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EXECUTIVE SUMMARY 

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 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 simulation 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 available 

simulation packag;! with some degree of assurance that it will solve. This is 

achieved by completing 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 simple 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 values for the design of a radial-inflow turbine and in doing so, will be 

able to state the economical feasibility of a system before proceeding to a detail 

design. 
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NOMENCLATURE 
Blockage 

Blade height 

Absolute velocity 

Specific heat 

Isentropic 'spouting' velocity 

Enthalpy 

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 

Velocity 

Relative velocity 

Blade number 

Absolute flow angle 

Relative flow angle 

Difference 

Deviation angle, difference 

Efficiency 

Angle 

Density 

Flow coefficient 

Loading coefficient 

(Alpha) 

(Beta) 

(Delta) 

(delta) 

(Eta) 

(Theta) 

(Rho) 

(Phi) 

(Psi) 
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CHAPTER 1 

INTRODUCTION 

1 I 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 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 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?. 

i 

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 meaningful 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 alternative 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 simple software 

package can contribute by first reaching "ball-park" values and in doing so, 
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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 possible 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 "ball- 

park design of new radial-inflow turbine rotors. The aim is to give the designer 
t 

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 possible 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. 
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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 radial-inflow turbines. 
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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: 

i Types of turbines 

i Introduction to radial turbines 

> Detail operation of radial-inflow turbines 

i 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 thermodynamic 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 

(Figurel) 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 blades 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 IFR turbine compared to the axial-flow 
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turbine are the higher work that can be obtained per stage, the ease of

manufactureand its superior ruggedness.

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

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

~ revealsthe following:

~ 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

turbines.

~ Radial-flow turbines are usually smaller than axial flow turbines giving

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

greater power per unit mass flow rate of gas.

Figure 2 is an illustrationof an axial-flowturbine.

M.Eng- A. Rossouw 5
Determining the initial design parameters of a radial-inflow turbine

December 2006

--- -- --



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-inflowturbines and how it operates. Interestingfacts regarding radial-inflow

turbine design will also be mentioned.
~

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-pumpsand specialty steam turbines.
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BaU Bearings
(support and cootrol
the rotating group)

Compressor Wheel ,""",'"

(pumps aIr into the
engine)

Turbine Housing
(collects exhaust gases

,/ from the engine and direct
"< it to the turbine wheel)Backplate

(supports the compressor
hOUSIng,provides aero
surface)

Turbine Wheel
(converts exhaust energy
into
shaft power to drive the
compressor)

Compressor Housing -
(collects compressed "

air and dire~it to
the engine) ~ ...

Center Housing
(supports the rotating group)

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

In some designs a ~split-inletexhaust housing (Figure 3) permits thei 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 stator 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, generates

work (Baines, 2003).
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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 depend on factors such as the

application and the installation. Figure 4 is an illustration of a gas turbine making

us~ of a radial turbine stage. The gas leaving the cOrijbustionchamber 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 arrangementsof stators, but with the same basic design of rotor, can be

seen in Figure 5 and Figure6.
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Inlet Plenum

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

In Figure 5 the flowenters 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 (Bain,F!s,2003). Thus, a radial-inflow turbine

translates high-energyflow to low-energyflow by extracting energy. The aim is to

get the inlet flow velocity as high as possible by transmitting flow from a high

pressureto 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 3600of annulus have been traversed.
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Figure 6: A qryogenic 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) bef6re 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 componentparts, 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):

(2.1)

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

M.Eng- A.Rossouw 10
Determining the initial design parameters of a radial-inflow turbine

December 2006

- -



The geometry of the velocity triangles gives the following relation: 

which can be combined with Eq. (2.1) to give: 

From Equation 2.2 one can clearly see the contribution made to the work output 

by the change in blade tip speed (U24  - ~ ' 6 )  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 

(p4 - p . 5 )  is subtracted and so it must be arranged that Ws > W4 SO that this 

term rriakes a net positive contribution to the work output.'The absolute velocity 

term ( c 2 4  - c 2 6 )  is then added. In order to maximize the stator exit velocity, and 

hence toe rotor inlet velocity C4, the stator has to be desig~ed to accelerate the 

flow at inlet. The exit velocity triangle should be arranged in order to minimize the 

absolute velocity at exit C6 (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 blades 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 

blade flutter problems are common to this type of turbine (Boyce). 
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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 airffow. 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 exceedsthe energy needed by the turbocharger (Boyce).

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

nozzle and that the larger the expansion ratio, the larger the volute that is

required to achieve the necessaryacceleration.

2.3 Detail operation of a radial-inflow turbine

In order to construct an EES design tool for the calculation 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.

