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EXECUTIVE SUMMARY

The development of computer technology makes it increasingly possible to start
designs through simuiation and making it possible to address technical problems
before manufacturing. This not only saves cost, but also the design time needed
to develop a new product. In order to stay competitive within the market,
designers are forced to make use of simuiation in various fields by means of

specialist software packages.

Specialist software packages usually have the disadvantage of being expensive
and that the designer must already have a good basis in order to significantly
make use of it. Thus, a need exists to guide young turbo-machine designers in
making reasonable assumptions during the design of a new turbo-machine, in
this case a radial-inflow turbine.

The aim is to give the designer meaningful initial design parameters making it
possible for the designer to start a new design within a current availabie
simulation packagé with some degree of assurance that it will solve. This is

achieved by compieting the following three steps:

1. Do a thorough literature study concerning radial-inflow turbines in order to
determine which parameters are important during the design of a radial-
inflow turbine.

2. Develop a simpie tool to determine the initial design parameters of a
radial-inflow turbine by making use of the Engineering Equation Solver
(EES).

3. Verify the constructed EES radial-inflow turbine design tool.

After these steps have been completed, the designer will be able to determine
“ball-park” vaiues for the design of a radial-inflow turbine and in doing so, will be
abie to state the economical feasibility of a system before proceeding to a detail

design.

M.Eng - A. Rossouw 1 December 2006
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Blockage
Blade height
Absoclute velocity

Specific heat

Isentropic ‘spouting’ velocity

Enthalipy

Incidence angle
Specific heat ratio
Mach number
Mass flow rate
Rotational speed
Specific speed
Power, Pressure
Pressure ratio

Gas constant
Radius

Reynolds number
Swirl coefficient
Temperature

Blade thickness
Blade speed
Veiocity

Relative velocity
Blade number
Absolute flow angle
Relative flow angle
Difference
Deviation angle, difference
Efficiency
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Density

Flow coefficient
Loading coefficient
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CHAPTER 1

INTRODUCTION

1.1 Need of study
Blanchard and Fabrycky (1998) states: “Technological growth and change are

occurring continuously and are stimulated by an attempt to respond to some
unmet current need and by attempting to perform ongoing activities in a more
effective and efficient manner’. The development of computer technology makes
it increasingly possible to start designs through simulation and making it possible
to address technical problems before manufacturing. This not only saves cost,
but aiso the design time needed to develop a new product. in order to stay
competitive within the market, designers are forced to make use of simulation in
various fields. One such a field is the design of turbo-machines where the ability
to simulate can save months of development time merely -by making use of
design software packages such as Concepts NREC®.
# »

Specialist software packages usually have the disadvantage of being expensive
and that the designer must already have a good basis in order to significantly
make use of it. Although the software package delivers good results, it however
means that a new designer does not always know which meaningfui input
parameters to use in order to reach the initiated design. Without meaningful input
parameters, designers will usually discover that their designs are different to
execute. This presents the designer with the aiternative of starting the design
procedure with a currently available design and then modifying it until reasonable
results are reached. Although this method usually works, it is exposed to the

danger of transferring flaws from the current design to that of the new design.

In many cases a detail design is not yet necessary and a simpie software
package can contribute by first reaching “ball-park” vaiues and in doing so,

M.Eng - A. Rossouw 1 December 2008
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stating the economical feasibility of a system before proceeding to a detail

design.

1.2 Problem statement

The use of currently available turbo-machine simulation packages has indicated
that a need exists to guide young turbo-machine designers in making reasonable
assumptions, based on previous experience, during the design of a new turbo-
machine. The goal is to help develop the designer's background concerning
radial-inflow turbine design and to help prevent flaws carried over from an
existing design to that of a new design by making use of a radial-inflow turbine
design tool. it will also make it possibie to determine the feasibility of a system
before continuing with a detail design through the much more expensive turbo-

machine software packages.

1.3 Aim of study

The aim of this study is to develop a tool to assist designers with the initial “bail-
park” design of new radial-inflow turbine rotors. The aim is to give the designer
meaningful initial design parameters making it +possible for the designer to start a
new design within a current available simulation package with some degree of

assurance that it will solve, from where further fine-tuning will be possible.

1.4 Methodology of study

In order to reach this goal, the first step will be to do a thorough literature study in
order to determine which parameters are important during the design of a radial-
inflow turbine. The second step will be to develop a simple tool by making use of
the Engineering Equation Solver (EES) in order to determine the initial design
parameters of a radial-inflow turbine. This will make it possibie for users to reach
a first order design. In order to create trust within this tool, it will have to be
verified. The third step will be accomplished through two different methods, the

first being to compare it to design samples sourced from turbo-machine literature.

M.Eng - A. Rossouw 3 Decernber 2006
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The second method will be to make use of the Concepts NREC® software

package, which is accepted worldwide for the design of turbo-machines.

Chapter 2 will address the first step towards reaching the specified goal, a

thorough literature study regarding radiai-inflow turbines.

M Eng - A Rossouw 3 December 2006
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CHAPTER 2
LITERATURE STUDY

The first step in reaching the aim of the study is to do a thorough literature study
in order to determine which parameters are important during the design of a
radial-inflow turbine. This chapter will present the designer with the necessary

literature by discussing the following topics:

» Types of turbines

» Introduction to radial turbines

» Detail operation of radial-inflow turbines

> Losses and temperature range of radial-inflow turbines

> Limiting factors and rotor flow processes in radial-inflow turbines

2.1 Types of turbines

Gas turbines are heat engines based on the Brayton thermodynan':ic cycle, which
is one of four that account for most of the heat engines in use (Miller, 1998). Two
types of turbines are currently being used, namely the radial-flow turbine
(Figure1) and the axial-flow turbine (Figure 2).

A radial-flow turbine is a turbo machine unit consisting of a rotating rotor and
other extras such as a volute and a nozzle. The flow through a radial turbine can
either be radial inwards or radial outwards (Saravanamuttoo, 2001). The main
difference between a radial-flow turbine and an axial-flow turbine is that the flow
of the gas (water or air) is directed to a 90° flow from the original flow direction

over the bilades of the rotor unit.

Inward-flow radial (IFR) turbines can provide efficiencies equal to that of the best
axial-flow turbines, but only over a very limited specific speed range. The
significant advantages offered by the |FR turbine compared to the axial-flow

M.Eng - A. Rossouw 4 December 2006
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turbine are the higher work that can be obtained per stage, the ease of

manufacture and its superior ruggedness.

Figure 1: [llustration of a radial-inflow turbine used in turbochargers. (Author)

A summary comparison between radial-flow turbines and axial-flow turbines

» reveals the following: v

» Small radial-inflow gas turbines have efficiencies comparable to axial-flow
turbines that could be substituted.
Axial flow turbines usually have better efficiencies than radial flow

\4

turbines.
> Radial-flow turbines are usually smaller than axial flow turbines giving

nearly the same pdwer output, because radial-inflow turbines have a

greater power per unit mass flow rate of gas.

Figure 2 is an illustration of an axial-flow turbine.

M.Eng - A. Rossouw 5 December 2006
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Figure 2: An illustration of an axial-flow turbine. (From Saravanamuttoo, 2001)

2.2 Introduction to radial turbines

The following paragraph will give the reader a short background concerning
radial-inflow turbines and how it operates. Interesting facts regarding radial-inflow
turbine design will also be mentione*d.

Radial-inflow turbines have a long history and were used before axial machines
were even discovered. The first truly effective radial turbines were water turbines
and the development of the radial turbine can be traced from the Roman Empire
70 B.C. to the modern Francis turbine (Wilson, 1998). The study will mainly be

looking at turbines working with compressible fluids.

Today the compressible flow radial turbine is used in many different applications
such as small gas turbines, turbochargers for cars, buses and trucks, railway
locomotives, diesel power generators, cryogenic and process expanders, rocket

engine turbo-pumps and specialty steam turbines.

M.Eng - A. Rossouw 6 December 2006
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compresser)
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Center Housing
{supports the rotating group)

Figure 3: lllustration of the components of a turbo-charger. (From Garrett, 2005)

In some designs a,split-inlet exhaust housing (Figure 3) permits the, exhaust
pulses to be grouped or separated by cylinder all the way to the turbine, as used
in combustion engines. The merit of doing this is in keeping the individual
package of energy, an exhaust putt, intact and unmolested by other putts all the
way to the turbine (Bell, 1997).

A radial turbine stage is distinguished from an axial stage by the fact that the fluid
undergoes a significant radius change in passing through the rotor. In a
conventional radial stage the fluid enters the rotor in the radial inward direction, it
is then turned in the axial-radial plane and leaves in the axial direction. The radial
stage consists of two essential parts: a stafor in which the working fluid is
expanded and turned to give it a circumferential velocity about the axis of the
machine and a rotor through which the flow passes and in doing so, generat'es
work (Baines, 2003).

M.Eng - A. Rossouw 7 December 2006
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Figure 4: Cross section of a gas turbine engine with single-stage radial turbine.
(From Baines, 2003)

The stator may take a number of forms that may deﬁend on factors such as the
application and the installation. Figure 4 is an illustration of a gas turbine making
use of a radial turbine stage. The gas leaving the combustion chamber flows to
the turbine through ducting and finally approaches it from a radial direction. In
order to accelerate the gas and give it the necessary tangential velocity at entry

to the rotor, a ring of nozzle vanes is used.

Different arrangements of stators, but with the same basic design of rotor, can be

seen in Figure 5 and Figure 6.

M.Eng - A. Rossouw 8 December 2006
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inlat Plenum

Nozzles _
Retor

Figure 5: A cryogenic radial-inflow turbine. (From Baines, 2003)

In Figure 5 the flow enters the turbine via an annular plenum that has a constant
cross-section and sufficient volume so that the gas velocity is very low in this
region. The fluid leaves the plenum through a set of nozzle vanes. These vanes
accelerate the flow from effectively stagnant conditions in the plenum to high
velocity at the inlet to the rotor (Baings, 2003). Thus, a radial-inflow turbine
translates high-energy flow to low-energy flow by extracting energy. The aim is to
get the inlet flow velocity as high as possible by transmitting flow from a high

pressure to a low pressure.

In Figure 6 the first element of the turbine is a volute, also known as an inlet
scroll. The flow enters through a pipe and is dispersed evenly around the annulus
of the turbine in the volute. The cross-sectional area of the volute linearly
reduces in the streamwise direction from a maximum at the inlet to nearly zero

after the full 360° of annulus have been traversed.

M.Eng - A. Rossouw 9 December 2006
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Figure 6: A cryogenic radial-inflow turbine. (From Baines, 2003) ;

By steadily reducing the area, the reduced area causes the flow to be
accelerated and to acquire some considerable swirl (tangential velocity) before it
enters the nozzle. Because the flow has already been turned to a significant
degree in the volute, the nozzle vanes here have to do less turning. The turbine
stator thus consists of two component parts, the volute and the nozzle.

A radial turbine stage can deliver a greater specific power (power per unit mass
flow rate of gas) than an equivalent axial stage, thus giving the same power, but
with less space needed. This is explained by the Euler turbo-machinery equation
and the velocity triangle (Figure 16).

The former equation is (Baines, 2003):
Wx - U4Ca4 e U5095 (2.1)

(Station 4 is the rotor inlet and 6 the rotor exit)

M.Eng - A. Rossouw 10 December 2006
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The geometry of the velocity triangies gives the following relation:
WA = ? + C? — 2UCsin o
which can be combined with Eq. (2.1) to give:
W, = 0.5 [(UPe = UPg) — (WP — Woe) + (CP4— C%)] (2.2)

From Equation 2.2 one can clearly see the contribution made to the work output
by the change in blade tip speed (U2 — U?%s) and hence the radius, in the radial
turbine. U is approximately constant in an axial stage and there is no significant
contribution. Several other designs that are necessary in order to achieve a high
specific work output W, is also shown by this equation. The relative velocity term
(W24 - W75) is subtracted and so it must be arranged that Ws > W, so that this
term miakes a net positive contribution to the work output.’ The absolute velocity
term ((324 - 025) is then added. In order to maximize the stator exit velocity, and
hence the rotor inlet velocity C,, the stator has to be designed to accelerate the
flow at inlet. The exit velocity triangle should be arranged in order to minimize the

absolute velocity at exit Cs (Baines, 2003).

There are two types of radial-inflow turbines: the cantilever radial-inflow turbine

and the mixed-flow radial-inflow turbine, as shown in Figure 7 and Figure 8.

2.2.1 Cantilever-type radial-inflow turbine

Non-radial inlet angles are used on Cantilever biades and they are often two-
dimensional. it is similar to impulse or low-reaction turbines because there is no
acceleration of the flow through the rotor. The cantilever-type radial-inflow turbine
is not used frequently because of low efficiency and production difficulties. Rotor
biade flutter problems are common to this type of turbine (Boyce).

M.Eng - A. Rossouw 11 December 2006
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Figure 7: Cantilever-type radial-inflow turbine. (From Boyce)

2.2.2 Mixed-flow-type radial-inflow turbine

One of the most widely used turbines is the mixed-flow radial-inflow turbine. The
scroll that receives the flow from a single duct usually has a decreasing cross-
sectional area around the circumference. In some designs, the scrolls are used
as vaneless nozzles and create the necessary flow angles. The nozzle vanes are
neglected for economical reasons and also to avoid erosion in turbines where
fluid or solid particles are trapped in the airflow. Frictional flow losses are greater
in vaneless designs than in vaned nozzle designs, because of the non-uniformity
of the flow and because of the greater distance the accelerating airflow must
travel. Vaneless nozzle configurations are widely used in turbochargers where
efficiency is not that important, because in most engines the amount of energy in

the exhaust gasses far exceeds the energy needed by the turbocharger (Boyce).

Figure 8: Mixed-flow-type radial-inflow turbine. (From Boyce)

M.Eng - A. Rossouw 12 December 2006
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In some designs, it is preferred that the turbine has no nozzle. In these designs
the vanes are dispensed with altogether and the volute alone is responsible for
accelerating and swirling the flow. The attraction of this is that by dispensing with
the nozzle ring a lower cost assembly can be achieved (Baines, 2005). The
disadvantages are that the volute alone is rarely as aerodynamically efficient as a
nozzle and that the larger the expansion ratio, the larger the volute that is

required to achieve the necessary acceleration.

2.3 Detail operation of a radial-inflow turbine

In order to construct an EES design tool for the cailculation of the input
parameters needed by most radial-inflow turbine design software to do a
preliminary and detail design, it will be necessary to understand the design
method used. After this has been completed, the designer will be able to operate
the constructed EES design tool and will better understand the importance of
each design parameter.

Ld ¥
The following paragraphs will give a quick recap on the different components of a
radial-inflow turbine, some components already mentioned, as well as a more

detailed description of each component.

@— collector
i 7
@r L< - SRR
@/ vaneless

space %
i rotor

o | ‘ ; .

Figure 9: Components of a radial-inflow turbine. (From Boyce)
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2.3.1 The collector

The collector (Figure 9) is the first part of a radial-inflow turbine that receives the
working fluid. 1t consists of a scroll that has a large diameter at the inlet and
steadily decreases uniil its diameter is nearly zero at the outlet. The working fluid
enters the scroll (Figure 10) at the larger diameter and is guided by it as it is
spread evenly around the turbine rotor. In some designs where a vaneless
nozzle is used, the scroll must direct the flow to the correct angle as necessary
by the rotor inlet. The fluid or gas that does not enter the rotor the first time will
complete the full length of the scroll and re-enter with the incoming fluid. The
collector must be designed in conjunction with the rotor, as both must be able to

collect and receive the same volume of working fluid.

Figure 10: Volute flow. (From Gu, Engeda and Benisek)

2.3.2 Nozzle hiades

The nozzle blades in a vaned turbine design are usually fitted around the rotor to
direct the flow inward with the desired swirl component in the inlet velocity. The
flow is accelerated through these blades. In low-reaction turbines the entire

acceleration occurs in the nozzle vanes.

M.Eng - A. Rossouw 14 December 2006
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2.3.3 The rotor

The rotor of the radial-inflow turbine (Figure 11) is made up of a hub, blades and
in some cases, a shroud. The hub is the solid axisymmetrical portion of the rotor
and defines the inner boundary of the flow passage (also called the disc
(Boyce)). The blades are integral to the hub and the flow stream exerts a normal
force on it. The exit section of the blading is called an exducer and it is
constructed separately like an inducer in a centrifugal compressor. The exducer
is curved in order to remove some of the tangential velocity force at the outlet

(Boyce).

Figure 11: Indication of the exducer region of a rotor.

(From Karamanis and Martinez-Botas)

2.3.4 The outlet diffuser / exhaust diffuser

The outlet diffuser is used to convert the high absolute velocity leaving the
exducer into static pressure, according to Boyce. If this conversion is not done,
the efficiency of the unit will be low. The conversion of the flow to a static head
must be done carefully since the low-energy boundary layers cannot tolerate

great adverse pressure gradients.
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As stated by Whitfield and Baines (1990), the other purpose of an exhaust
diffuser downstream of the turbine is to recover the exhaust kinetic energy that
would otherwise be wasted. This device in effect increases the expansion ratio
across the turbine and hence the total to static efficiency. The gains can be guite
significant, particularly where the rotor exit has to be made smailer than is
aerodynamically desirable for example, to reduce inertia or the blade root stress.
According to them, the blade diffuser will normaily have either a conical or an
annular geometry and may be siraight sided or profiled, depending on the

requirements of the installation and the desired performance.

