 1.6: The Cascade View as a Large Radius Machine

to right. So in the cascade view the rotary motion in the 3D model becomes 2D linear motion in the
cascade view.

We can then analyse how the turbine blades influence the flow by looking at this 2D cascade view,
since the cascade view is the same for every blade passage around the circumference of the turbine.
Although we have completed this for the top of the turbine we can repeat the exercise at any radius
from the hub of the machine to the tip.

An alternative way of looking at the cascade view is to say that we are examining an infinite
radius machine. Consider Figure 1.6 which contains three views, the first is a 3D view of a simple
turbine, the second shows a sketch of the turbine as viewed from upstream with the blades and hub
shown in schematic form. To form the cascade view we can approximate the real turbine rotating at
speed w with a tip radius R = 0.15m and a spacing between the blades of s with a machine with an
infinite radius and the same blade spacing (or pitch) of s. The rotation of the machine w is replaced
by a linear motion of magnitude w R where R is the radius of the original machine.

The actual cascade view involves looking down from the casing to the hub so you get a plan view
of the blades. Note that in the real machine the pitch s gets larger with larger radius r so the cascade
view only accurately represents the machine at a single radius. For machines with very large changes
of radius such as wind turbines we can draw a number of cascade views at different radii.

The cascade has two “analysis stations™ associated with it at inlet and outlet. A consequence of
the cascade view is the properties of the fluid (pressure, temperature etc) going through the machine
are assumed constant in the tangential direction since there is no change in geometry or flow between
one blade and the next in that direction. In the real machine this assumption represents properties
being constant around the circumference of the machine so that a single value describes the fluid state
around the whole machine. Analysis stations can also be applied to parts of the turbomachine that
don’t always have rotational symmetry such as the inlet or the exit pipe - what is assumed there is
that a single value accurately represents the flow in the inlet or the exit.
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1.6 The Meridional View

The meridional view is much more straightforward than the cascade view and is illustrated in Figure
1.7. On the left of Figure 1.7 is the familiar 3D view of our simple turbine. For the meridional view
instead of looking at the tip of the blade this time we take a side on view of the whole turbine and
look at a cross section of the machine at the hub and tip radius. This is highlighted by a red box. On
the right of Figure 1.7 is the actual meridional view which shows the stator followed by the rotor in
cross section. The actual machine radius r is usually very large compared to the blade height b and
so the axis of rotation is not always shown in the meridional view.

1.7 Assumptions used in the book

It is easy to see how the real turbomachinery flow field is three dimensional and unsteady now that
the complex geometry of machine has been shown. In addition the flow is compressible so density
changes have to be accounted for. However to introduce the basic concepts we can dispense with a
great deal of this complexity by making a number of assumptions about the flow field.

1. The flow is symmetric in the circumferential direction. There is no variation in the flow from
one side of the blades to another

2. We consider a mean flow (technically called a stream surface) between the hub and casing.
This is reasonable for short blades, for longer blades the “trick™ is to repeat the calculation at a
number of radii.

Try this...

The sequence 2.4, 6. 81012, 14,16,... 1S

tL\Q SCC?UCV\CQ OT[ evén (,ui/(o|e_ V\Umb@rj. TLI@,

&
| S (’L.a number... .

|00t ,olace T HlfS bﬂcruemce

Challenging? Not challenging? Try more »» www.alloptions.nl/life

Download free ebooks at bookboon.com

23


http://bookboon.com/
http://bookboon.com/count/advert/739ffd82-96d7-e011-adca-22a08ed629e5

Basic Concepts in Turbomachinery Introduction

Flow Flow : '
— : — b
—- H —-

— —: 4 1 .
Stator  Rotor r
\
Axis of rotation
Stator
3D View 2D Meridional View

Figure 1.7: Meridional View
3. Flow is steady. Although state of the art blade design requires a consideration of unsteady flow
most of the turbomachinery in use today has been designed with this steady flow assumption.

4. Flow follows the blade exactly. There is no deviation between the direction that the blades are
pointing and the direction that the fluid travels in. (In turbomachinery jargon: the flow follows
the metal angle of the blades)

These assumptions may seem quite limiting but most of them are used in the preliminary design
of all turbomachinery in use today so actually get you a surprisingly long way!