,
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

nozzles-

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. It consists of a scroll that has a large diameter at the inlet and 

steadily decreases until 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 blades 

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. 
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2.3.3 The rotor

The rotorof the radial-inflowturbine (Figure 11) is made up of a hub, blades and

in some cases, a shroud. The hub is the solid axisymmetricalportion 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 flowstream exerts a normal

force on it. The exit section of the blading is called an exducer and it is

constructed separately likean inducer in a centrifugal compressor. The exducer

is curved in order to remove some of the tangential velocityforce at the outlet

(Boyce).

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

(From Karamanis and Marlinez-Botas)

2.3.4 The outlet diffuser I 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 efficiencyof the unit willbe low.The conversion of the flowto 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 quite 

significant, particularly where the rotor exit has to be made smaller than is 

aerodynamically desirable for example, to reduce inertia or the blade root stress. 

According to them, the blade diffuser will normally have either a conical or an 

annular geometry and may be straight sided or profiled, depending on the 

requirements of the installation and the desired performance. 

2.4 Losses in radial-inflow turbines 

2.4. I Losses 

Various losses exist within radial turbines resulting 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 detail 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. 

2.4.1.1 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 loss 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 result, 

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).] 

2.4.1.3 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 a 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 downytream of 

the trailing edge. 

2.4.1.4 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 laminar 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 losses, 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. 

2.4.2.1 Nozzle loss coefficients 

According to Dixon, the enthalpy loss coefficient that normally includes the inlet 

scroll losses is defined by, 

Alsogiven is the velocity coefficient, 

and the stagnation pressure loss coefficient. 

YN = (POI - P02) 1 (POZ - P2) 

This can be related to the enthalpy loss coefficient SN by: 

Practical values of ON for well-designed nozzle rows in normal operation are 

usually in the range 0.9 5 @N 5 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, 

5 R = (h3 - h34 / (0.5~3'1, 

The velocity coefficient is, 

OR = W3 1 W3s 

which is related to < R by, 

< R =  ( I /UJ~~)-I .  

The normal range of 0, for well-designed rotors is approximately 0.75 5 OR 5 

0.85, as published by Dixon. 

2.5 The temperature range of a radial-inflow turbine 
< 

Radial-inflow turbines are usually design$d to operate 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 preliminary 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 will be less 

complicated. The three basic factors are: 
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a) Centrifugal stresses in the blades are proportional to the square of the 

rotational speed N 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 blades 

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 (Saravanamuttoo, 2001). 

2.7 Rotor flow processes 

The rotor may conceptually be divided into two regions: an inlet 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 important 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 
, 

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 tangentially 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" to -40" (from consensus) and the incidence angle has also been 

occasionally measured directly by laser velocimeters (Baines, 2003). 
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Figure 12: Obsewed path lines in a radial flow rotor at various inlet-flow angles 

(From Baines, 2003) 

In Figure 12 the flow visualizations are helpful in understanding the inlet flow 

field. The results for three different angles are shown. At an inlet angle 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 that surface without 

reattachmg. 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 lines 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 o f  a radial tu&ine rotorpassage. 

(From Baines, 2003) 

I 

The flow will separate and stagnate on the pressure surfaces of the blades 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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between 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 

blades. 

at the trailing edges of the 

Figure 14: Passage vortex development in an axial turbine blade passage. 

(From Baines, 2003) 

2.8 Conclusion 

The chapter discussed radial hb ines  and their applications after which it looked ' 

at the different components of a radial-inflow turbine. It also 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 pararneters of 

a radial-inflow turbine. In order to achieve this goal, the chapter will discuss the 

following topics: 

> Basic analysis and design of a rad~al-inflow turbine 

> Nozzle vane design 

i EES radial-inflow turbine design 

3 Volute design 

3.1 Basid analysis of a stage 

Figure 15 illustrates the principal components and stations in a radial turbine. 

From the figur6 below, one can distinguish the volute (0-l), nozzlek(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. 

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 P01below the inlet total

pressure poo.If the volute were ideal, no loss would occur and P01= Poo,which is

usually assumed in the case of a preliminarydesign. 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 circumstancesP04is greater than P06(Baines,2003).

3.1.1 Velocity triangles

Firstly this study will look at the analysis of the rotor, 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

~illustratesthe velocity triangle relating absolute an(Jrelative velocities at inlet to

the rotor, which plays an important role in the analysis and design fazes.