2.4 Losses in radial-inflow turbines

2.4.1 Losses

Various losses exist within radial turbines resuiting in a significant number of
parameters affecting the design of radial turbines. Although the effects of these
losses are important, they are second order in determining the basic turbine rotor
configuration. However, they are toq important to ignore in the detall design of a

radial-inflow turbine.

in order to reduce the complexity of the EES design tool, it was decided not to
incorporate the various losses into the EES design procedure. The most

important losses, however, will be discussed.

24.1.1 Passage loss

The generic term ‘passage loss’ is sometimes used for all the losses occurring
internally in the blade passage. This includes the losses due to cross-stream or
secondary flows as well as the mixing these bring about and the blockage and
loss of Kinetic energy due to the growth of boundary layers in a radial turbine
rotor.

[For a more detail discussion on passage ioss in a radial turbine, refer to Baines
(2003).]
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2.4.1.2 Tip clearance loss

Due to the fact that the rotor has to turn, together with manufacturing difficulty, a
clearance gap must be provided between the rotor and its shroud and as a resuit,
leakage from the rotor blade pressure to suction surfaces occurs. The effect of tip
clearance on the turbine efficiency has been demonstrated in studies done by
Krylov and Spunde (1936), Futral and Holeski (1970) and by Watanabe et al
(1971). The results of the studies done by Futral and Holeski also showed
significant effects on the exit flow conditions.

[For a more detail discussion on tip clearance loss in a radial turbine, refer to
Baines (2003).]

24.1.3 Trailing edge loss

Passage loss occurs between the inlet and the throat of the rotor and requires
the addition of a trailing edge loss. This loss is modelled as a sudden expansion
from the throat to & plane just downstream of the trailing edge. It is assumed that
the tangential component of velocity is constant and a total pressure loss is
based on a sudden expansion from the rotor throat to an area just downgtream of
the trailing edge.

2414 Windage loss

Windage loss is another loss process, but one which does not relate directly to
the blade passage flows. It occurs on the back face of the turbine disk as fluid
leaks between the rotor and the backplate. The disk friction is most commonly
expressed as a power loss. The equations from Daily and Nece (1960) are
probably the most common approach to use. In constructing these equations,
they considered the simple case of a disk rotating in an enclosed casing, which is
discussed in Baines (2003). Four flow regimes were identified, which
corresponded to faminar and turbulent flows with unmerged or merged boundary
layers. In the case of a radial turbine design, these can generally be simplified to
two regimes determined by a Reynolds number.
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2.4.2 Loss coefficients in 90° IFR turbines

The losses in the passages of 90° IFR turbines can be represented in a number
of ways. There is, in addition to the nozzle and rotor passage iosses, a loss at
rotor entry at off-design conditions. This occurs when the relative flow entering
the rotor is at some angle of incidence to the radial vanes so that it can be called
an incidence loss. It is also often referred to as a “shock loss”, although there is
no shock wave (Dixon, 1998).

The following two losses are also used in the detail design of radial-inflow
turbines, but are not incorporated in the EES preliminary design tool.

2.4.21 Nozzie loss coefficients

According to Dixon, the enthalpy loss coefficient that nomally includes the iniet

scroll losses is defined by,
g n = (hz — has) / (0.5¢5%).
Also‘given is the velocity coefficient, *
Py =Ca/ Cys

and the stagnation pressure loss coefficient,

Yn = (Pot — Poz) / (Poz — P2).

This can be related to the enthalpy loss coefficient Iy by,
= (14 0.5yM2%).

Practical values of ®y for well-designed nozzle rows in normal operation are
usually in the range 0.9 £ @y < 0.97 (Dixon, 1998).
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2.4.2.2 Rotor loss coefficient

Rotor passage friction losses can be expressed in terms of the following

coefficients at either the design condition or at the off-design condition:

The enthalpy loss coefficient is,

{r = (hs — has) / (0.5w3?).

The velocity coefficient is,

CDR Wi / Wiag

which is related to { g by,

Ir=(1/P%-1.

The normal range of ® for well-designed rotors is approximately 0.75 s ®r =
0.85, as published by Dixon. ,

2.5 The temperature range of a radial-inflow turbine

Radial-inflow turbines are usually designéd to cperate in temperatures lower than
650°C. If the need arises that the turbine must operate at temperatures above
that mentioned, the designer is required to make use of more expensive
materials that are specifically developed for these temperatures. The designer
also has the option of coating the material, allowing the turbine to operate at
temperatures approaching 1000°C. The materials that can be used and their
temperature limitations are discussed in Paragraph 4.2.2 where the design

guidelines for a radial-inflow turbine are discussed.

2.6 Limiting factors in turbine design

During the preiiminary design of a radial-inflow turbine, there are a few basic
factors that must be kept in mind, even if it will mainly form part of the detail
design. By keeping these factors in mind, the detail design procedure wil be less
compiicated. The three basic factors are:
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a) Centrifugal stresses in the blades are proportional to the square of the
rotational speed Al and the annulus area: when N is fixed, these stresses
place an upper limit on the annulus area.

b) Gas bending stresses are inversely proportional to the number of biades
and blade section moduli, while being directly proportional to the blade
height and specific work output.

c) Optimising the design so that it just falls within the limits set by all these
conflicting mechanical and aerodynamic requirements, will lead to an

efficient turbine of minimum weight (Saravanamuitoc, 2001).

2.7 Rotor flow processes

The rotor may conceptually be divided into two regions: an iniet region where the
meridional plane flow is primarily in the radial direction and an exducer region
where it is primarily in the axial direction. This is an impertant simplification and it
is also essential to realise that it is an artificial division that does not take into
account the turning process that the fluid must undergo between these two

L] Ed

Zones.

[See Payne, Ainsworth, Miller, Moss & Harvey (2003) and Denton, Xu (1999) for
detail discussions on the flow in turbine stages and 3-D flows in turbines.]

2.7.1 The inlet region

The dominant effect in this region, in terms of influence on turbine design, is the
turning of the flow tangentiaily into the inlet and the negative incidence at the
point of best efficiency that this implies. This effect has been recognized by
designers for many years and has frequently been deduced from measurements
of the turbine performance. It has been clear that optimum incidence is in the
region of -20° tc -40° (from consensus) and the incidence angle has aiso heen

occasionally measured directly by laser velocimeters (Baines, 2003).
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Figure 12, Observed path lines in a radial flow rotor at various infet-flow angles.
{From Baines, 2003}

In Figure 12 the flow visualizations are helpful in understanding the iniet flow
field. The results for three different angies are shown. At an inlet angie of -40° the
most uniform flow distribution can be seen. From the radial inflow condition (a)
one can see the flow separating at the leading edge of the suction surface and
forming a strong recirculation that occupies the full extent of ttjat surface without
reattaching;. The more negative flow angle (c) causes the ﬂow' to separate at the
pressure surface leading edge and there is a region of recirculation on that
surface. The path iines however, show that the flow turns sharply back toward
the pressure surface and the flow reattaches before it reaches the trailing edge,
at which point it is again uniform. Case (b), by contrast, shows that in spite of the
incidence, the flow turns smoothly into the blade passage without any evidence
of separation (Baines, 2003).

it can be seen from all three cases that there is a strong movement of the flow
across the passage from the suction to the pressure surface. According to
Baines, this behaviour is caused due to the fact that in the inlet region there is
little or no turning of the flow in the tangential plane, so that as the flow moves
inwards, the blade speed U diminishes at a faster rate than the tangential velocity

Ce. This causes the relative velocity vector to move toward the positive direction,
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which is also toward the pressure surface. The decreasing radius has the effect
that it also causes a Coriolis acceleration (2W x Q), where Q is the angular speed
of the rotor and W the relative velocity vector, to act across the passage. This
becomes less intensive as the fluid moves radially inwards. The strong cross-
passage force encountered near the blade tips is not matched by a similar
accelerating force at lower radii and this causes a secondary flow to be set up in
the blade passage in the form of a circulation in the opposite direction to the

passage rotation, as shown in Figure 13.

Figure 13: Recirculation in the inlet region of a radfal turbine rotor passage.
(From Baines, 2003)

The flow will separate and stagnate on the p;essure surfaces of the biades if the
circulation is sufficiently large. This will happen at large negative incidences. A
zero or positive incidence will reduce the strength of the circulation and reduce
this tendency. It will also have the effect of reducing the cross-passage pressure
gradient and make the flow more likely to separate on the suction surface
(Baines, 2003).

2.7.2 The exducer region

The flow is predominantly in the axial and tangential directions in the exducer
region of the rotor and the high turning of the flow towards the trailing edge
means that the largest of the main components of velocity is the tangential. This
now gives rise to Coriolis acceleration in the radial direction that tends to move

fluid from hub to shroud. There is also the cross passage acceleration that acts
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hetween the blade surfaces as a result of the turning of the flow in the tangential
direction (Baines, 2003).

The final result of these forces, as can be seen in Figure 14, is a complex
secondary flow development in this region that typically results in non-uniform

distributions of blade loading and of flow velocity at the trailing edges of the
blades.

e

Figure 14: Passage vortex development in an axial turbine blade passage.
(From Baines: 2003)

2.8 Conclusion

The chapter discussed radial furbines and their applications after which it looked *
at the different components of a radial-inflow turbine. It alsc mentioned the losses
in radial turbines and the rotor flow processes associated with it.

Now that the literature study concerning radial-inflow turbines has been
completed, the next step will be to discuss the basic analysis and design of a

radial-inflow turbine in order to develop a tool with which to determine the initial
design parameters of a radial-inflow turbine.
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CHAPTER 3
PRELIMINARY DESIGN OF A RADIAL-INFLOW TURBINE

The aim of this chapter is to equip the designer with the necessary knowledge to
do a preliminary design of a radial-inflow turbine. By using this knowledge, a
simple tool will be developed in EES to determine the initial design parameters of
a radial-inflow turbine. In order to achieve this goal, the chapter will discuss the

following topics:

» Basic analysis and design of a radiai-inflow turbine
» Nozzle vane design

A4

EES radial-inflow turbine design
» Voiute design

3.1 Basic analysis of a stage '

Figure 15 illustrates the principal components and stations in a radial turbine.
From the figuré below, one can distinguish the volute (0-1), nozzle'(1-3), rotor (4-
6) and the exhaust diffuser (6-7). Stations 2 and 5 are reserved for intermediate
locations in the nozzle and rotor, which will not be used in this analysis.

. —
I 0 ;
/_: (hozzle throat) ! I
/— i eh voluie

noIzie U o P
{ ‘-x__-s irotor throat) I e
6 (rotor) A
e e ook exmw —ie
M ;
SN I
l tp"‘ B S - n.,m_.-‘&-..“‘u_,/ y"

Figure 15: Components of a radial turbine. (From Baines, 2003)
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The working fluid flows through the volute, nozzle and rotor and under normal
operating conditions the pressure falls continuously. Some recovery of static
pressure is obtained if an exhaust diffuser is fitted here. In practical machines,
however, the flow is not ideal and losses do occur. For the volute, for example,
the effect of loss is to reduce the exit total pressure pos below the inlet total
pressure poo. If the volute were ideal, no loss would occur and por = poo, Which is
usually assumed in the case of a preliminary design. The fall in total pressure is
thus a measure of the loss or performance of components such as the volute or
nozzle. In the rotor, however, the total pressure also falls as a result of energy
being extracted from the working fluid to produce shaft power and even under
ideal circumstances po4 is greater than pgs (Baines, 2003).

3.1.1 Velocity triangles

_ Firstly this study will look at the analysis of the rptor, as this is by far the most
significant component in determining the overall turbine performance. For
simplicity of the analysis, it is assumed that the working fluid is perfect. Figure 16
Yillustrates the velocity triangle relating absolute and relative velocities at inlet to
the rotor, which plays an important role in the analysis and design fazes.

Figure 16: Rotor inlet velocity triangle. (From Baines, 2003)
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According to Baines, the working fluid approaches the rotor at velocity C4 and
angle as. Ps and T, are the corresponding static pressure and temperature at
this point. It immediately follows from the first law of thermodynamics that for a
perfect gas Tps = Tpo, since no work transfer occurs in the stator and the
assumption is made that the heat transfer is negligible. For an ideal stator the
total pressure is also unchanged, so that pps = pg. Some total pressure loss
always occurs for real stators and this must be calculated empirically or
measured on the actual unit. It is now assumed that a value of Apy can be given,

so that,

Pos = Poo - ApPo. (3.1)

It is satisfactory, for preliminary design, to assume that Apy = 0, since the loss in
the stator is usually much smailer than that in the rotor (Baines, 2003).

In determining the velocity trianglé, the flow velocity and angle must be set so
that the tangential component of velocity Cgs gives the necessary work output.
According to the Euler turbo-machinery equation and the radial component of
velocity, Cpq is compatible with the mass flow rate:

M = P4A4 (1 - Ba) Cra (3.2)

where Ay is the annulus area at the rotor tip and By is the allowance for boundary
layer blockage, usually between G and 0.1mm (Baines, 2003). The geometry of
the stator defines the flow angle. This is set mainly by the exit angle of the nozzle
vanes in a nozzled turbine, but in reality the flow deviates from the vanes to

some extent. This amount of deviation is known as the deviation angle:

as = azp — O3. (3.3)

M.Eng - A. Rossouw 26 December 2006
Determining the initial design parameters of a radial-inflow turhine



a
UNBIE ST VA BUKONE BOP- RAW
PGRTAVEST RRE 6TV

MSDRTVES LIBAERSITR T

We take a4 = a3 because the flow angle does not normally vary appreciably
between the nozzle exit and the rotor inlet, except in cases where the nozzle

blades are choked and supersonic expansion occurs (Baines, 2003).

The above discussion has highlighted the three empirical quantities that are
required in order to complete the analysis of the fluid flow state at this point,
these being the loss, blockage and deviation.

The addition of the blade tip speed Us makes it possible to calculate the inlet
relative velocity W, and flow angte 8+ The remaining equations at this station are

standard gas dynamic equations as follows (Baines, 2003):

P4 =pa/RT, (3.4)
Ms = Cq/ (kRT4)™ (3.5)
Tos/ Ta = 1‘ +((k—1)/2) MZ h (3.6)
Pos/pa = (1% ((k=1)/2) M2/ %7 " @)

In a well-designed turbine operating at its design point, the relative flow angle £,
at iniet will be matched to the rotor so that the flow enters the blade passages
with 2 minimum disturbance. The blades are usually radial at the inlet to a radial
turbine rotor. This region of the rotor is highly stressed and if they were not radial,
there would be a bending stress in the blades generated by the centrifugal force,
which could cause premature damage or failure of the rotor. If the biades are
modified from the normal radial position, a material must be selected which will
be able to comply with the higher stresses generated. The inlet blade angle of
the rotor shown in Figure 16 is thus B4 = 0. It might also therefore be expected
that the best inlet will be achieved when £8; = 0. The optimum inlet flow angle,
however, is normaily in the region of -20° to -40° (Baines, 2003). The reason for
B#0 will become apparent when the flow in the inlet region of the rotor is

discussed.
M.Eng - A. Rossouw 27 December 2006
Determining the initial design parameters of a radial-inflow turbine



FLNE ) #3300 NG B ke
HCATHNEST LIGEASIY
HEORVES LNIVE R 61

At the rotor exit (Station 6 in Figure 17) a similar set of equations is used and
again information about the loss, blockage and deviation is required to complete
the solution. However, whereas it is possible to specify the stator loss in terms of
absolute total pressure, it is not helpful to specify the rotor loss by analogy in
relative total pressure terms. This is because in a rotor with significant radius
change, the reiative total pressure is not constant, even if an isentropic flow is
assumed. The rotor loss can be specified by various methods. The simplest is
probably to define rotor efficiency as the ratio of the actual work output and the

theoretical work output based only on the rotor pressure drop,
Nr = (Pos — hos) / (o — hoes) = (1= Tas / Tog) / [1— (Pos / pos)™ ™ "% (3.8)

The loss may alternatively be expressed in terms of enthalpies or Kinetic
energies:

b i

¢ = (Ros e — Ne) / (Mos e — hes) = (W) / (Wes?) (3.9)

W A

This is the ratio of the exit relative kinetic energy of the actual rotor and that of an
equivalent ideal rotor. Losses may also be defined in terms of the difference,
rather than the ratio of these terms:

L= Wes ~ W2 (3.10)
then,

{=1—(Wess* — Wi®) / Wes® = 1= [L/ (hos et — Pes)] (3.11)

The static temperature at the rotor exit is then given by:

Te/ Toswer = 1T = [ 1~ (Tosret/ Tosret )(Ps / Posre)™ ™ 74 (3.12)
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Either Equation (3.8) or (3.12) can be used in conjunction with the following

equations to calculate the rotor exit state:

The mass-flow rate;

m = ps T (ret> = Fen-)(1 — Bg) We cos Bs (3.13)
The density:
,05=p5/RT6 (3.14)

The exit relative flow angle:

Bs = Bos + 06 (3.15)
The enthalpy:
Ahg = Cp (To4 - Toﬁ) = (U4 Ca4) - (Us Ces) (3.16)

The relative velocity:
Ws = [Crms® + (Ces — Ug)l'"? (3.17)
The relative exit and exit Mach numbers:
Mere1 = We / (kRT5)" (3.18)
Ms = Cs/ (kRTg)'? (3.19)

The exit and relative exit temperatures:
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Tos/Te=1+[(k—1)/2] Ms’ (3.20)

Tosrei/ Ts = 1+ [(k— 1) / 2] Ms el (3.21)
The exit and relative exit pressures:

pos /ps = [1 + ((k—1)/ 2) Mg’[*~ " (3.22)

Pos.ei/ Ps = [1 + ((k— 1)/ 2) MeiS]*~ " (3.23)

In Figure 17 the rotor exit velocity triangle is shown. Usually as =0, because the
velocity triangle is often arranged so that the exit absolute velocity Cs is in the
axial direction. This can be important when matching the next component
downstream (for example, another turbine stage). Other things being equal, it will
minimize the exit kinétic energy loss 0.5mCs° (Baines, 2003). Some désigners
might opt for some exit swirl, thus Cgg # 0. This can be beneficial in a subsequent
diffusion process aimed at recovering exhaust kinetic energy. Even if very high
power output is required, some negative swirl will aid that process.