1.8 Problems

1. Explain why a bicycle pump is not classified as a turbomachine.

2. Sketch the cascade and meridional views for a horizontal axis wind turbine such as the one in
the top right of Figure 1.1.
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Chapter 2

Relative and Absolute Motion

One of the key concepts in turbomachinery is understanding how the flow appears from the point of
view of components that are rotating compared to those that are stationary. Once this is understood
this the shape of turbomachinery becomes much easier to understand! Viewing flows from the point
of view of a rotating component is known as being in the relative frame of reference and viewing flows
from the point of view of a stationary observer is called being in the absolute frame of reference.

We start therefore with a simple explanation of relative and absolute motion before ending this
Chapter with a discussion of how this relates to turbomachines.
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Figure 2.1: Relative and Absolute Velocities for a Cyclist
2.1 1D Motion

Consider the everyday activity of riding a bicycle with three cases one where there is no wind, the
second with a tail wind and a third with a head wind. This is shown in Figure 2.1. The velocity of the
bicycle we shall label U and call it the “frame velocity”, the velocity of the wind we label V and call
this the “absolute velocity”. Clearly the absolute velocity V is the velocity that will be experienced by
an observer watching the cyclist. The wind velocity experienced by the cyclist is called the “relative
velocity” and given the symbol W,

The first case shown at the top of Figure 2.1 shows the simplest case, if there is no wind the ob-
server watching the cyclist will experience no wind and the cyclist will experience a relative velocity
that is equal and opposite to that of the speed at which he or she is cycling. So the relative velocity
W =-U.

The second case concerns a tail wind that is roughly equal in magnitude to the speed of the bicycle
U. This is shown in the middle of Figure 2.1. In this case a stationary observer would experience the
wind velocity but since the cyclist is moving at the same speed as the air the relative velocity W will
be around zero and the cyclist will experience no wind.

The third case concerns a head wind that is again roughly equal to the velocity U of the bicycle
in magnitude but not in direction. This is shown at the bottom of Figure 2.1. A stationary observer
would experience the same wind velocity as in the second case but in a different direction. The cyclist
however has a very different experience. The relative Veloc1ty is made up of their own speed U (that
of the ﬁrst case) added to that of the oncoming wind V. By inspection we can see that W=V-U.
Since V is negative the cyclist now has to work much harder to maintain the same forward speed.

This suggests a generalisation of the relationship between relative and absolute velocity:

V=U+W 2.1
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Figure 2.2: Velocity Triangles for an Aircraft Landing

Or in words absolute velocity is the vector sum of the frame velocity and the relative velocity. A
trivial rearrangement returns us to the relationship seen in Figure 2.1.

W=U0-V (2.2)

2.2 2D Motion

We will apply our new found key rule (Equation 2.1) to one other non-turbomachinery situation to
illustrate how it works. This situation is one where the motion is in two dimensions. Consider the
plan view of a aircraft and a runway in Figure 2.2. In the first situation (top of Figure 2.2) there is no
atmospheric wind V = 0 and so the aircraft simple lines up with the runway and lands.

The second situation (lower part of Figure 2.2) is where there is a substantial cross-wind, in this
case imagine that the wind is entirely perpendicular to the runway. What relative velocity (W) does
the aircraft have to fly at to ensure that the movement of the aircraft (the frame velocity ﬁ) results in
the aircraft arriving on the centre-line of the runway?

The frame velocity we know is given by the desired path of the aircraft, that is directly towards the
runway and the absolute velocity is given the atmospheric conditions. The relative velocity is given
mathematically by the application of our key rule, Equation 2.2. But what if we wanted to sketch out
the vector? This enables us to understand the direction the aeroplane should be facing.

To do this we need to use a tool known as a velocity triangle one of the fundamental tools of
turbomachinery analysis. First we review some very basic vector addition and subtraction rules,
shown in Figure 2.3.

e To add two vectors A + B graphically: place them nose to tail and the result is given by
movement from the tail of the first to the nose of the second.
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Figure 2.3: Graphical Addition and Subtraction of Vectors

e To subtract two vectors A— B graphically: reverse the direction of B then proceed with addition
of vectors as before.