[Equations 3.1 — 3.23 are from Baines, 2003]

Figure 17: Rotor exit velocity triangle. (From Baines, 2003)
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3.2 Nozzle vanes

3.2.1 The nozzle vane design

The nozzle of a radial flow turbine consists of an annular ring of vanes, which set
the angle of approach of the working fluid to the rotor. The form of the vanes
depends on whether the nozzle ring is preceded by a volute or by a simple
collector. If a volute precedes it, the volute will impart some swirl to the gas. The
nozzle vanes will work in conjunction with the volute to accelerate the fluid and
they must therefore be set at the correct incidence for the swirl leaving the volute.
The nozzie vanes will therefore need only a little camber or possibly none at all,
as illustrated in Figure 18a. In cases such as these, the radial turbine nozzie
vanes are often made straight. This is not to say that they are not
aerodynamically loaded. A straight vane set at some angle to the radial direction
will actually turn the flow toward the tangent as it moves inwards and a pattern of
vane loading will follow (Baines, 2003). »

If the nozzle is preceded by a collector, in which no swirl is generated, the fluid
will approach the nozzie from the radial di;ection and the nozzle vanes are then
required to do all of the acceleration and turning of the fluid, as illustrated in
Figure 18b. Significant losses may be incurred due to nozzle incidence if in both
cases attention is not given to matching the vane geometry to the flow upstream
of the nozzle.

i i3 .
. :*},_-._ W -
«%\ : \3’%\

Figure 18: (a) Uncambered (b) Cambered radial turbine nozzle guide vanes.
(From Baines, 2003)
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Figure 19: Co-ordinated transformation of blade design from (a) Cartesian to (b) radial
plane. (From Baines, 2003)

Both types of vane airfoil sections can be used, although for straight vanes a

simple profile that consists of a straight taper from the leading edge to the trailing ,

edge circle is often found to be quite adequate, such as shown in Figure 19a.

A design method for airfoil sections, which is quite common, is that of conformal
transformation. An axial turbine blade is first designed in the Cartesian (x,¥)
plane using standard methods developed for that type of blade and then the
geometry is transformed into the required annular (r,6) plane, as in Figure 1Sb
(Baines, 2003). The transformation equations are:

8= X/ rer (3.24)
r= Frer €XP (Y / lrat) (3.25)

where I is a suitable reference radius which is similar to the trailing edge radius
of the vanes.
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The approach mainly used today is to design and analyze nozzle blades directly
in the polar plane by making use of appropriate geometry generation and flow
field analysis tools. However, the former method offers the security of starting
from a well-known and tested profile (Baines, 2003).

L

Figure 20: Swing-vane variable-geometry turbine. (From Flaxington and Swain)

[Refer to Hawley, Wallace, Cox, Horrocks & Bird (1999) and Murray (1989) for
further discussions on variable vanes and their advantages.]

3.2.2 Deviation

Deviation occurs at the trailing edge of the blade, where the flow leaves the blade
passage at an angie that is different from the metal angle (Baines, 2003}). On
leaving the nozzle, the flow does not follow the vanes exactly, but turns by an
amount known as the deviation. This is actually a combination of two effects. A
sudden expansion occurs, as the flow leaves the nozzie vanes, as a result of the
finite trailing edge thickness of the vanes and the blockage caused by this. The
sudden expansion results in a drop in the radial component of velocity and this
causes the flow to tend to overturn. [n addition, there is some under-turning
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caused by the less than perfect guidance given to the flow by the vanes,
particularly in the uncovered region of the suction surface from the throat to the
trailing edge where there may be some diffusion and boundary layer growth
(Baines, 2003).

By using a simple approach, it is not possible to predict the deviation. It can,
however, be predicted reasonably well by using a properly set up CFD analysis,
as tests suggest. Something more than this is required for preliminary design
purposes. According to Baines, a rule borrowed from axial turbine tests is often
used to quantify this, in which the angle of gas leaving the nozzle is given by:

as = cos™ (o/s) (3.26)

where o is the throat opening and s is the vane spacing, as illustrated in Figure
21. '

Figure 21;: Comparison of predicted and measured deviation. (From Baines, 2003)

As can be seen, deviation is important in the design of a radial-inflow turbine,
particularly during the detail design faze. For this reason, it was decided not to
take in consideration during the preliminary design of a radial-inflow turbine.
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3.3 The nozzle-rotor interspace

It is advantageous to leave a space between the nozzle and the rotor in order for
the nozzie vane wakes to mix out and give a uniform flow at inlet to the rotor. A
space between the biade rows reduces the mechanical coupling between the
two, which can excite blade resonances and can lead to premature failure.
However, the overall size of the turbine will be increased by a large space and
can also lead to excessive pressure losses in this region. Jansen (1964) (as
stated by Baines, 2003) recommends a minimum radius ratio between the nozzle
trailing and rotor leading edges of 1.04. This is adequate for aerodynamic
purposes at subsonic conditions. However, when using thin vanes and biades, it
is prudent to increase this value to about 1.1 for added insurance against high
cycle fatigue.

The optimum distance between the nozzle and the rotor is a compromise
between biade row interactions, which reduces with distance, fluid friction and
boundary layer growth, which increase with fluid path length (and hence radial
distance). it is suggested that the ‘maximum efficiency of a radial turbine occurs
at a value of:

Ar/bzcosaz=2 (3.27)

where Aris the radial distance between the nozzle exit and the rotor tip (Baines,
2003).
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3.4 Radial-inflow turbine design

3.4.1 Rotor preliminary design (based on loading and flow
coefficients)

The designer will have available a range of specified parameters at the initial
stage of a turbine design proposal. These may include the power output, mass
flow rate, inlet stagnation conditions, rotational speed and possible restraints on
the overall size (Whitfield, 1990).

Radial turbines have wide variations in blade speed due to the radius change
between inlet and exit and therefore the choice of blade speed used to define
these coefficients is arbitrary, unlike axial turbines in which the blade speed is
nearly constant through a biade row. The stage loading is a measure of the work
output of a turbine stage and this is defined by the stage loading coefficient. The
stage loading coefficient is based here on the inlet blade speed U, and can be

expressed by making use of the Euler turbo-machinery equation:
W= Cos / U . " (3.28)

Maximum efficiency usuaily occurs at loading coefficients between about 0.9 and
1.0 (Baines, 2003).

There is an optimum flow coefficient value for any given load coefficient where
the efficiency is a maximum (see Figure 22). The flow coefficient is defined in

terms of the exit meridional velocity and is also non-dimensionalized by the inlet

blade speed:
@ =Cme/Us (3.29)
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Maximum efficiency occurs for flow coefficients in the range 0.2 - 0.3 (Baines,
2003).
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Figure 22: Correlation of blade loading and flow coefficients for radial-inflow turbines.
(From Baines, 2003)

Using the definition of C;, where C; is the isentropic ‘spouting’ velocity, the
turbine efficiency can be written as:

s = 2 Ahp / UP4 (Us / Cg) = 2 W VA (3.30)

Thus for an ideal turbine (s = 1.0), ¥ = 1.0 implies v = 0.7, where v is the
velocity ratio U/Cs. For realistic values of efficiency, v will be lower, but for lower
values of ¥, v will be higher and so the two effects will tend to cancel each other
out, according to Baines.

A means for choosing suitable starting design values for any rotational
combination of specified performance parameters is provided by the combination
of specific speed, specific diameter, loading and flow coefficients and this forms
the basis of a simple design procedure which enables the designer to determine
the key geometric parameters of the stage. By using a more detailed analysis,
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these starting values can subsequently be refined, but that analysis will be
considerably speeded by the choice of suitable starting values that this method

provides.

By making use of Figure 22 as a guide, the design procedure begins by choosing
suitable values of the loading and flow coefficients, but noting that other
limitations restrict these choices. It is also necessary to specify the rotor
meridional velocity ratio £, because the flow coefficient is defined in terms of the

rofor exit velocity:
§= Cmas/ Cms (3.31)

The meridional velocity ratio normally has a value near unity. The rotor inlet area
is influenced by it and therefore the inlet blade height for fixed inlet radius. It
therefore has some posture on the rotor incidence and it may be necessary to
vary ¢ in order to achieve an acceptable angle (Baines, 2003).
'

It is also necessary 10 establish the mass flow rate and the rotor tip blade speed
Us. The rotor tip blade speed is normally part of the turbine specification or may
be determined by specific speed considerations. The mass flow rate may be
determined in one of several ways. The turbine power output is given by P=mah,
and if power forms part of the specification, then the choice of loading coefficient
immediately determines the blade speed, because ¥ can also be defined as
Aho/U2 (Baines, 2003). The blade speed may alternatively be limited by stress
considerations. This is particularly so in high temperature applications where the
designer’'s experience will play an important role in choosing the maximum blade
speed which is acceptable for the chosen rotor materiai. It may be necessary in
such cases to refine this first estimate when a full structural analysis is done.
Because high levels of swirl cannot be diffused effectively, the rotor exit swirl at
the design condition should normally be small and wiil thus give rise to high exit
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kinetic energy losses. It is therefore possible to write the Euler turbo-machinery

equation as:

Coa =W Uy (3.32)

Figure 23: Rotor inlet velocity triangle. (From Baines, 2003)

Hence the rotor inlet velocity triangle is defined as shown in Figure 23 by:

L

Crme = € D Uy - (3.33)

where Cmq4 is the inlet meridional absolute velocity, ¢ the inlet/outlet absolute
velocity ratio, @ the flow coefficient and U, the inlet blade speed.

Cqe=( C e C294)1/2 (3.34)

where C4 is the inlet absolute velocity and Cgs the inlet tangential absolute

velocity.
ae=1an" (Coc/ Cie) (3.35)
Be = tan™ [(Cos— Us) / Cmdl (3.36)
M.Eng - A. Rossouw 39 December 2006

Determining the initial design parameters of a radial-inflow turbine



VLIS Vi B MG DORHSLRA
HORTHWEST LHVERATY
HODADVEY UHIVERSTENT

The rotor incidence angle is:
ia = Ba— P4 (3.37)
where B4 is the inlet flow angle and B4 is the inlet blade angle of the rotor.
The static temperature and pressure at the inlet to the rotor are:
Te=Tau—-C%/2C, (3.38)
P« = Pos (Ta/ Toe) /" (3.39)
where Tog = Tor and pos = pPor — Apo. Here Apg is the total pressure loss in the
stator, which may be determined by flow tests. It may alternatively be justified to

ignore it completely and treat the stator as isentropic, as the stator loss is usually
only a small fraction of the overall turbine loss. The iniet area follows as:

;44 =mRTs/ psCra ’ (3.40)
At exit, the total and static temperatures are:

Tos = Toa—Ahg / Cp (3.41)

Te = Tos — C%/2C, (3.42)
where, for axial or near axial flow at exit, Cs = Cpng = U, The exit pressure ps

can then be calculated from the turbine efficiency estimate obtained from specific
speed, loading and flow coefficient correlations.

Ps/ Po1 = [1— 1/ s (1= Tos/ T/ %7 (3.43)
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From continuity the exit area follows:
Ae = mRTs / Ce Ps (344)

These equations enable the designer to obtain preliminary estimates of the
important geometric parameters and flow states at the inlet and exit of the rotor.

Another parameter that must be kept in mind is the incidence angle. The
incidence angle should be investigated to ensure that it is consistent with the
general experience that in radial turbines the best efficiency occurs at some
negative incidence, usually in the region of 20 - 30° (Baines, 2003). The rotor
blade angle at inlet may or may not be open to the designer's choice, depending
on the nature of the application, For all applications that demand a high level of
rotor stress relative to the material yield strength, radiai blade sections are
required in order to keep the centrifugal’ stress within the blade material limits.
For a radial-inflow turbine this implies a biade inlet angle of zero.

The designer must thus examine the calculated rotor iniet relative flow angle and
must decide whether this gives a suitable rotor incidence. It can be set so as to
achieve any desired incidence, if the designer has the freedom to modify the inlet
blade angle. Non-zero inlet blade angles can be achieved in radial-inflow turbine
rotors as long as they are lightly stressed, because high stresses will cause
premature failure. It is possible to vary the inlet blade angle from zero, for a
mixed flow turbine, while maintaining radial blade sections and this might be
another reason for preferring this configuration (Baines, 2003). Figure 24
illustrates the above-mentioned.
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Figure 24: Rotor blade geometry at inlet (a) radial turbine with zero inlet blade angle and
radial blade sections (b} radial turbine with non-zero inlet blade angle and
non-radial blade sections (c) mixed flow turbine with non-zero inlet blade
angie and radial blade sections. (From Baines, 2003}

The rotor inlet and exit areas must also be carefully examined, as these are each
functions of the mean ra:jius and the blade height. The blade speed and the
speed of rotation determine the inlet radius. It can also be selected from the
specific diameter or by setting U, / Cs = 0.7. The rotor blade height b, is then
fixed. The minimum blade hub radius at exit is normally limited by shaft size or by
crowding of the blade roots. The tip radius and the blade height can thus be
determined. The inlet and exit blade tip radii must now be compared, as the ratio
of these two quantities determines the curvature of the rotor shroud contour in
the meridional plane. According to Baines, a very modest curvature, in high
efficiency conditions, will typically require exit / inlet tip radius ratios of about 0.7.
Compact turbines may have values up to about 0.85, as it is quite difficult to
achieve vailues near 0.7 for high specific speed designs. It is frequently required
for some iteration with different rotational speeds, loading and flow coefficients in
order to determine the best geometry.

The exit RMS radius is found and thus the exit blade speed, once this has been
done. If it is assumed that the flow at exit is axial, the exit velocity triangle is fully
determined (Figure 25) and hence the exit blade angle can be determined:
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Bs = tan™" (Wee / Cme) = tan™ [(Ces— Us) / Cmg] (3.45)

The rotor inlet absolute flow angle ay is finally determined by the stator. In
dealing with nozzled turbines, the nozzle exit blade angle fixes this value and in
turn is determined by it, with some correction for nozzle deviation as necessary.
In the case of nozzleless turbines, this angle is determined mainly by the volute
geometry (Ao / ro) ratio, which is thus fixed (Baines, 2003).

(Equations 3.28 — 3.45 are from Baines, 2003)

¥ +

Figure 25: Rotor exit velocity triangle. (From Baines, 2003)

Abdel-Rahim (19'94) also discusses a method for the design of a radial-inflow
turbine and can also be used for the preliminary design thereof. It is, however,
not discussed in this paper.

3.4.2 Rotor design optimization

The loading coefficient is a particularly simple concept to understand and it is
also powerful in its direct relationship with incidence, according to Baines.
Incidence has a major influence on turbine performance and data from a variety
of sources suggests that the range of loading coefficients for radial inflow
turbines is normally limited to a narrow band. Therefore suitable values can
readily be chosen as a basis for design and analysis.
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The method described here is based on the loading coefficient. The object of the
method is to determine fundamental geometry parameters of the rotor such as
diameters, blade heights, angles etc. and to achieve the best efficiency, given a
required power output and mass fiow rate. The most important underlying
assumption here is that the majority of internal rotor passage losses are functions
of the fluid velocity and so efficiency improvements are obtained by minimizing
the fluid velocities at inlet and exit of the rotor, which are subject to other
constraints (Baines, 2003). 1t is unnecessary to specify any internal losses in
order to perform the optimization, if the procedure is only based on a loading
coefficient. Doing so will provide an optimum according to the strategy here, but
will not quantify the actual efficiency of the stage. If estimates of rotor and stator
loss or efficiency are made, this can be done subsequently. It is mostly easier to
calculate the stage efficiency, once the overall geometty is determined, by using
a meanline modelling method (Baines, 2003). [See Ebaid & Al-Hamdan (2004)
for other techniques to optimize the design of an inward-flow radial turbine.]

3.4.21 Rotor inlet R
According to Baines, the components of the velocity triangle at inlet (Figure 23)
are related by,
C24 + U24—-2C4U4 sinay - W24 =0
and from the definition of loading coefficient it foliows that,
W2 - 2Wsirfa, 1— (Wa/ U2 =0
the solution of which yields,
Y = sinfay  sinag [(Wa/ Us)? — cosal]™? (3.46)
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One root of this equation is discarded, because it does not allow ¥ to be greater
than unity. If ¥ is to be real, the condition

(Wy/ Ug)* 2 cos® aq
must be satisfied and the minimum value of Wy / Us occurs when
W,/ Us = cosay (3.47)

Under this condition the remaining inlet parameters are simple functions of ¥ as
follows (Baines, 2003):

sinay = W7 (3.48)
tanBs = -f(1— W) / Y2 * (3.49)
Wy / Ug = cosas = (1 ¥)"? (3.50)
Cq/ Uy = Y12 (3.51)
Cma / Ua = [W(1 - W)]'? (3.52)

As Baines discusses, the implication of this optimization is that, with the blade
loading ¥ specified, the magnitudes of the relative and absolute velocities will be
minimized if the two velocities are nomal to each other, i.e. W2 + L = C2. If the
loading coefficients are in the region of 0.9, both the absolute and relative flow
angles have values typical of those used, which are about 70° stator exit and -
20° rotor inlet flow angles. In the case of working with radial turbines with W = 0.8
- 0.9 and zero blade angle at rotor inlet, the optimum relative flow angle
expressed in Equation 3.49 is very close to the value required for minimum
incidence loss. If high loading is required (W > 0.95), however, B4 approaches
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zero (from the negative direction) and a positive blade angle is necessary to
satisfy the requirements of maintaining sufficient incidence as well as minimizing
the rotor inlet relative velocity. As W approaches unity, which will be in the case
of high loading, the optimum velocity triangle collapses as a4 tends to 90°.

3422 Rotor exit

The condition of zero exit swirl, which will minimize the exit kinetic energy of the
rotor, might be regarded as one of the optimum conditions for the rotor exit
(Baines, 2003). However, considering that the internal losses of the rotor are
likely to be some function of the velocity of flow in the rotor passage, the goals of
a rotor exit optimization will most probably be to minimize both the absolute exit
velocity (to limit the exit kinetic energy) and the relative exit velocity (to limit the
rotor passage loss). Other constraints may mean that it is not possible and
perhaps not even desirable to minimize both simultaneously. A Igrge proportion
of the exit kinetic energy may be recovered and a greater priority can thus be
placed on minimizing the internal losses, if the application allows sufficient space
downstream of ‘the rotor for an effective exhaust diffuser. By keebing with the
assumption of zero exit swirl, the relation between the absolute and relative exit
Mach numbers is (Baines, 2003),

Merei = MPs + (K/ M) (3.53)

where K is a function of the loading coefficient and the rotor inlet to exit radius
and area ratios. Its value is determined by the operating point and other
parameters which values have previously been calculated in the optimizing
procedure. The variable t can therefore be regarded as constant for the purposes
of aptimizing the exit velocity triangle (Baines, 2003).

Equation 3.53 is plotted in Figure 26 for a set of typical values of K. The exit flow
angles, which these combinations of Mach numbers imply, are also shown here.
1t is clearly not possible to minimize both the relative and absolute Mach numbers
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simultaneously. Smaller magnitudes of exit angles favour the relative Mach
number at the expense of the absolute, whereas larger angles have the opposite
effect. According to Baines, most practical radial turbine designs have an exit
angle in the order of -60°, which appears to strike a good compromise for many

applications.
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. Figure 26: Rotor exit Mach numbers for zero exit swirl. (From Baines, 2003}

The Mach number situation is complicated by the addition of exit swirl, at least as
far as any analytical determination of optimum is concerned. It is sufficient to say
that designers usually add exit swirl, for most practical purposes, only when it is
necessary to increase or reduce the power output without changing the speed of
rotation (Baines, 2003). This can immediately be seen from the effect of positive
or negative Cegs in the Euler turbo-machine equation. Evidence suggests that a
limited amount of swirl actually improves the performance of an exhaust diffuser,
most probably because the swirl acts to centrifuge flow outwards and keep the
boundary layers of the diffuser energized, thereby delaying the onset of stall.
However, diffuser performance falls again when the exit swirl exceeds about 15°
— 20° in conventional diffusers or up to 40° in diffusers designed specifically to
work well in high levels of swirl (Baines, 2003). These limits should thus be
respected when exhaust diffusion is used.
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3.4.3 Scaling

This paragraph will look at the basic equations and assumptions concerning
scaling, as this study concentrates on the preliminary design of a radial turbine
and not the scaling method of design. The scaling procedure that follows is
described as by Baines (2003).

The use of similitude to scale an existing design to a new application is the first
level of design. Similitude should only be empioyed if an appropriate turbine is
available and can be scaled for a new application. The term ‘appropriate’
includes requirements of flow, expansion ratio, power output and efficiency. Life
requirements and economics are also essential considerations and in hostile
environments may dominate the design process. The use of the similitude
parameters is fully appropriate only if all of these needs can be met with an
existing stage that can be scaled to a larger or smaller size. This can most
effectively be used when working with a stage that was designed for the same
working fluid that the new requirement demands. According to Baines, scaling
can sometimes also be used with tare to apply a stage from one working fluid to
another, but often it is necessary to rely on a more complex level of analysis to
verify the scaled variant. |

Frequently scaling or verification testing is done using air for convenience,
although several common applications of radial turbines require them to work
with the exhaust gasses of hydrocarbon combustion. Fortunately both exhaust
gasses of this type and air at and above ambient temperatures are near-perfect
in behaviour and so the scaling rules can be applied with confidence, providing it
is recognized that the gasses have different specific heat ratios k and gas
constants R. Applications such as process expanders work with a variety of
organic and refrigerant fluids, often complex mixtures with many components and
with a behaviour which is far from ideal. In the case of working with steam
turbines in which condensation occurs, or even where the expansion line only
approaches the saturation line, constitute other non-ideal cases. It would be
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inappropriate to apply the simple scaling rules to an air turbine to work with
condensing steam, a refrigerant gas or an organic fluid, for the results of the
scaled machine wouid almost certainly differ from the original design in ways
which are very difficult to predict. Recognizing the quite different fluid properties,
a higher level of design is required in cases like this.

The rules of scaling and similitude are summarized as follows (Baines, 2003):

Flow coefficient:

Q m m

= oC
""" ND* pND®  pUD?

where,
- m=mass flow rate,
N= rotatiohal speed,
D = diameter,
U= b!adé speed, and
p = density.
+ *

Head coefficient:

where,
Ahg = total enthalpy.

Power coefficient;
P
I, = pN*D?

where,
P is power.

M.Eng - A. Rossouw 49 December 2006
Determining the initial design parameters of a radial-inflow turbine




YL v BMONE BOPRNG,
HGRTHWEST AVERET
NCOACWES (evESSTET

Reynolds number:

where,
4 is kinematic viscosity.

Velocity ratio:

where,

a is velocity.

L]

For these all the familiar turbomachinery parameters can be derived, for example,

VRT |k 5

+ m
m’g.:Hlan: sz

Thus, the application of simple scaling reveals that the flow rate varies linearly
with the square of the turbine radius and the speed varies inversely with radius.
Small variations in R and k can be used to modify these proportionalities. The
turbine size necessary to accommodate a given flow rate as well as the shaft
speed that this requires or the size related to a given shaft speed and the flow
rate that this implies, are thus readily established. In cases like these, the power
output of the scaled machine can then be calculated by using the power
coefficient equation (Baines, 2003).

The Reynolds number is one parameter that usually cannot be scaled correctly,
because it is a function of turbine speed and diameter, which are chosen as

described above. The gas density and velocity are the only remaining
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parameters. The velocity is a function of the gas composition and temperature
and the designer can usually not control it. It is possible to scale the Reynolds
number correctly, only if the density can be independently varied. This is only
possible in a few highly specialized closed-circuit test facilities, but not in regular

test facilities or in general applications (Baines, 2003).

The effect of Reynolds number on performance is often small and may in some
circumstances be neglected, although it is not always the case. The definition of
Reynolds number is important here and is mostly inconsistent. According to Hiett
and Johnston (1963) (as stated by Baines, 2003), one can choose to define it in
terms of the rotor inlet parameters and a kinematic viscosity based on the turbine
inlet density:

U.b,
U, ¢

Re Ricardo =

NASA defined it using the flow rate measured at inlet to the turbine:
+

m
Re i =

4

The relationship between these two is:

RBNASA - 272'¢ [24_]
— 4

) < Ricarde p 1

where @4 = Cpqe / Uy is the rotor inlet flow coefficient. It can thus be seen that the
two Reynolds numbers are similar in magnilude, at least for normal design point
operation, but care must be taken in interpreting the data to use the correct
definition. |

M.Eng - A. Rossouw 51 December 2006
Determining the initial design parameters of a radial-inflow turbine




VUSG5 7Y W MO Bk
HORTHWEST S ry
MOORIWES LE Rt T

Hiett and Johnston describe their data as fitted by the equation:

7 = le—
TURGE,

with ng as the total-to-total efficiency.

It would, however, appear that the efficiency is constant with Reynoids number
above about 2 x 10°. This equation lacks generality, because it is specific to the
level of efficiency determined for this turbine at this point. Somewhat
theoretically, a more general formulation that includes the reference vaiue of
efficiency at specific Reynolds number of 2 x 10° would take the form:

]_ﬂ _[Re"f Jﬂ.lﬁ
1 - nref Re Ricardo
According to Holeski and Futral (1967) (as stated by Baines, 2003),'it can be
proposed that the overall loss be divided into viscous friction, so they correlated

their data with an expression of the form:

1 Re . \?
i/ K+(1—K{ f ]
]_qref Re NASA

where K is a constant which depends on the assumed split. Values of K between

¥

0.3 and 0.4 were recommended as fitting their data weli.

According to Baines, it should finally be noted that other effects might also
prevent a precise geometric scaling. For example, blade fillet radii and
thicknesses may have to be modified to meet manufacturing or structural
requirements. Operating clearances, and particularly the rotor tip and back face
clearances, may have to be modified. In these cases efficiency correlations may
be made using suitable leakage models with the stipulation that they may not be
exact unless carefully calibrated against appropriate test data.
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According to Harvey, scaling allows us to utilize an ailready tested and proven
component for a new engine, as long as the size difference does not result in a
significantly compromised engine. It would be expected from a scaled component
to be lower risk and therefore needs reduced development time, but the major
advantage in using scaled components in different engines, is that lessons
learned in one application can be used to improve both engines. The opposite is
also true, as the risk exists where flaws from the original design can be carried
over to the new design.

An engine that uses scaled components can, at least theoretically, never be as
good as one designed for a specific application. Scaling a component up will
usually result in a heavier than optimum engine and scaling a component down
may result in a more complicated and costly engine than the engine size merits
(Harvey).

Kurzke.& Riegler (2000) also discuss a new compressor map scaling procedure
for preliminary Conceptual design of gas turbines, which will not be discussed in
this study.

3.4.4 EES radial-inflow turbine design

Now that the basic literature for the design of a radial-inflow turbine has been
discussed, a tool for the calculation of the initial design parameters of a radial-
inflow turbine can be constructed. This can be achieved by making use of the
Engineering Equation Solver (EES) and the design procedure discussed.

The design equations for a radial-inflow turbine were used to construct a tool in
EES for the preliminary design of a radial-inflow turbine. In order to make the
constructed program user friendly, a “design window” was constructed (Figure
27).
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Figure 27: Constructed EES design window for a radial-inflow turbine.

In order to do a preliminary radial-inflow turbine design, the designer must enter
the input parameters necessary to calculate the design parameters. After this has
been completed, the “calculate” button is pushed and the results are shown.
These results can then be used as input parameters for detail radial-inflow
turbine design software packages such as Concepts NREC Rital ©. In order to
help the desigher in choosing meaningful input parameters, a shod description of
each input parameter is given next to it.

See Appendix A for further detail concerning the constructed EES design
program as well as an example for the design of a radial-inflow turbine by making
use of the constructed EES design program.
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3.4.5 Volute preliminary design

The volute is a unique component of turbo-machines and demands a design
procedure that is separate from the designs of vanes and blades, according to
Baines. The principal parameter in the design of a volute is the inlet area to
centroid radius area A, as illustrated in Figure 28. This relationship determines
the angie of flow at the exit of the voiute, which is aiso the angle at which the flow
approaches the rotor in a nozzleless turbine.

Figure 28: Afr ratio of a volute.

During the design procedure of the volute, the principal outputs are the section
areas around the volute and it is the designers choice of how many sections
he/she wants to calculate (see Figure 29). The section area and centroid radius
are inter-dependent of each other and it will be necessary for the designer to
iterate the calculation with different choices of the centroid radius until an

acceptable volute shape is achieved, according to the designer.
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R Figure 29: Volute sections. (From Baines, 2003)

According to Baines, the design procedure can then be described as follows:

4 *

3.451 Flange to Critical section

The Mach number can be solved at each section by the following equation,

mRT, [k ~_-M(1+k“l ){H]

Noe Z T M?
A(l-B)p, 2

From this, the following parameters can be calcuiated,

-1
T=To(1+-k—;—1M2J

C=MViRT
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T Y1
P=p E

3.4.5.2 Scroll section

The mass flow through any section of the volute can be calculated with,

where 0 is the angle measured in radians from the critical section.
The meanline velocity of flow through any section is given by the following

equation,

C, _scCe
r

where SC is the swirl coefficient.

The other parameters can then be calculated,

C2

T=T,-
2Cp

k
T V&1
P=D '7:0"

__P
P=RT

The mean flow velocity toward the nozzle can then be solved by,

c,= am
pbnag
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where b is the width of the scroll section.

With this known, a can be calculated,

4= 5C,0-B)

The area of the section can then be calculated, with a known blockage factor 8.

Figure 30: Skelch of the volute showing the velocity vectors. (From Baines, 2003)

A bend in the flow entering the volute is important in 'establishing a vortex flow
about the axis of the turbine, but according to Hussain et al (as stated by Baines,
2003) the vortex motion is set up in about the first 20° of turning.

The basic design rule of the volute is to design the distribution of the flow around
the periphery of the turbine so as to give a uniform mass flow rate and uniform
static pressure at the volute exit. This must be achieved in order to ensure that

each rotor blade passage flows to its proper capacity and also to ensure steady
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radial loading, but in practice these conditions are only met approximately
(Baines, 2003).

The caiculation procedure is made much easier when a computational program
such as EES is used, because the designer will have to do a couple of iterations
before the correct volute shape is reached. Please refer to Appendix B for an
example of the calculation procedure of the volute such as constructed in EES.

3.4.6 Blade loading and blade number

A single parameter can be considered in two ways, the blade loading and blade
number. The integrated blade loading is simply the stage loading set by the
turbine specification, divided by the blade number. In the case of radial turbines
there are no simple rules for even the initial selection of a trial blade number with
which to _start the analysis, similar to the Zweifel coefﬁcien§ for axial turbines.
Given the usual radial turbine geometry, the optimum blade number at inlet will
almost certainly be much larger than the optimum blade number at exit. Historical
rules based on simple concepts of blade loading have been found to be quite
inadequate (Baines, 2003).

A tool that can be used to determine an appropriate blade number is CFD
analysis and fast solutions based on a coarse grid have proved adequate for this
task. (Criteria for the minimum number of blades for a rotor have been developed
by Jamieson, Glassman and Whitfield and can be found in Fluid Mechanics and
Thermodynamics of Turbornachinery (chapter 8) by S.L. Dixon.)

In Figure 31 the relationship between the various criteria can be seen. For a
certain iniet flow angle a, a number of rotor vanes Z can be found.

According to Glassman (as stated by Dixon, 1998), the number of vanes can also
be calcutated from the following equation,
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point”), which is commonly also the best efficiency point of the turbine, according
to Baines. One can then analyze the turbine performance at all of the expected
operating conditions, both design and off-design. On the other hand, a variable-
geometry turbine may be “designed” at a range of conditions. Although the basic
equations to model both the design and analysis functions are essentially the
same, the techniques by which they are combined and organized differ (Baines,
2003). 1t is possible both to generate geometric configurations and to predict the
performance of those configurations over a wide range of possible operating

conditions, with a complete set of design tools.

According to Baines, the meanline analysis strategies for the soiution of a radial-
inflow turbine must proceed in one of several modes, depending on the way in

which the operating point is specified:

a) Mass flow rate and inlet total pressure are specified and the exit

pressure is a free variable: no iterations are necessary.

¢ ¥
b} Inlet and exit pressures are specified: the mass flow rate is iterated until
the exit pressure is correct.

c) Mass flow rate and exit pressure are specified and the inlet pressure is a
free variable: the inlet pressure is iterated until the exit pressure is
correct.

One must take special precautions in case of choking. When either the nozzle or
the rotor chokes, the mass flow remains constant for pressure ratios greater than
the choking pressure ratio and thus the exit pressure is no longer uniguely
defined (Baines, 2003). Under these conditions further constraints are necessary
to define a unique solution. Radial turbines are rarely designed or required to
operate in a supersonic regime, so that the problem of choking individual blade
rows is not serious and can normaily be handled by an assumption of supersonic

turning about the trailing edge (Baines, 2003). It is quite easy for the solution to
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wander into a transonic region or to set a trial vailue of mass flow rate that is

greater than the choked value, during iterations for mass flow rate.

According to Baines, many of these problems can be eliminated if, instead of
specifying mass flow rate and solving for pressure ratio, the situation is reversed
and one specifies pressure ratio and calculates the mass flow rate. There is a
unigue value of mass flow rate for any pressure ratio and off limit problems
simply do not appear. The pressure must be specified at each calculation station
through the stage, in such a procedure, and the mass flow rates between each
adjacent pair of stations are calculated. There is no guarantee that each
component will then have the same mass flow rate and the individual pressures
must be adjusted in a suitable numerical scheme in order to converge on a
common mass flow rate. The number of calculations may be greater in this case,
but overall the solution is numerically bettered conditioned and more stable
(Baines, 2003). )

There are two,approaches to solving the flow in a turbo-machine. Jn the first one,
known as the direct problem, the geometric configuration is specified and the
flow and pressure fields are sought. The second approach is called the design
problem and is based on specifying part of the geometry and part of the flow or
pressure field. The solution provides the remaining part (Ghaly, 1990).

According to Zangeneh, there are two main approaches to the problem of
aerodynamic design of turbo-machinery biades, the direct and the inverse
approach. In the direct approach the flow is computed for a given blade
geometry, while in the inverse approach the required flow distribution is specified
and the corresponding blade geometry is computed.
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3.5 Conclusion

Chapter 3 discussed the basic analysis and design of a radial-inflow turbine as
well as nozzle vane design. A simple tool to determine the initial design
parameters of a radial-inflow turbine was constructed in EES and finally the

volute design was discussed.