To apply this to the example of our aircraft we apply the key rule and our knowledge of how to
put vectors together to end up with the required relative velocity. This is shown in the lower portion
of Figure 2.2, first the frame velocity U is reversed in direction to form —U, this is then added to V
by putting them nose to tail. We then draw the line between the start of the vector V and the end of
the vector —U which gives the relative velocity W,

This explains why aircraft landing in cross-winds often have to approach the runway at an an-
gle. If you have an active web connection there are some spectacular examples of this on YouTube:
http://uk.youtube.com/watch?v=GHrLB mlir4

Note that we formed the relative vector W by drawing V then —U but we would end up with the
same result if we drew the triangle with —U then V.

All this may seem obvious but it is vitally important before we move onto turbomachinery that
you are confident in how to draw a 2D vector and how to add and subtract vectors graphically.

2.3 Velocity Triangles in Turbomachinery

In this book we consider a Cartesian coordinate system consisting of an axial x, radial r and tangential
0 set of coordinates. The velocity of the frame of motion is denoted by U, velocities in the frame of
motion are denoted with T and absolute velocities are denoted with V. Consider a turbine consisting
of a stator and a rotor, the cascade and meridional views are shown in Figure 2.4 along with the
coordinate system.

There are three points that are of interest to us entry to the stator, the gap between the stator
and the rotor and exit from the rotor, these are labelled 1,2 and 3 respectively in Figure 2.4. The
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Figure 2.4: Cascade and Meridional Views of a Turbine Stage

combination of rotor and stator is called a “stage” in turbomachinery jargon. These points are the
analysis stations referred to in Chapter 1.

At point 1 we have an incoming velocity but as the stator is not moving there is no relative motion
between the incoming flow and the stator so there is no velocity triangle to draw at this point.
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At point 2 the flow leaves the stator and enters the rotor. Here there are two frames of reference,
the flow viewed from the point of view of the stator and the point of view from the moving rotor. A
velocity triangle can be drawn here. The rotor in the cascade view is moving with a linear (tangential)
velocity of magnitude wr,, where w is the rotational speed of the machine and r,,, is the mean radius
of the blades.

At point 3 the flow leaves the rotor and exits the stage. Again there are two frames of reference, or
points of view for the flow. That found by viewing from the moving rotor and that found by viewing
from outside the rotor where there is no motion.

We can now draw the velocity triangles for point 2 and point 3 in the stage, this is shown in Figure
2.5. The methodology for this is as follows:

1. Draw the flow that you know
2. Draw the blade speed
3. Close the triangle with the remaining vector

4. Check that the key rule applies: V=U+W

This methodology is important and we will refer to elsewhere as the “four step rule”.

So for station 2 the flow that we know is the absolute velocity at exit from the stator, V. This is
the flow that we know, recall from Chapter 1 that the flow follows the metal angle of the blades so if
with a sketch of the stator the absolute velocity may be drawn directly. To get the velocity triangle
draw the absolute velocity vector ‘7, draw the blade speed U and then close the triangle with the
relative velocity W. The result is in Figure 2.5. The final (and vital!) step is to check that the correct
triangle has been obtained by following the blade speed and relative velocity vectors. If we end up in
the same place as if we had followed the absolute velocity vector the triangle is correct.

For station 3 the flow that we know is the relative velocity at exit from the rotor, W again this is
because the flow follows precisely the path of the blades and since the rotor blades are moving the
flow that we sketch on the rotor must be the relative and not the absolute velocity. Having drawn W
we draw the blade speed U and then close the triangle this time with the absolute velocity V. Again
the final vital step is to check that the we have the correct triangle by making sure the key rule applies.
The correct velocity triangle is shown at the bottom right of Figure 2.5.

Once we have drawn the velocity triangles we can then carry out a series of calculations on
the fluid going through the turbomachine and the end result might indicate that our sketch is not
entirely accurate, i.e. the blade speed is much greater than what we have drawn in Figure 2.5 - this
does not matter! If accurate velocity triangles are required they can always be drawn again once the
calculations are complete.

2.4 Velocity Components

For each velocity in the cascade view we can decompose into axial and tangential components and
can also express each vector as a magnitude and direction. Axial components are denoted with the
subscript x and tangential components are denoted with subscript 6. Angles can be measured in a
number of directions but in this book the axial direction is chosen. The angle made by the absolute
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Figure 2.5: Velocity Triangles for a Turbine Stage

velocity with the axial direction is called « and the angle the relative velocity makes with the axial
direction is called 5. Angles are positive in the direction of rotation. Therefore velocities can be
specified as a vector V' or a magnitude and angle, V' and «.