The final step in reaching the goal of this study is to verify the constructed EES
design tool for determining the initial design parameters of a radial-inflow turbine.
Verification is important in order to assure trust within the constructed EES

design tool.
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CHAPTER 4
EES VERIFICATION AND GUIDELINES

The final step in reaching the goal of this study is to verify the constructed EES
design tool to determine the initial design parameters of a radial-inflow turbine. In
order to accomplish this, the constructed EES design tool will be verified as

follows:

> Compare it to an example design of a radial-inflow turbine sourced from
S.L Dixon

» Compare it to the design specifications of a Garrett GT42 turbine unit

» Compare it to designs of radial-inflow turbines done in Concepts Rital

The verification will be followed by guidelines for the designh of a radial-inflow
turbine, which will give the designer basic information to keep in mind when
doing a design.

4.1 EES verification

In order to verify whether the method to determine the initial design parameters
for a radial-inflow turbine constructed in EES is acceptable, radial-inflow turbine
design examples from various sources are used. These examples make use of
other methods to do the preliminary design of a radial-inflow turbine than that
used in this study.

The data from these examples are used to do a preliminary design in the
constructed EES program and the results generated are then compared to the
results given in the examples. By comparing the results, the EES design
procedure can be verified and possible flaws in the program can be identified.
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Another attempt to verify the constructed EES design procedure is to do a few
radial-inflow turbine designs in Concepts Rital and to compare them to the same
designs done in EES. Although Rital is a much more detailed design procedure
in the sense that it incorporates losses and other factors not incorporated into the
EES program, a comparison between the resuits generated by the two programs

can be a sufficient way to verifying the constructed EES design procedure.

The following examples from two different sources were used in order to verify
the constructed EES program for the design of a radial-inflow turbine. The data
from the examples was used as input for the EES program and the resuits

generated were compared to the resuits given by the examples used.

The first examples used were taken from Fluid Mechanics, Thermodynamics of
Turbomachinery by S.L Dixon, which makes use of the Optimum Efficiency
Design method in order to do a prelithinary design of a radial-inflow turbine.

The second comparison is with a commercial Garrett GT42 radial-inflow turbine.

¥

4.1.1 Example 1

In order to compare the results of the example to that generated by the
constructed EES program, a table was compiled. Table 1 contains the results of
the EES program as well as the results of Example 8.3 — 8.6a (S.L. Dixon, P 244-
263), which presents the design of a radial-inflow turbine. The percentage
column illustrates the difference between the results compared and is calculated
by dividing the results by each other and then muitiplying that with 100%.
Because the methods used to do the EES design of a radial-inflow turbine differs
from the example, some of the results of the example were used as input
parameters for the EES program and visa versa. The results were, however, still
kept separate. [See Appendix C for a copy of Example 8.3 — 8.6a used and the
results generated by the EES design program.]
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Table 1: Comparison of EES and Example 1 results.

Parameter Example EES
Z 12 12.42 96.6%
0 73.22° 72.41° 98.9%
P4 33.56° M4.7° 96.7%
- Be 62.97° 66.9° 94%
PR 3.1 3.56 87%
Ma 0.77 0.75 97.4%
Us 538.1 m/s 537.8 m/s 99.9%
Tos 840 K 765 K 91%
Ts 832.1K 756 K 90.8%
T4 0.117 m 0.1171 m 99.9%
Coa 4489 m/s 441 m/s 98.2%
Cma 135.4 m/s 139.8 mfs 96.9%
Ca 468.8 m/s 462.7 m/s 98.7%
Ta 954.5K 966.3 K 99.8%
L Pa 207 kPa 249.2 kPa 83.1%

From Table 1 it can be seen that all of the parameters have a cgmparison
percentage of over 90 %, except the PR and the Inlet pressure. The 87% and
83.1% comparison of these two parameters can, however, still be regarded as
acceptable. ’ '
The overall average comparison percentage is 95.26% and the resuits

comparison can be concluded as acceptable.

4.1.2 Garrett GT42

A Garrett GT42 radial-inflow turbine rotor as well as its operating conditions was
obtained. The design specifications of the rotor such as the blade inlet angle and
blade outlet angle could, however, not be found, as this is information that
Garrett does not want to reveal.

ih an attempt to gather the necessary information in order to perform the same
design in EES, the rotor was measured by making use of a Vernier. Although the
information gathered may not be completely accurate, as measuring inaccuracies
may have occurred, it is seen as a good opportunity to compare a commercial
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turbine to the constructed EES radial-inflow turbine design program. Tabile 2
gives a comparison of the EES and GT42 results.
[See Appendix D for a copy of the GT42 specifications and the results generated

by the EES design program.]

Table 2: Comparison of EES and GT42 resulls.

Parameter GT42 EES Comparison
Z 10 10.36 96.5%
P4 799.2 kPa 802.1 kPa 99.6%
T4 700 °C 665 °C 95%
Ts 635.9 °C 600.3°C 94.4%
PR 1.47 1.69 87%
Pa 16.5° 14.04° 85%
Bs 60° 65.6° 91.5%
‘ s 0.043m 0.042m ) 87.7%
et 0.0392m 0.0388m 98.8%
"' b 0.0146m 0.0131 ° 90%

From Table 2 it can be seen that the majority of parameters are once again
above 90% comparison. The other parameters are the PR (87%), P4 (85%) and
the blade height (90%). Even with the relative inflow-angle (Bs), with the lowest
percentage comparison, the overall comparison can be regarded as acceptable
when taking intc account that this is a comparison of a preliminary radial-inflow
turbine design procedure with a commercial radial-inflow turbine.

The overall average compatison percentage is 93.3%.
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4.1.3 Concepts NREC Rital

As mentioned before, the need for the study originated from a lack of experience
in radial-inflow turbine design. This identified the need for a basic design tool
guiding the novice to meaningful initial design parameters that can be used as
input in detail design packages commercially available.

In order to verify the acceptability of the answers supplied by EES, the results
were compared to that obtained from such a commercial package. This was
done using Concepts Rital®, a commercially accepted code for designing radial-

inflow turbines.

The Concepts Rital design mode was selected as this gives the designer the
option of entering the inlet temperature, the exit pressure, mass-flow rate, the
power and the rotational speed. The Rital loss coefficients were also kept on

during the comparison, as this will usually be the case during designs.

The radial-inflow turbine design in EES is done quicker compared to the same
design in Concepts Rital. The main purpose of the constructed EES design
method is, however, still to present the designer with a tool to do a quick radial-
inflow turbine design and in doing this, stating the economic feasibility of the
system without the need for a commercial package such as Concepts Rital.

The verification continued by doing the same design of a radial-inflow turbine in
EES and Rital. In order to verify the constructed EES design tool, certain
parameters such as the rotation speed, mass-flow rate and inlet témperature
were varied and the results compared. The results are presented in column
graphs, thereby making it easier to compare. Only selected parameters are
shown in the comparison graphs to follow, as there are quite a number of
parameters calculated by both programs.
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4.1.3.1 Rotational speed variation (N)

During the first four comparisons, the rotational speed was varied. The runs were
done at 20 000 rpm, 50 000 rpm, 80 000 rpm and 110 000 rpm.

The inlet temperature was set at 500K, the exit pressure at 150 kPa and the
power at 20 kW. For the first two comparisons, the mass-flow rate was set at
0.05 kg/s and for the last two comparisons at 0.07 kg/s and 0.1 kg/s. The total-to
static efficiency was taken as 90%.

The comparison results given in Figures 32 to 35 show the comparison between
the Rital results and the EES results.

[See Appendix E for the design windows of the four comparisons.]

N = 20 000 RPM

300
250
$00
2150 -
=100 -
50

0 -
| | alfad (°) | betad (°) | T4 (K)

U4 (m/s) | P04 (kPa) | |
mEES| 7747 | 2657 498.6 6081 | 17838 1533 | |
DRital| 689 | 2945 498.8 6073 | 1991 6 ||

Parameters '

Figure 32: Rotational speed at 20 000 rpm.
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N = 50 000 RPM
300 1
250
8200
= 180
=100

50 _ .

v alfad (°) | betad () | T4(K) | U4 (mis) | P04 (kPa) RS
|mEES | 7747 26.57 491.1 152 178.9 15.33
|@Rital | 6738 29.45 4973 | 15184 | 1993 | 15

Parameters
Figure 33: Rotational speed at 50 000 rpm.
N = 80 000 RPM
300 E
| 250
©200
3150
=100
50 -
O a kel e i % -
alfa4 (°) | betad () | T4(K) | U4(mis) | PO4 (kPa) z
lmees | 7747 | 2657 | 4773 | 2432 179 15.33
[DRital| 679 | 2938 | 4953 | 24295 | 1996 15
Parameters

Figure 34: Rotational speed at 80 000 rom.
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N =110 000 RPM

..... 2 =

£ ? - L
alfad (°) | betad (° TA(K) | U4(m/is) | P04 (kPa) z

WEES | 7747 26.57 457.1 3344 179.2 15.33
@Rital | 68.1 29.13 490.3 33406 | 199.8 15
Parameters

Figure 35: Rotational speed at 110 000 rpm.

41.3.2 Mass-flow variation (m)

During the second three comparisons, the’ mass-flow rate was changed each
time. The first run was done with a mass-flow rate of 0.1 kg/s, followed by a

mass-flow rate of 0.125 kg/s and finally 0.15 kg/s.

The other input parameters, except the inlet temperatures, were kept as in
Paragraph 4.1.3.1 and the rotational speed was kept constant at 60 000 rpm for

all three comparisons.

The temperatures were set as follows for the different mass-flow rates:
» 600K for the mass-flow rate of 0.1 kg/s
» 500K for the mass-flow rate of 0.125 kg/s

» 360K for the mass-flow rate of 0.15 kg/s

The temperatures were decreased as the mass-flow rates were increased in

order for the designs to solve. This is because an increase in temperature
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causes an increase in energy and thus leads to a lower mass-flow rate required

to operate (Author).

The comparison results are given in Figures 36 to 38 and shows what the

comparison is of the Rital results and the constructed EES results.

[See Appendix E for the design windows of the four comparisons.]

m= 0.1 kg/s

300 -
250 -
000 -
-
=150 -
2100 -
50 -

alfad (°) U4 (mis) | PO4 (kPa) 7
\mEES| 7747 26.57 | 1124 | s 15.33
'ORital| 605 2902 | 688 | 18221 | 1g89 15
Parameters |
|
Figure 36: Mass-flow rate at 0.1 kg/s.
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m = 0.125 kg/s

! alfad (°) | betad (°) T4(K) | U4(m/s) | P04 (kPa) Z
| WEES | 7747 26.57 4872 182.4 178.9 1533
| [gRital 60 28.83 498 18221 | 198.9 15 _
Parameters ;
Figure 37: Mass-flow rate at 0.125 kg/s.
E m= 0.15 kg/s
{ ’ *
| 300
250
§ 200 1 ;
= 150
* 100 |
50 - "-f‘;- !
alfad (°) | betad (°) T4 (K) U4 (m/s) | P04 (kPa) z ;j
WEES | 7747 26.57 3472 1824 | 192 16.33 |
@Rital| 63 18.1 357 182.21 198.9 15
Parameters
Figure 38: Mass-flow rate at 0.15 kg/s.
December 2006

M.Eng - A. Rossouw
Determining the initial design parameters of a radial-inflow turbine

73



4.1.3.3

Iniet temperature variation (To1 = To4)

During the last three runs, the total inlet temperature was changed each time.

The first comparison started with a total inlet temperature of 400 K, followed by

total inlet temperatures of 600 K, 800 K and 1000K.

The mass-flow rate was kept at 0.06 kg/s, the rotational speed at 50 000 rpm and

the exit pressure at 150 kPa. The other parameters were kept the same.

The comparison results given in Figures 39 to 42 show the comparison of the
Rital resuits and the EES results.

[See Appendix E for the design windows of the four comparisons.]

T4 = 400K

200 |
| 150
0
Q
=100
o
>
50
O __ ’ i
i | U4 (m/s
| ImEES| 77.47 | 182 187.3 15.33
ORital T373 151.8 198.9 15
Parameters
Figure 39: Inlet temperature at 400 K.
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T4 = 600K
200
150
w
Q
= 100
L
[>
| 50 -
|
| 0 1 o |
alfad (°) | beta4(°) | U4 (m/s) | P04 (kPa) z
IWT4=600EES | 77.47 | 2657 152 1736 15.33
B T4=600 Rital | 6441 | 29.41 151.84 198.9 15
Parameters

Figure 40: Inlet temperature at 600 K.

T4 = 800K

alfa4 (°) betad (°) U4 (m/s) P04 (kPa
'mees| 7747 26,57 e | ws | sa |
ORital| 54.84 29.33 15184 | 1989 | 15
| Parameters
Figure 41: Inlet temperature at 800 K.
December 2006

M.Eng - A. Rossouw x5
Determining the initial design parameters of a radial-inflow turbine



-
UPEEST) YA BOKONE BOPHRRA
MCATHAVEST LAVESITY
HODRIWES UMMERSITEIT

T4=1000K

250

200
g 150
=
s 100

S0 A v

0 - i B . -

alfad (°) | beta4 (°) | U4 (m/s) | P04 (kPa) z
lmEES | 77.47 26.57 152 | 1636 15.33
@Rital| 51.35 29.26 151.84 | 198.9 15
Parameters

Figure 42: Inlet temperature at1000K.

4.1.3.4 Summary and Conclusion

During the variation of the rotational speed, the displayed parameters varied
within acceptable tolerances. The inlet absolute flow angle (c¢4) varied with a
comparison percéntage of 89%, 87.5%, 87.6% and 88% during the four different
rotational speeds. The inlet relative flow angle (Bs) varied with a comparison
percentage of 90.2%, 90.2%, 90.4% and 91.2% respectively. The inlet static
temperature (T4) varied between 99% and 93%. The comparison percentages for
the inlet total pressure (Pos) are 90%, 89.8%, 89.7% and 89.7%. The other

parameters varied above a comparison percentage of 98%.

During the variation of the mass-flow rate, the displayed parameters once again
varied within acceptable tolerances, with the exception of the inlet absolute flow
angle. The inlet relative flow angle varied with a comparison percentage of
91.6%, 92.2% and 68.1% respectively. The inlet static temperature stayed
constant above a comparison percentage of 97%. The inlet absolute flow angle,
however, varied with a comparison percentage of 77.8%, 77.2% and 81% for the
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three different mass-flow rates. The other parameters varied above a comparison

percentage of 87%.

During the variation of the inlet temperature, the displayed parameters stayed
within acceptable tolerances. The inlet absolute flow angle varied with a
comparison percentage of 95.2%, 83.1%, 70.8% and 66.5% for the four different
inlet temperatures. The inlet relative flow angle varied with a comparison
percentage of 80.1%, 90.3%, 90.6% and 90.8% respectively. The inlet static
pressure varied with comparison percentages of 94.2%, 87.3%, 84.1% and
82.3% for the four runs. The other parameters varied above a comparison
percentage of 97%.

From the above results, it can be concluded that the constructed EES verification
with the Concepts Rital program was acceptable. Most of the parameters varied
above a comparison percentage of 82% with only the inlet absolute flow angle
dropping to 66.5% during runs with the variation of the inlet temperature.
However, for the rest of the comparisons it stayed abave 77%.

it must be stated that the comparisons are only used as verification of the
constructed EES design tool and by no means indicates the operating ranges of
the constructed EES radiai-inflow turbine design tool.

Although some variations were large, it is deemed acceptable, as this is only a
preliminary design tool and the results proved to be close enough to give an
acceptable ballpark value. Once obtained and fine-tuning is required, then
Concepts Rital can be used.
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4.2 EES design guidelines

The procedure on how to do a preliminary radial-inflow turbine design using EES
and operating it has been discussed in the preceding chapter. Paragraph 4.2.1
now provides an indication on the influence that each input parameter has during
the design of a radial-inflow turbine using the constructed and verified EES
design tool. Appendix F provides a short description on every parameter used in
the EES radial-inflow turbine design tool and the role it plays within the design
procedure,

Ih order to help the designer during the radial-inflow turbine design procedure,
some information regarding materials and bearings is provided. it will help the
designer in choosing meaningful input parameters when doing the design using
the constructed EES design tool. The various materials will give the designer a
good indication on realistic temperatures to use and the bearings on realistic
rotational speeds.

4.2.1 EES input parameters

Table 3 indicates the influence each input parameter has during the design of a
radial-inflow turbine through the constructed EES design tool. It indicates which
parameters are influenced and whether it's value will increase or decrease. The
value of each input parameter was increased independently and the influence
thereof recorded.
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Table 3. Input parameters and their influences

Input Input
Parameter Result value Parameter Result vaiue
Increase valuelincrease/Decrease Increase valuellncrease|Decrease|
Tor Ay M, Boa iq Mg
Ag Ms m A,
B P4 Ag
b PRiota Be
Tos PRaasic Ts
Ta Pos Tos
Te b
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4.2.2 Materials

The selection of a material for the turbine plays a very important role when
selecting the temperature at which it will operate. Other factors such as stress
and corrosion on the blades must also be acknowledged. The final selection of
the material can only be done after a detail design of the radial turbine has been
done and a stress analysis has been conducted using CFD or other methods. As
this paper only describes the preliminary design of a radial-inflow turbine, it will
only give a guideline to which materials the designer can use during the
preliminary design. [More information on the effects that corrosion, temperature
and stress piay on the turbine blades can be found in Chapter 11 of Boyce, M.P.]

In practise, normal materials such as Stainless steel grade 304 can be used for
temperatures up to 650°C. In the case where a higher temperature is used, the
designer will have to make use of more expensive materials which can withstand
the hiéh temperatures with good service life up to 870°C. boatings such as,

> Ni, 18% Cr, 12% Al, 0.3% Y, »
» Co,29% Cr, 3% Al, 0.3% Y or
> Co, 25% Ni, 20% Cr, 8% Al, 0.3% Y

can be used in temperatures up to 1000°C, but this is only in very extreme
situations. A benchmark for preliminary design will be 600°C (873K), as most
regular radial turbine wheels operate at this temperature (Baines, 2005).

Table 4 provides an estimate of the most commeonly .used turbine materials and
their properties, published by Baines (2005). This table can be used in selecting
the inlet temperature to the turbine rotor when using EES for the preliminary
design of a radial-inflow turbine. The minimum tip clearance can also be found by
using the % Elongation by adding this to the calculated turbine rotor radius.

[See Kawaura, Kawahara, Nishino & Saito (2002) for a new surface treatment of
turbine blades.)
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Table 4. Properties of turbine materials. (Courtesy of Baines, 2005)

Material Temp. oy uTs Elongation p E UTs/p Elp
{°C) {(MPa) (MPa) (%) (kgim®) _{GNim?)
IN713LC 538 760 895 11 8000 183 0.1 0.023
760 760 950 11 165 0.12 0.021
871 580 750 12 157 0.084 0.02
982 285 470 22 149 0.059 0.019
IN718 538 1020 1195 20 8200 200 0.15 0.024
760 800 855 30 0.1
MAR-M-
247 538 825 1035 9 8500 172 0.12 0.02
760 825 1035 159 0.12 0.019
871 690 825 150 0.097 0.018
982 380 550 142 0.065 0.017
yTiAl 400- 450- 3 4400 159 0.10- 0.036
425 600 3 4400 159 0.14 0.03¢
Hot
pressed 690 3200 310 0.21 0.097
SisN,
Hot
pressed 200 3030 400 0.068 0.132
Beryilia .

4.2.3 Bearings

¥

Bearings pilay a very important role in the design of a turbine, especially in a
turbo unit. The bearing is responsible for keeping the turbo-unit in place while
different forces are acting on it and while doing this, it stiil has to let the shaft
rotate with the least amount of friction. This paragraph wiil not look at factors
such as forces and friction concerning bearings, but will look at the maximum
rotational speeds which a bearing can handle as it is one of the input parameters
when doing a preliminary design of a radial-inflow turbine.

There are three types of bearings that are currently being used, namely the
Floating ring journal bearings, Rolling contact bearings and Air bearings. In
applications where bearing losses are very important, the designer will try and
design the turbo-unit to rotate as slowly as possible, because the bearing power
loss increases as the square of the shaft speed (Baines, 2005). in, for exampie,

automotive applications where size and rotating inertia must be kept to the
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minimum, this requirement is overridden and has driven the design to ever higher
speeds. In normal applications the turbine will rotate at speeds reaching 80 000
rpm. In more extreme applications where the rotational speed must be as high as
possible (as a resuit of turbine size limitations), speeds of 400 000 rpm can be
achieved (Anonymous). It must however be acknowledged that the higher the
rotational speed required, the more complicated the bearing becomes and thus
more expensive. Other factors such as cooling and lubrication of the bearing
must also be kept in mind, as these play very important roles in the service life of
a bearing.

In automotive applications the most commonly used bearings are Joumal
bearings and Ball bearings. The Garrett ball bearing spools up 15 percent faster
than traditional journal bearings (Garrett, 2005) and is therefore the preferred
bearing to use when losses and reaction time are vefy important, although it is

more expensive than regular journal bearings (see Figure 43). '
Speed response when throcle s snddenly opened
* at 2000 rpm ( 2 licre 5.1engine ) b
2500 - e e peeneeee
o) e : : ; =
* 2000 +--------- romonaoaes R :
= : ' :
2 1500 oo R A
% 1000 ‘ ‘
© ; : —+— Sleeve Bearings
ﬁ 500 P N : ' _E __________ ;_ _________ L ¢
: '_3_ . ' : : : k
0 : — t T .’ i
0.2 0 4 0.8 1.2 1.6 2
Time {s}

Figure 43: Speed response of a Ball bearing vs. a Sleeve bearing.
(From Garrett website, 2005)
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4.3 Conclusion

In Chapter 4 the constructed EES design tool for determining the initial design
parameters of a radial-inflow turbine was verified, as the comparisons were found
acceptable. The chapter also discussed other parameters that must be kept in
mind when doing a radial-inflow turbine design, such as material and bearing
limitations and the influence each input parameter has during the EES design

procedure.

The three steps in order to reach the goal of this study have now been
compieted, namely a thorough literature study, development of a simple design
tool and finally verification of the constructed EES design tool. Chapter 5 will give
a final conclusion regarding this study and will conclude with recommendations.
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CHAPTER 5
CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

The problem statement stated that with the use of currently available turbo-
machine simulation packages a need exists to guide young turbo-machine
designers in making reasonable assumptions, based on previous experience,
during the design of a new turbo-machine. The goal was to help develop the
designer's background concerning radial-inflow turbine design and to construct a
radial-inflow turbine design tool in EES. This would help prevent flaws carried
over from an existing design to that of a new design. It would also make it
possible to determine the feasibility of a system before continuing with a detail

design through the much more expensive turbo-machine software packages.

The aim was to develop a tool to assist designers with the initial *ball-park”
design of new radial-inflow turbine rotors. In doing so, giving the designer
meaniﬁgful initial design parameters making it possible to start a new design
within a current available simuiation package with some degree of assurance that
it will solve, from where further ﬁne—tuning would be possible.

in order to reach this goal, the first step was to do a thorough literature study in
order to determine which parameters are important during the design of a radial-
inflow turbine. The second step was to develop a simple tool by making use of
the Engineering Equation Solver (EES) in order to determine the initial design
parameters of a radial-inflow turbine. This would make it possible for users to
reach a first order design. In order to create trust within this tool, it had to be
verified. This was accomplished through two different methods, the first being to
compare it to design samples sourced from turbo-machine literature. The second
method was to make use of the Concepts NREC® software package, which is

accepted worldwide for the design of turbo-machines.
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These steps were compieted and the EES radial-inflow design program was
constructed. Information gathered from various sources was used, most of it from
the Axial and Radial Turbines handbook by Baines (2003). In order to verify the
constructed EES design program, a radial-inflow turbine design example was
used as well as the design specifications of a GT42 turbine. For further
verification, the detail design software Concepts Rital was used. The same
design was constructed in both the EES and Rital programs and some
parameters were varied. The results of each run were then compared.

The results of the three different methods used showed that the comparisons are
acceptable and it can therefore be concluded that the constructed EES
preliminary radiai-inflow turbine design tool is acceptable in determining the input
parameters for radial-inflow turbine design software. It can also be concluded
that time will be saved in the design cycle of a radial-inflow turbine. This is
because better initial design parameters will lead to fewer runs being required to
reach an acceptable detail designed radial-inflow turbine.

b

5.2 Recommendations

During the verification of the constructed EES radial-inflow turbine design tool,
normal radial-inflow turbine operating conditions were used. The design range of
the EES design tool was not determined, for example very high and very low

rotational speeds, very high and very low mass-flow rates and so forth.

It is thus recommended that a wide range of designs be created within Concepts
and PCA, which can then be compared to the same designs in the EES design
tool.

Another recommendation is to create an experimental set-up of a radial-inflow
turbine and to compare the results with that generated by the EES design tool.
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Appendix A: EES rotor design and example

The goal is to construct a tool to determine the initial design parameters of a
radial-inflow turbine. In order to accomplish this, EES was used in conjunction

with the radial-inflow design equations discussed to create such a tool.

Appendix A present the constructed tool within EES by giving the input
parameters and equations used to develop it. A short description of each “step” is
given in order to make it easier for the designer to follow the constructed program

for determining the initial design parameters of a radiai-inflow turbine.

This is followed by a radial-inflow turbine design example in order to illustrate the
EES design procedure constructed.

Program:

{Please supply the following parameters for the prefiminary design of a radial-inflow turbine}

{T_01= 1073 ) {Total inlet temperature in Kelvin} ,

P 8= 101.3 {Pressure at the outlet of the turbine rotor in kPa}
N= 130000 {Rotational speed of the turbine rotor}
r_6h=0.0082 {Exit hub radius of the turbine rotor}

psi= 095 {Loading coefficient, usually between 0.9 and 1.0}
phi= Q.3 {Fiow coefficient, usually between 0.2 and 0.3}
beta_b4=0 {Intet blade angle of the rotor)

m= 0.143 {Iniet mass flow rate to the rotor of the gas/fluid}
R= 0.287 {Gas constant}

k= 1.35 {Specific heat ratic}

Cp= 1.148 {Specific heat at constant pressure}

eta_R= 0.8 {Rotor efficiency}

eta_ts= 0.7 {Total-to-static efficiency)

alpha_6=10 {Absolute flow angle at the exit of the rotor}
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zeta= 1
Ratio_6on4=0.3
P= 20

gamma=1.333}

{Meridional velocity ratio, C_mé4 / C_mé}
{Exit hub radius to inlet radius ratio}
{Power in KW}

{Cp/Cv ratio, usuaily 1.333 {combustion gas) or 1.4 {ain}

r_6h/r_4=Ratio_6ond
amega_4=(2"PI*N)€0
U_d=omega_4"r_4
C_4=(C_m4"2+C_thetad*2)*0.5
C_mdé=zeta"pni*U_4

psi=C_thetad/U_4

phi=C_me&/U_4
élpha_4=ARCTAN(C__theta4/C_m4)
beta_4=ARCTAN((C_thetad-U_4)/C_ma4)
i_4=beta_d-beta_b4

W _4=(C_m4d*2+(U_4-C_thetad)*2)*0.5
A_4=(m*R*T_4)(P_4*C_m4)
A_4=2*PI*r_4*b

P=m*Cp*deltaT

P=T_01*eta_R*(1-(1/PR_total)*((gamma-1)igamma))

PR_total=P_04/P_08
P_04/P_d=(1+{(k-1)/2)*(M_422))(k/(k-1))
tho_4=P_4/(R*T_4)
M_4=C_4/(k*R*1000*T_4)*0.5
T_04/T_4=1+(((k-11/2)*M_4"2)

T_04=T_01

{Calculate omega, rotational velocity}
{Calculate U_4, inlet blade speed}

{Caiculate C_4, inlet absolute velocity}
{Calculate C_m4, inlet meridicnal velocity}
{Caiculate C_thetad, inlet tangential velocity}
{Calculate C_m#, outlet meridional velocity}
{Calculate alpha_4, absolute flow angle at inlet}
{Calculate beta_4, relative flow angie at inlet}
{Calculate i_4, irtlcidence angle at inlet}
{Calculate W_4, relative velocity at inlet}
{Calculate A_4, iniet area}

{Calculate r_4, inlet radius}

{Calculate deltaT, difference in temperature}
{Caiculate PR. pressure ratio}
{Calculate P_04, inlet stagnation pressure}
{Calculate P_4, inlet static pressure}

{Calculate rho_4, density of the gas/fluid at inlet}
{Calculate M_4, inlet Mach number}

{Calculate T_4, inlet static temperature}

{Assume isentropic}

m=rho_B*PI*(r_6t"2-r_8h"2)*(1-B_6)"W_6"cos(beta_8) {Calculate B_6, blockage factor at exit}
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rho_6=F_6/(R*T_6)
W_8=(C_m6*2+(C_thetat-U_6)"2)*0.5
U_B=omega_B'r_6t

omega_6=omega_4
C_6=C_m6*(1/cos(alpha_8))
beta_6=ARCTAN((C_theta6-U_8)/C_m8G)
C_thetab=C_m6&*tan(alpha_6)
M_Brel=W_86/(k*R*1000*T_6)"0.5
M_6=C_6/({(k*R*1000*T_6B)"C.5)
deltaT=T_4-T_6
T_06/T_8=1+{({k-1)/2)"M_6"2)
P_06/P_8=(1+({(k-1¥2}*"M_B"2))"((k-1)/k}
A_B=(m*'R*T_8)/{C_B*P_8B)
A_B=PI*{r_Bt"2)

ratio=r_6t/r_4
Z=(PI/30)*{110-alpha_4)*tan(alpha_4)

PR_static=P_4/P_8

{Calcutate rho_8, density of the gasffiuid at exit}
{Caiculate W_B5, relative velocity at exit}

{Calculate U_8, exit blade speed}

{Calcutate C_6, exit absolute velocity}
{Calculate beta_8g, relative flow angie at exit}
{Caiculate C_thetab, exit tangential velocity}
{Calculate M_6rel, relative Mach number at exit}
{Calculate M_8, exit Mach number}

{Calculate T_B, exit static temperature}
{Calculate T_08, exit stagnation temperature}
{Calculate P_Q6, exit stagnation pressure}
{Calcuiate A_8, exit area}

{Calculate r_5t, exit tip radius}

{Calculate exit tip radius to inlet radius ratio}

 {Number of blades according to Glassman}

{Static pressure ratio}

T A AT ey
Formatted equations:
r
i = Raﬁ°60n4
T4
_ 2 -m N
0s = 60
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2 2,05
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Example (Baines, 2003)

This example illustrates the preliminary design of a radial turbine for a
turbocharger, as displayed in Figure 45. The mass flow rate, speed and power
are set by the need to match the compressor and the exhaust gas temperature of
the engine sets the inlet temperature to the turbine. The petformance
specification is therefore:

o Mass flow rate 0.143 kg/s
o Speed 130 000 rpm
e Power 30 kW
¢ |Inlet total temperature 873K
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The gas properties used are C,=1.147, k=1.35, R=0.296 and y=1.34. The inlet
blade angle (By4) is taken as 0° (radial) and the exit flow angle (as) as 10°. The
exit pressure is set to 400 kPa, the pressure to which the turbine exhausts, so
that the inlet total pressure is eventually determined by the turbine equation. The

constructed EES design program is used to do the necessary calculations.

The first attempt at a solution was made using optimum values of stage loading
and flow coefficients as given in Figure 23, W = 0.9 and ® = 0.3. A total-to-total
efficiency of 0.8 was assumed for the stage. The design procedure provides an
estimate of the rotor exit area and in order to relate this to the hub and tip radii at
this point, one or the other must be defined. The outlet hub radius was defined
and from this the outlet tip radius could be calculated. The hub radius is limited
by crowding of the blades and so it was set as a ratio of the rotor inlet radius to
0.3, ren'rs, which is a likely minimum attainable for a rotor of this type (Baines,

2003). From this ratio the inlet tip radius can be calculated.

Figure A1: An illustration of a turbocharger, similar to that of the example.

The equations from Chapter 3 were used to do the necessary calculations using
EES.
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The results of this analysis are shown in Column A of Table A1. The blade speed
is 394.8m/s, which is fairly high but should be acceptable for common rotor
materials. A benchmark of 400m/s for the inlet blade speed is common, after
which special materials must be used if it increases (Baines, 2003). A final
decision must be made on this basis when a structural analysis is available,
which will depend on the duty cycle and the life requirements of the turbocharger.
The value calculated here gives confidence that it is safe to proceed. The rotor
inlet flow angle B4 is in a range to give good incidence on to a radial-inlet biade.
One of the most important answers here is the rotor exit tip to inlet radius ratio,
which should be less than unity, as it will give a better aerodynamic solution,

according to Baines.

in the case where the rotor exit tip to inlet radius ratio is very small, rs will be too
low and thus also the exit area. In order to increase the exit area, the flow
coefficient was increased to 0.3. The rotational speed was ailso set at 100 000
rem. The results for this situation are shown in Column B of Table 4. This has the
effect of increasing the meridional velocity at exit and since the meridional
velocity ratio is unchanged, the corresponding velocity at inlet is increased.
However, the inlet velocity triangle is also changed and the flow angle is
increased to -18.43°. The exit to inlet radius ratio is now 0.53. It would be
necessary to make a careful approach to blade design backed up with CFD
analysis of the blade passage flow for this geometry.

The speed was again set at 130 000 rpm and the stage loading coefficient was
reduced to 0.8, as further gains might be possibie. An increase in blade speed to
417.5 m/s can be seen in Column C, since the power output and mass flow rate
are fixed. A careful structural analysis would be necessary to ensure an
adequate service life, as experience suggests that this is now going close to the
materiai limits (Baines, 2003). The inlet velocity triangle is quite acceptable with a
larger value of U,, because then Cq4 is reduced. The exit to inlet tip radius ratio is

now 0.32, which suggests that this is a better aerodynamic solution.

M.Eng - A Rossouw 96 December 2006
Determining the initial design parameters of a radial-inflow turbine



A AT 1A BOn ek B0

: ekl BBl
HORTANEST LRIVERS! [
METRIVES LIRERST T

Table A1: Resuits for the preliminary design of a radial-inflow turbine.

Rotor inlet A | B c f D
Us 394.8 | 303 417.5 417.5
Crma 197.4 91.11 208.7 208.7
Coa 355.3 273.3 334 334
s 60.95 ! 71.57 57.99 57.99
Ba -11.31 -18.43 -21.8 -21.8
Cs 406.5 288 393.9 393.9
W, 201.3 96.03 224.8 2248
T, 800.6 | 836.6 805.1 805.1
Pos 4775 | 476.8 479.4 491.7
Ag 0.0005 0.00096 0.00047 0.00045
Fa 0.029 0.029 0.031 0.031
Rotor exit

Ts 617.7 653.7 622.2 622.2
Pos 401.7 401 403.2 403.2
Ps 400 400 400 400
As 0.00033 0.00075 0.00031 0.00031
Ten 0.0087 0.0087 0.0092 0.0092
Tot 0.01 0.015 0.0099 0.0099
FelTa 0.35 0.53 0.32 0.32
Us 138.7 161.6 135.4 135.4
Bs -27.76 -57.95 2527 -25.27
Wi r 223.1 171.7 230.8 * 230.8

Columns B and C thus contain two potential solutions that might be carried

forward for detailed analysis, but the final choice will aimost certainly depend on

the maximum blade speed that can be tolerated by the materials. One or both

designs must be developed to the point where a complete structural analysis can

be made, if the designer does not have sufficient experience of other similar
designs to make a clear decision.