The one complication to this is that in this book we also deal with machines where the flow has
a significant radial component - in that case we draw velocity triangles in the radial (subscript ) and
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V39 W30

Figure 2.6: Velocity Triangles at Station 3 of a Turbine

tangential plane and angles are measured from the radial direction. This will become clearer when
radial and centrifugal machines are explained in Chapter 4.

The velocity triangle at station 3 in Figure 2.5 is shown in Figure 2.6 with the various components
labelled, in order to indicate that we are dealing with station 3 a subscript 3 is added to all the symbols.
The relative and absolute flow angles o and 3 are also shown.

From basic trigonometry the follow relationships apply for any station in a turbomachine.

Vo= Vi4+V? (2.3)
Ve = Vecosa 2.4)
Vo = Vsina 2.5)
Vo = Vytana (2.6)
w2 = Wi+ w? (2.7)
Wy = Wecosp (2.8)
Wy = Wsing 2.9)
Wy = Wytanpg (2.10)

Aside from trigonometry we can also work out that W,, = V,, for all turbomachinery. The reason
for that is if we look the basic geometry of a turbomachine such as that shown in Figure 1.4 we see
that there is no motion of the machine components in the axial direction. That is the stator and the
rotor remain the same distance apart when the machine is operating. The only time we would have
movement between the stator and the rotor is if the device had suffered some sort of catastrophic
failure - there is no normal operating procedure where the gap between the rotor and stator would
increase!

Example Consider an Office Desk Fan. It rotates at 200 rpm and has a diameter of 30 cm. Air
enters the fan at 3 m/s, parallel to the axis of rotation. Calculate the relative velocity (V) at the tip
of the fan.
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Figure 2.7: Velocity Triangles for a Desk Fan

Solution The information given is the absolute velocity V which is the air entering the fan. The
plan is to work out the frame velocity and thus determine the relative velocity.

To do this sketch the fan and velocity triangle in Figure 2.7. A sketch of the desk fan is on the
left hand side of Figure 2.7 and the cascade view and the velocity triangles are shown on the right.
It is very good practise to sketch the object that you are trying to do calculations on to determine the
overall layouts - even if (as in Figure 2.7!) the sketch is only approximate.

The frame velocity U we can obtain from the rotational speed and the radius:

2 0.3
U = wr =200 x Ex7—3.14m/3

Trigonometry gives the magnitude of the relative velocity:

W=VV2+W2=1/3+3142=434m/s
and the angle:
Vtanf=-U = [ =tan! <_VU> = tan~ ! <_?;)14> = —46.3°
[ is negative as the angle is opposite to the direction of rotation. Many students write V tan § = U

which gets the correct magnitude but a careful inspection of Figure 2.7 will reveal that this has the
wrong sign.

2.5 Problems

1. An aeroplane approaches a runway at 77 m/s with a crosswind of 15 m/s. What angle does
the aeroplane have to face into the wind to travel directly towards the runway? Answer: 11°
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2. An office desk fan rotates at 200 rpm. Air enters the fan at 3 m/s, parallel to the axis of
rotation. Calculate the relative velocity (W) at the hub of the fan if the hub diameter is 10 cm.
Answer: 3.18 m/s, —19.2°

3. The flow at exit from a turbine stator row has a velocity of 100 m /s at an angle (aw) of 70°
to the axial direction. Calculate the tangential and axial velocity components. The rotor row
is moving with a velocity of 50 m/s. Calculate the velocity magnitude relative to the rotor
blades at inlet and the relative inlet flow angle (32). At exit from the rotor row the relative
flow angle (/33) is —60°. Assuming that the axial velocity is constant across the row, what is
the absolute exit velocity magnitude and direction? Answer: 94.0 m/s, 34.2 m/s; 55.7m/s,
52.1°;35.4m/s, —15.1°

4. For the turbine above, assuming that the relative flow at exit from the rotor row is unchanged,
calculate the blade speed that would give absolute axial flow at exit (i.e. no swirl) Answer:
59.2m/s
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