In Columns B and C the exit stagnation pressures are 4 bar, which is likely to be
too high for exhausting to ambient pressure with some exhaust system loss. if
the exit static pressure has appreciably higher or lower than ambient, as is the
case here, corresponding adjustments to the inlet total pressure should be made
and the calculations repeated. The final values of stage loading and flow
coefficient are well away from the region of optimum efficiency, as shown in
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Figure 23, and it is possible that a total-to-total efficiency as high as 0.8 cannot
be achieved. The calculations were therefore repeated with an efficiency of 0.7 in
Column D to see what impact this had on the resuits. The only big changes were
made to the inlet stagnation temperature that increased and the inlet area that

decreased a little.
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Appendix B: EES volute design

In Appendix B the preliminary design of the volute for a radial-inflow turbine as
programmed in EES is displayed. The parameters specified can, however, be
renamed, as it is the designers choice. The formatted equations foilow the
equations as constructed in EES, for better understanding thereof.

{Please supply the fotlowing. parameters for the preliminary design of a radial inflow volute}

P_0= 820 {Inlet total pressure}

T 0= @73 {Total inlet temperature}

R= 0.296 {Gas constant}

k= 1.333 {Specific heat ratio}

SC= 0.:85 {Swirl coefficient)

Cp= 11472 {Specific heat at constant pressure}

b= 0.05 {Width of the scroll section}

A_begin= 0.06 {Iniet area}

m_begin= 12 {Inlet ass flow rate}

r_begin = 01 {Inlet radius of scroll section}

r_einde = 0.05 {Outlet radius of scroll section}

Intervaile = 10 {Number of sections (intervals) for the scroil section}
Intervalle_i= 3 {Number of sections (intervals) for the inlet section}
B_b=  0.000001 {Blockage of the inlet section}

{Pragram equations}

r{t] = r_begin
m[1]=m_begin
theta[1]=0
R_m=287

{Loop calculations for the inlet section}

Y[1]=A_begin {Area at section 1 of the inlet section}
Duplicate t=1.Intervaile_i {Function for the iteration of the calculations}
M.Eng - A, Rossouw 99 December 2006

Determining the initial design parameters of a radial-inflow turbine



G =EEs
Y[t+1])=Y[t]-0.005 {Secticn area}

{m_begin*(R*T_Q/K)"0.S)/(Y[t+11*(1-B_by*P_0)=NI[t]*(1+(k-1)/2*N[{]*2)*{-0.6*((k+1)/(k-1)))
{Section Mach number}

WIH=T_0*{(1+((k-1/2)*"N[H#*2) -1) {Section temperature}
CII=N[*(k*R*WI[t])*0.5 {Section absclute velocity}
Qt]=P_0((WIt/T_O)*(k/(k-13)) {Section pressure}

end

C_begin=Cf{intervalle_i]

{Loop calculations for the scrall section}

DELTAR=r_begin - r_einde {Difference between inlet radius and outlet radius}
R_step = DELTAR/Intervalle {Vaiue at which the radius deminishes for each following
section}
theta_step=({2*pi)/Intervalie {Value of anguiar steps in radians}
Duplicate i =1, Intervaile {Function for the iteration of the calculations}
i+1}=r[i]-R_step | {Starting value for the first section radius}

theta[i+1]=theta[i]+theta_step {Starting value for the first section angie}

mii+1] = m_begin*(1-(theta[i+1fl(Z‘pi))) {Starting value for the first section mass flow rate}

C_thetali[=SC*((r_begin*C_begin)/ri+1]) {Section mean velocity}
TLi=T_0-(C_theta(i}/(2*Cp)) {Section temperature}
PliEP_0"((TIIFT_0)*(ki{k-1))) {Section pressure}
rho[il=PLiI/{R*T[i]) {Section density}

C_m[il=(mii]-m[i+11}/(rho{i]"b*r_begin*(theta[i+ 1]-theta{i]) }{Section mean flow velocity}

alpha[i]=ARCTAN(C _theta[i[yC_m[i]) {Section absolute flow angle}
Alil=m[i)//(rho[i]*C_theta[i]*(1-B_b)) {Section area}
C_abs{i]=({{C_theta[i]*2)}+{C_m[i]*2)}*0.5)*10 {Section absolute velocity)
Mach([i]=C_abs[il/({k*R_m*T[i[)*0.5) {Calculate section Mach number}

end
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Appendix C: EES verification window

Figure C1 displays the constructed EES window during the design comparison of

Example 1. It illustrates the input parameters used as well as the results

generated.

'|-§|1 {Total inlettemparabura in Kalvin] mnm

Rotor inlet mazs flow rate]

{Tuskine retor rotational speed]

i)

Ps {Tuibine retor outlet pressum} =081 (Totaldo-siatic sfficiency) Ratiog om {Exit bk ragius to inked radius tatin
Tan =10.082] {Tumkine rodor axdit hub tadiusi g [Rotor arficianay] Cp=1.15 {Specific heat st sonstant pressuse)
ur: {Loading costicient, 0.4 to 1.0} {sbwsidion sl welpeity ratio} k=135 {Specitic haat ratio}
{Flow coetticient, 0.2 to 0.3) L =@ {Rotar et absoluts fles angle} R=0).298 [&as vonstant)
m:@ {Rator inlet blads angle} P={230 [P e in KT =133 {CpiCy ratio}
Resufts

Ay =0008124 Cpg = 1398 Z=1242 Py=2492 Pgy =367 4
Aﬁ=EICIiE|:|1 Cog = 1398 b=0.01104 F‘Rmi=3.564 Pnszﬂiﬂ.i}
@y = 7241 Ciags = 441 Tgq = 1050 PRat = 2492 Pg = 100 R
g =-347 Cinatag =0 Ty=956.3 Wy =170.1 py = 0.8803
fig =-66.89 My = 0.7484 Tg=756.3 W= 3563 pg = 0.4467
Cy=462.7 Mg = 0.2844 Tog = 76848 rg=0.1171 0y = 4591
Cs=1398 lg=-34.7 Uy =5378 g =0.07138 ng = 4591

ratio = 0.6054 Ug=327.7

Figure C1: Example 1 EES design window.
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Appendix D: EES verification window

Figure D1 displays the constructed EES window during the design comparison of
the GT42 turbine unit. It illustrates the input parameters used as well as the

results generated.

The following page displays some of the specifications regarding the GT42

turbine.
=[] x{

To1=973]  {Tetal iniet temperature in Kelvin} m=f1.148 {Rator infat mass tiow rate} M={55363 {Tusbing totor rotational speag)
Ps {Turbine rotoy sutiet prassura} Ty {Tatalto-siatic eficlency) Raﬂﬂgmﬂio,zsf [Exit hub 13diug to inlet radiug raiia)
I {Turbina rotor wxithub radius g ={0.7] [Rotor eificiancr} Cp=f1147]  Soacifie nast 2t constant prassura]
\u‘a@ {Loading costicient, 0.8 to 10} -'* [heridional welosity ratio} k {Spacific heat ratie]
F@ Flowe coetficient. 0.2 to 0.3} e z{:ﬁ] [Rotor axit absoiuts flew angia} R=0 298| {vas sonstant}

{Roter inlet velocity triangle}
3}4 {Roter inlat biade anglaj P=B52 TP ot in kil {CpICy ratio}

su
}A‘{ = 0.,003459 Crpg = 1149 Z=10.36 Py=802.1 h Pgg =9239
Ag = 0004716 Crg = 1149 b=001312 PRy = 1693 P = 545.6
oy = 66.04 Cipatas = 258.5 Tyq =973 PRajagie = 1472 Pg=5447
Ba=-14.04 Cinatag = 12.07 Ty=938 Wy=1184 pg = 2.889
pg=-65.59 M, = 0.462 T =873.3 Wy =278 pg = 2.107
Cq=20829 Mg = 01955 Ty =879.1 rg= 004195 wy = 6845
{Rotor exit velocity triangls}
Cg=11545 ig = 1.964 Uy=1287.2 rgp = 003875 ag = 6845
rato = 0.9234 Ug = 265.2

(9 29 B@l o UEMNS

Figure D1: GT42 EES design window.
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Appendix E: EES verification window

Appendix E displays the design windows of the EES design program as well as
the Concepts Rital program during the verification of the EES radial-inflow turbine
design tool. The Concepts Rital design window is only presented as proof of
verification and does not show all the results generated during the verification, as

there is quite a variety of windows, one for each parameter.

The windows during verification are displayed; firstly the rotational speed
variations, followed by the mass-flow variations and finally the inlet temperature

variations.

Rotational speed variation

N = 20 000 rpm:

Tn‘ AS00F  (Totsl indet tempwratuie in Kebas] M (Rotza inlel masy fow (abe] N =!MDI {Turine oot rotation sl speed]
Pa=150]  [Tussine reior outlet prassute} iy =G 8 {Touskto-rtatie e enog] B0, 0= 0.31 | S0t hixb radius 12 inst sasius ratis}
Tan -iu 00| [Tusbina retor wdt hub radiug] A =|IJ.9 (Ratar .mm‘:w cp (Epeatio neat 2t constast presure)
wdE [Lasding caumiciant 05 ta 48] E={1] e k (Epweitia huat raho}
@ [Pl cowffieient, 0.2 bs 0.3} u.,:!_jl—ﬂ [Reter wml abinisbe flove angis} n=|n.za:;j {0am annstans)
{Rotor inlet velocity triangle}
BeqS0.01] (Ratoriniet Siade sngle} P21] [Power in k) {135 i ratio]
Besufts
Ay = 0003283 Cpe = 1218 Z=1533 Py=1768 Pgy=1788
Ag=0.0017 G = 1248 b=0.02189 PRl = 1,192 Pys = 150
xy = 7747 Cihnarag = 54.72 Toq = 500 PRy = 1.179 Pg = 150
By =-26 57 Cipapag = 7.021 Ty = 4986 W, =138 oy = 1236
By =-73.74 Mg =0,1275 Tg =208 Wg = 4344 pg =2513
©, =56.08 Mg = 0.04347 Tgg = 208.1 ry = 0.02903 wy =2054
{Rotor axit valocity triangle}
Cg=14.04 iy = -26.58 U, = 6051 fyy = 0.02325 g = 2004
ratio = 0.8013 Uy =48 72
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Srmeenis WMot (Cutp)

5845 e Rotor inlet /™
84200 s S
L BT i / A
Belab = 9,99

Bt 94 BT w/ c
Alpka = 11945 \

Incience = 35,35 o ‘
N\
5

Riak§ 05O i
Texk Gutput:- [Rital LEEOY
RITAL 7.7.64 Tue Dec 03 22
RUN ID:
¥ File:iC:\ and Bemini ity
* INPUT SETTINGS
Solrver Type: RTP
Ban Hode: Analysis -- Input mass flow rate, Calculate exit @
Unit System: Hetrie

Configuration: WVolute = ¥ Hezzle = H Diffuser = §

M - . 064 " = 20000.0 Power

Poinlet = 200,00  TOinlet = 500.00

N = 50 000 rpm;

oy [S00] (T otalintattarepssatonsin Kabind 00 58] ifatosinket mare Hom rate} N {Fusbine obws sotationat spnad

Py =@ {Tuwibine rotor suilet gressare) m, {Tetal-te-seatic anioiencd R:mo“,,. [Ewt bt radii ta inlag padive 1t

[ .

Toppy 24 0L00G] {Tatbine vator wait bub 1asding 'll""@ {Rator eficieney] Cpetiat] [Speaifie hal a1 conctant prassue}

g:('u—ar {Loading coatticient, 0.0 ks 1.0} -- {MaiEnal vabnaily i) k:@ Bpasstie huat ratin}

@ {Flows seasticrant, 3.2 42 0,35 a @ {Rotor exit abssiste Sow angle} a-—[a.zéﬂ [ as canstany

ator inlet velocity triangle
n, [Potar islet blade angie} F Pomeat in ) =135 [GpiCe 1ane}
Besujts

Ay = 0.0016688 Crne = 30.4 Z=1533 P, = 1683 Py = 178.9

Ag = 0 JU0BEST Crng = 304 1= 0.009:35 PPy = 1,182 Bgg = 150.1

g = 7747 Cinarag = 136 8 Tgq = 500 PRypage = 1113 Pg = 150

By =-2657 Ciramg = 1755 T, =431 Wy =3398 py= 1184

fg=-52.37 M, =0.3213 T;=2005 W= 69.57 pg = 2807

Cy = 140.1 Mg =10.1259 Tog = 2011 ry = 0.02903 g = 5236

{Rotor axit valocity triangle}
Cg=3311 iy =-26.50 Uy =152 g = 0.01445 ng = 3236
ratio = 04976 Ug=T584
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Ay Mo (Outpul)

W m 132738 min
€= 54700 mis
U159 Bl i
Betab = 3959
Betn = 2087
Alpra= 11945

Tue Dec 05 22:08:18 2006

GEmmetry File:C:\Docmments and Settingsihdwo \My

InCidence = 6312

Rotor inlet

INPUT SETTINGS

Configuration: WVelute = ¥ fHozzle =« H Diffuser = ¥
INFUT PARAMETERS
__ GEMERAL
M - 0.060 N - 50000.0 Power =
Biinlet = 200.00  TOinlst = s00. 00 gl
N = 80 000 rpm:
Tm {Tatal indet tempesmare m HKetvin] m TRatar Imhet s Thow fate] rl [Turting roter :otationsi rmeed]
&
Py {Tusbing rates outiel pressare w, (Tt bitatin o cimie} Rialitn g =0.31 | {Eit hab uw-r}m-unum
Ty <{0L008] (Turine sotor wait bu asht g <0 3] [Potee sificieney} cpefT147]  [Spewe haat st comtant presse]
—
{Loading carticient 094 10} G[1] [PRPPE— k1.8 (Fpweie has ratis
(Flom sosmicient. 0.2 to 0.3) s - [Fotad axif Joaaduba s ngha} R {9 as vonstant,
Boa =0 01] (Puiar imist blasy angie} 9 P i i 135 {Cpitw ratin)
Basuits
Ay =0.001317 Cmy =48.64 Z=1633 P 1497 Poy =179
A = 0.0005441 Cpns =48 64 b =0.007221 PRy = 1.192 Pgg = 1502
oy = 7747 Cinases = 2189 Tgq = 500 PRyya = 0.9977 Pg=150
By =-26.57 Cinelag = 28 08 Ty=4773 Wy=5439 pg=1.082
Pg = -59.37 M, = 05214 Tg=2282 Wg=5543 pg=2.29
Cg=2242 Mg =0 1689 Tog = 2296 ry =0.02903 o =8378
r exit velocity triangle
Cg=56.17 Iy =-26.58 U =2432 rp = 0.01316 @5 = 8378
ratio = 0.4533 Ug=1103
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Ambyses ods (Cutout)

RITAL 7.7.64
RUR ID:
¥ Film:C:Yy t

and Settings

Tue Pec 08 21:36

. INPYT SETTINGS

Salver Type: RTP
Hun Mode:
Unit System: Metraic
Confiyuration: Wolute = ¥ Hozzie
INPUT BARAMETERS:

GENERAL
H - a.076¢ H -
Phinlet = 200. 040 T0inlet =

Analysis -- Input mass flow rate, Caleulate exit at

=0

Wi m 218755 i
1= 53067 mim
U= 41550 mis
Belab = ES.95
Beta = 14.76
Alpha = 118,29
nckence = 75 23

Rotor Inlet

Diffuser = H
sooon. o Power =
500.00

N =110 000 rpm:

Tf,' [Fotal iniat tamaatature in Kebvin] m-@
Pa {Tuthine twtot wuilet prussiar}
r,, [Turbire roler sxil hub cdius

D3]

fLasding sonficient. 0.9 10 108

nefag] *

{Retal ialit mass fiow be]

[Tetatle-tatio utficinncy}
{Rater artbeinnay Cpajl 147
[Mearidianad vabssity catie] kq’1 .35]

Nu‘l‘ﬂﬂ{lﬂ[

{Tusting istss tational meed)

Riallon g g = 0. 31| it hut adius to indet radiu @iie]

{Spncifie haat f soasant prasure]

iFpwsitic haal ratis}

021 Flowe coemeant, 0.3 1o 3-3] Ty = {Reter wit 3bsalibe thove angle] R=0.287| (B conimant)
pM {Fintor inint biade angle} P =. P owe in Wi} 7@ (Epiew eatia}
asul
&, 2 1001547 Cppy = 66 69 Z=1533 P =1257 Pay = 1792
Ay = 0.0007003 Cing = 66 89 b =0.008483 PRy = 1192 Pgs = 1304
g = 7747 Ciratzs = 201 Tgq = 500 PRiyyanc = 0.5449 Py = 150
By =-2657 Cinetas = 38 62 Ty=4871 W, =7478 py = 09662
g =-63 37 My =0.7327 Tg=2827 W = 1432 pg = 1.849
C4=3083 Mg = 0.2334 Tog = 2854 ry = 002303 ag = 11518
Cy=7122 2658 Ug = 3344 gy = 0.01493 g = 11519
ratic = 0.5143 Ug =172

otor inlat valocity triangle

{Rotor sxit velocity triangle]
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Anabyzis Mode (Didpu)

Betaly = 423 59
Batn = 1557
Alghe s 11953
ncidenee « .74 42

Rotor Iniet

Analysis -- Input mass flow rate, Calculate ecit

Unit System: Hetrio

Wolute =Y Hozzle =N Diffuser = H

a
INLET ALPHA Caglal i) E7)

____ GEHERAL
I - 0.100 W = 110000.0 Pawer = {IMLET MACH
POinlet = 200.00 TOinlet = S00. 00 _HNLET PO

Mass-flow variation

M = 0.* kg/s:

| 0EB3124 [0.0862124
200 20

i3]

Toy xisnn' §Tatal Indat tempasartiare i Kehvind m:;llj
Pa {Tusbine 1odos vutie] prassure}

{Lrading conmicient, 0.0 10 1.0} Cﬂiz]

e{02]

Fay S{1L.003] [Tusbing wtor st b radiasl g =0 3]

Fubsr indal mass How tatef

{Totabto-stativ effivivmes}

1Relas sifsancr

iMandinnal webacity 1atra)

M= BING0

{Turbine bt otatianal spead)

Ra}]ﬂnw{Exil tb cadius o inta radis raile)

—
Sp={1.t47
kaf1.35]

iBpasific heal 4t convant presrs}

(Spacifie haat ratiof

0.2 {Flow contficient, 0.2 tad 3} m‘,@ {Rotar avit shsalite fia angis} P. [i5as seneant
By #@ {Rutor inket blade Jngle) P =§E 1P in i} [ERiCy ramay
Besylrs
Ay = 0.002891 Ty = 3648 Z=1533 Py 1598 Poa= 1736
Ag = 3001875 Cong = 36.48 b= 0.01568 PRy = 1157 Pog= 1501
g = TTAT Ciuas = 1602 Tgq = 500 PR papic = 1.065 Py =150
By=-2857 Conata = 2106 Ty=587.2 W,y =40.79 pg=0548
Pg=-748 M, = 0.3526 Tg=4129 Wy = 137.4 pg = 1266
Cy= 1882 Mg = T 1053 Tog =417 ry=0.02908 ng = 6283
Cg=4213 iy=-26.58 Uy =182.4 rg =0 02443 g = 5283
ratio = 08415 Ug = 153.5

otor inlet velocity triangle

{Rotor exit velocity triangle)
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e 1E0.9ED Fug
L=111 145 min
U= 182212 min
Setnn = 3999
Beim= 5715
Aghs =119.02
‘ncidence = 5184

M = 0.125 ka/s:

Ty s@ {Total intet tamsasatare in Kebanj M=]0.125 {Riston inbat mass dows rate} szawna! 7| [CRE——————
*
Pa=150]  [Tebine o outet prassurs} n. {T stakto-ctatic stisiency E‘“Don..; {2t hub radius 12 indet radics patis}
Ty (Tuibing otos wait bt radinl g 5& {Rator atticieney cpe{1.47] [Spachie heat at canstant porurs]
w08 tLasding conticiart. 04 101 G1] {Maridional vesosty rtic} K=f1 28] {Bpacifio heat tamo}
0,2 Flow conffizient, 0.2 bs 0.3 BQ-‘-!E [Faber auit absoliuta flow angle} R sazsrf (%as conslant
: otot inlet velocity trian.
Pra={0.01} iMoter intet siade angle} ezl 1P ewat it 1} [Epity catie]
Razuyits
Ay = 0.00295 Cine = 3648 Z= 1533 Py=1619 Pog = 1788
Ag=0001573 Copg = 3548 1 =001623 PRigyg = 1192 Pyg = 152.1
wy = 7747 Cipeiad = 164.2 Toq =500 PRysape = 1.079 £y =150
By = -26.57 Cipgrag = 21.08 Ty=d872 Wy =40.79 py=1158
g =-7503 My = 03871 Tg =477 Wy 412 pg = 14503
Cy=1682 Mg =0.1148 Tpg=34835 Ty = 002803 vy = 6283
otor axit velocity triangle]
Cg =42.13 iy =-26.58 Uy=1824 Ty = 0.02507 g = 6263
Falio = 09634 Ug =157.5
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Appendix F: EES parameters

The design procedure for the rotor of a radial-inflow turbine, as discussed in
Appendix A, was programmed in EES in order to create a procedure by which
the inlet parameters for Concepts Rital can be calculated. The equations in
Chapter 3 were used and combined with other turbo-machine and fluid analysis
equations to create the EES program for the calculation of the input parameters.

After these equations were programmed in EES, a calculation window was
created in EES in order to make it easier for the designer when doing a radial-
inflow rotor design. This design window is linked to the equations used to create
the procedure and gives exactly the same answers, but looks better than the

equations previewed in Appendix A.

Although it may seem easy to do a preliminary design of a radial;inﬂow turbine
rotor by making use of the design window created, caution must be taken in
choosing the input parameters for the EES program. The designer must try and
keep the input parameters as real as possible and this may be difficult if the
designer does not have efficient experience in turbo-machine design or good
guidelines to follow. In order to prevent this from happening, a basic manual on
using the design procedure created in EES has been constructed.

The manual will be based on the design window created in EES and it is
displayed in Figure F1. The manual is constructed by discussing each parameter
as displayed in the design window.
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Figure F1: Design window for a radial-inflow turbine rotor in EES.

5.1.1 Input parameters

To1

(Total inlet femperature)

The total inlet temperature is the inlet temperature that enters the radial turbine

rotor as it exits the volute. Caution must be taken when choosing the material of

which the rotor must be manufactured, as the inlet to the rotor is where the

highest temperature of the working fluid is recorded. The inlet temperature is

determined by a source of energy, for example an internal combustion chamber.
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Ps (Turbine outlet pressure)

The turbine rotor outlet pressure is the pressure exiting the rotor. The pressure at
which the turbine exits, for example ambient pressure, determines the outlet
pressure. In some cases the outlet pressure will not be available to the designer.
In this situation, the designer chooses an acceptable outlet pressure and does
the design of the rotor by changing the outlet pressure until a satisfactory design
has been reached. The designer will then be forced to design the next
component, to which the rotor exits, to give the desired outlet pressure as chosen

during the design of the rotor.

freh (Rotor exit hub radius)
The turbine rotor exit hub radius is the smaller of the two radii, the other being
the turbine rotor inlet radius. The exit hub radius is the choice of the designer, but
it is recommended that the designer look at other radial turbine examples in order
to start with a realistic value ‘thereof. It is usually limited by shaft size or by
crowding together of the blade roots (Baines, 2003).

i
L (Loading coefficient)
In radial turbines there is a wide variation in blade speed due to the radius
change between inlet and exit and therefore the choice of blade speed used to
define the loading coefficient is arbitrary, according to Baines. It depends on the
designer for which total-to-static efficiency of the rotor he wants to design and
this then sets the value of the loading coefficient, as determined by Figure 35. A
loading coefficient of 0.9 — 1 is usually used, as this is where the highest turbine
efficiency is found, although this range is by no means a restriction during the
design procedure. If a lower or higher loading coefficient is used, it will only resuit
in a lower turbine efficiency with gains in other parameters. It all depends on the
choice of the designer.
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() (Flow coefficient)

Figure 35 can also be used in order to determine the value of the flow coefficient,
after the designer has decided on the total-to-static efficiency of the rotor. A flow
coefficient in the range of 0.2 — 0.3 is usually used, as this is where the highest
turbine efficiency is found. If a lower or higher flow coefficient is used, it will only
result in a lower turbine efficiency with gains in other parameters. It all depends
on the choice of the designer.

3

€

Slage oeading coaflicient
£3
o

5.4 .
g3 0.2 0.2 94 03

Flony coetficient

Figure F2: Correlation of blade loading and flow coefficients for radial-inflow turbines.

Data points and contours show total-to-static efficiency. (From Baines,
2003)

Bba (Rotor inlet blade angle)

The rotor inlet angle is the angle at which the blade is situated at the rotor inlet
and not the angle of the flow entering the rotor blade. The inlet to the rotor is a
highly stressed region, because of the bending stress in the blade generated by
the centrifugal force. For this reason the inlet blade angle is usually radial, but

small variations in angle is possible when considering a stronger material.
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m (Rotor inlet mass flow rate)
The rotor inlet mass flow rate is determined by the flow entering the rotor from
the pre-attached element. This element can be the volute attached to the rotor or

any other design.

Nis (Total-to-static efficiency)

The total-to-static efficiency is the efficiency of the turbine and can be written as
Ms = 2Wy2. This implies that for an ideal turbine, wherens =1, W =1 andv= 0.7,
in practice and thus for realistic values of efficiency, v will be lower and for lower
values of W, v will be higher (Baines, 2003). This shows that the two effects will

tend to cancel out.

nNrR (Rofor efficiency)

The rotor efficiency is the efficiency of the rotor itself. It is used as a method to
specify the rotor loss by calculating the'rotor efficiency as the ratio of the actual
work output and the theoretical work output based on the rotor pressure drop
alone. .

4 (Meridional velocity ratio)

The meridional velocity ratio is the ratio of the inlet meridional velocity and the
exit meridional velocity. It normally has a value near unity. It influences the rotor
inlet area and therefore the inlet biade height for fixed inlet radius. The meridional
velocity ratio therefore has some influence on the rotor incidence and it may be
necessary to vary ¢ in order to achieve an acceptable incidence angle (Baines,
2003).

s {Rotor exit absolute flow angle)

The exit absolute flow angle is the flow angle of the exit absolute velocity Cs. This
angle may be important in matching the next component downstream, for
example another turbine or exhaust system. Other things being equal, it will

minimize the exit kinetic energy loss (Baines, 2003).
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P {Power)
The power is defined in Kilowatt and is the power the designer wishes to achieve
from the radial turbine design. In other words, this is the work that is expected to

be delivered by the turbine.

N (Turbine rotational speed)

The turbine rotational speed is the speed at which the rotor will spin. The ideal is
to get the rotational speed as high as possible, but other factors such as material
strength and fluid properties must be taken in consideration. In Paragraph 5.2
factors are discussed which limit the rotational speed to more realistic values.

Ratiogons (Exit hub to inlet radius ratio)
The ratio of these two quantities determines the curvature of the rotor shroud
contour in the meridional plane (Baines, 2003). This means that it determines the
shape of the rotor blade &nd at which angles it is bended from the inlet to the
outlet.

* .
Cp (Specific heat)
The specific heat value is fluid dependable and the values for Cp for different

fluids are usually available in most fluid dynamic books.

k (Specific heat ratio)
The specific heat ratio is also fluid dependable and the values for k can be found

in most fluid dynamic books.

R (Gas constant)
The gas constant value depends on the fluid used for flow through the turbine.
Most gas constant values for different fluids are availabie in fluid dynamic books.
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Y (Cp/Cv ratio)
The y vaiue is also fluid dependable and is available for most fluids in fluid

dynamic books and literature.

5.1.2 Output parameters

Ay

The rotor inlet area is the annulus area at the rotor tip. The total inlet area is the

sum of all the blade areas added together.

Ag

The exit area is the area where the working fluid exits the rotor. This area is the
difference between the rotor outlet tip radius and the shaft radius of the rotor.

O , \

The absolute inlet flow angle to the rotor is the angle at which the working fluid
approaches the rotor. This angle is determined by the nozzle vanes, if it is
present, or By the angle determined by the volute. !

B4

Ba is the inlet relative flow angle of the working fluid. One would expect it to be
the same as the inlet blade angle of the rotor, in order to give the best iniet to the
rotor, but it is not the case. The optimum inlet flow angle is in the region of -20° to
-40° (Baines, 2003) and this is explained in Figure F3. Cases a and ¢ shows flow
separation at the suction surface and pressure surface respectively. Case b
however shows that the flow turns smoothly into the blade passage without fluid
separation.
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Figure F3: Resuits of three different relative infet-flow angles. (From Baines, 2003}

Bs

s is the exit blade angle of the rotor. The exit blade angle with a deviation angle
added to it, will give the exit fluid angie Bep.

Cs

The inlet absolute velocity is the velocity at which the working fluid approaches
the rotor. »

Cs

The exit absolute velocity is the velocity at which the working fluid exits the rotor.

Cma
The meridional inlet absolute velocity is the radial component of the inlet absolute
velocity Ca.

Cms
The meridional exit absolute velocity is the axial component of the exit absolute
velocity Ce.

Cihotas

Coa is the tangential component of the inlet absolute velocity Cs.
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Cthetas
Ceg is the radial component of the exit absolute velocity Ce.

M,
The inlet Mach number is the Mach number of the working fluid as it approaches
the rotor. It is important that the inlet Mach number be kept below one, as shock

waves can appear if it is exceeded.

Ms
The exit Mach number is the Mach number of the working fluid as it exits the

rotor.

4

The rotor incidence angle must be investigated by the designer to ensure that it
is consistent with the general experience that in radial turbines the best efficiency
occurs at some negative incider;ce in the region of 20°-30° in magnitude (Baines,
2003).

ratio

The rotor exit tip to inlet radius ratio re /s should be less than unity when
designing a radial-inflow turbine, as this will give a good aerodynamic solution
(Baines, 2003).

p 4

The number of rotor vanes can be determined by three widely used criteria; the
Jamieson, Glassman and Whitfield criteria. In Figure 31 the relationship between
the various criteria can be seen. For a certain iniet flow angle a, a number of
rotor vanes Z can be found.

b
The material determines the blade thickness the designer decides on, as the

material's properties are very important. A material that has good strength
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properties and which can handle high temperature will give the designer the
choice of a thinner blade over that of a material with weaker properties.

Tos

The total inlet temperature is usually set equal to To1, the total temperature
exiting the energy source, for example a combustion chamber. If a volute is used,
it will be the temperature exiting the volute and entering the rotor.

T4

The static inlet temperature is the actual temperature entering the rotor. T4 is
calculated by making use of the total inlet temperature To4, the inlet absolute
velocity and the inlet Mach number. The static inlet temperature must be kept in
sequence with the material used, in order to insure that the material will not fail

due to excessive working temperature.

Ts d '

The exit static temperature is the actual temperature exiting the rotor, caiculated
by making use of the exit absolute velocity, the exit Mach number and the
working fluid properties. The exit temperature must be kept in mind during
design, as this is the temperature of the working fluid as it enters the next
component coupled to the rotor, for example a second stage rotor or exhaust
system.

Tos

The exit stagnation temperature is calculated by making use of the exit static
temperature, the exit Mach number and the specific heat ratio. Tog will in most
cases be close to the exit static temperature, indicating the temperature on a
specific point in time.

Uy

The inlet blade speed is the speed at which the rotor spins at the inlet tip of the
rotor. This speed is very important when designing a radial-inflow turbine, as it
influences the material used for the rotor. An inlet blade speed of 400 m/s is fairly
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high for radial turbines, but should be acceptable for most common rotor

materials such as Inconel 713 and 718 (Baines, 2003).

Us

The exit blade speed is the speed at which the rotor spins at the outlet tip of the
rotor. Ug will almost always be much less than the inlet biade speed, as the exit
radius of the rotor will in most cases be less than the inlet radius, as can easily
be seen from Figure 25.

P4

The inlet static pressure is the pressure of the working fluid as it enters the rotor.
The inlet static pressure is calculated by making use of the inlet stagnation
pressure, the inlet Mach number and the specific heat ratio. The inlet stagnation
pressure is usually designed according to certain requirements, such as to be

less than the compressor delivery pressure. N

PRiotal
The total pressure ratio is the pressure ratio calculated with the power required,

the infet total temperature and the working fluid preperties.

PRstatic
The static pressure ratio is caiculated by the ratio of the inlet static pressure and
the exit static pressure. The pressure ratio for a radial-inflow turbine is usually

between 1 and 2, but may exceed 2 in certain specific applications.

W,
The inlet relative velocity is determined by the inlet absolute velocity and the rotor
inlet blade speed U,.

W
The exit relative velocity is determined by the exit absolute velocity and the rotor
exit blade speed Us.
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s
The inlet radius is calculated from the inlet area and determines, together with

the exit tip radius, the tip ratio of the rotor.

Fat
The exit tip radius is calculated form the exit rotor area and is used to determine

the tip ratio. During design, it is favourable to keep the tip ratio re/rs less than
unity, as this will give a desirable aerodynamic rotor solution (Baines, 2003).

Pos

The inlet stagnation pressure is calculated by using the total pressure ratio and
the exit stagnation pressure. Py4 is the pressure of the working fluid at a certain
point in time.

Pos '

The exit stagnation pressure is calculated from the exit static pressure,
determined by the pressure necessary in the next component, the exit Mach
number and the fluid properties. Pog ist the pressure of the working fiuid at a
certain point in time.

Ps

The exit static pressure is usually determined by the component following the
radial turbine. This component can be a second turbine or an exhaust system.
The exit pressure must be kept in mind when exhausting to ambient pressure, in
order to control the exhaust system loss (Baines, 2003). The higher the exit static
pressure that exits to ambient pressure is, the higher the exhaust system loss.

Pa

The inlet density is the density of the working fluid as it enters the turbine rotor.
The density is calculated by making use of the ideal gas equation, P = pRT. For
preliminary design, this is adequate.
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Ps
The exit density is the density of the working fluid as it exits the turbine rotor. It is

determined by making use of the ideal gas equation, which is adequate in this

case.

w
Omega is the rotational velocity of the turbine rotor. It is determined by the
rotational speed of the turbine rotor, N.
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