~"'~

Ut y,,"

C~

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 aa. P4 and T4 are the corresponding static pressure and temperature at 

this point. It immediately follows from the first law of thermodynamics that for a 

perfect gas T04 = TOO, 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 po4 = poo. 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 Apo can be given, 

so that, 

It is satisfactory, for preliminary design, to assume that Apo = 0, since the loss in 

the stator is usually much smaller than that in the rotor (Baines, 2003). 

In determining the velocity triangle, the flow velocity and angle must be set so ' 

that the tangential component of velocity Ce4 gives the necessary work output. 

According to the Euler turbo-machjnery equation and the radial component of t 

velocity, Cm4 is compatible with the mass flow rate: 

where A4 is the annulus area at the rotor tip and 8 4  is the allowance for boundary 

layer blockage, usually between 0 and O.lmm (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: 
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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 U4 makes it possible to calculate the inlet 

relative velocity W4 and flow angle p4. The remaining equations at this station are 

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

Po4 /p4  = (1 ; ((k - 1) / 2) M ~ ~ ) ~ ' ( ~ -  ') ' (3.7) 

In a well-designed turbine operating at its design point, the relative flow angle P4 
at inlet will be matched to the rotor so that the flow enters the blade passages 

with a 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 blades 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 P4b = 0. It might also therefore be expected 

that the best inlet will be achieved when P4 = 0. The optimum inlet flow angle, 

however, is normally in the region of -20" to -40" (Baines, 2003). The reason for 

p#O will become apparent when the flow in the inlet region of the rotor is 

discussed. 
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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 relative 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, 

The loss may alternatively be expressed in terms of enthalpies or kinetic 

energies: 
i 

Ir 

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: 

then. 

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

The density: 

The exit relative flow angle: 

The enthalpy: 

The relative velocity: 

The relative exit and exit Mach numbers: 

The exit and relative exit temperatures: 
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T06/ T6 = 1 + [(k- 1)/2] Mi (3.20)

T06,rel/ T6 = 1 + [(k - 1) /2] M6,re/ (3.21)

The exit and relative exit pressures:

P06/P6 = [1 + ((k-1)/2) Mifk-1)1k (3.22)

P06,rel/P6 = [1 + ((k-1)/2) M6.rifk-1)1k (3.23)

In Figure 17 the rotor exit velocity triangle is shown. Usually a6 =0, because the

velocity triangle is often arranged so that the exit absolute velocity C6 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 kin~tic energy loss 0.5mCi (Baines, 2003). Some designers

might opt for some exit swirl, thus Ca6# O.This can be beneficial in a subsequent

diffusion process aimed at recovering exhaust kinetic energy. Even if very highr.

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 noule 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 nozzle 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 nozzle 

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 
i v 

will approach the nozzle from the radial direction 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 noule incidence if in both 

cases attention is not given to matching the vane geometry to the flow upstream 

of the nozzle. 

Figure 18: (a) Uncambered (b) Cambered radial turbine nozzle guide vanes 

(From Baines, 2003) 

MEng - A. Rossouw 3 1 
Determining the initial des~gn parameters of a radial-inflow turbine 

December 2006 



Figure 19: Coordinated 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,y) 

plane using standard methods developed for that type of blade and then the 

geometry is transformed into the required annular (r,B) plane, as in Figure 19b 

(Baines, 2003). The transformation equations are: 

where rmf 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). 

Figure 20: Swing-vane variablegeometry 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 angle 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 nozzle 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. In 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: 

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

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 noule vane wakes to mix out and give a uniform flow at inlet to the rotor. A 

space between the blade 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 blades, it 

is prudent to increase this value to about 1.1 for added insurance against high 

cycle fatigue. 

The optimum distance betwee? the noule and the rotor is a compromise , 
between blade 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 haximum efficiency of a radial turbine occurs 

at a value of: 

Ar/ b3 cos a3 = 2 (3.27) 

where Ar  is 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 f low 
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 blade 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 Uhand can be 

expressed by making use of the Euler turbo-machinery equation: 

Maximum efficiency usually 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: 
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Maximum efficiency occurs for flow coefficients in the range 0.2 - 0.3 (Baines, 

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 efticiency can be written as: 

Thus for an ideal turbine (qtS = 1.0), Y = 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 Y, 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 5, because the flow coefficient is defined in terms of the 

rotor exit velocity: 

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 rdtor incidence and it may be necessary to 

vary {in order to achieve an acceptable angle (Baines, 2003). 

v 

It is also necessary to establish the mass flow rate and the rotor tip blade speed 

Uq. 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=mAho 

and if power forms part of the specification, then the choice of loading coefficient 

immediately determines the blade speed, because VJ can also be defined as 

~ h &  (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 material. 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 will 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:

(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:

(3.33)

where Cm4 is the inlet meridional absolute velocity, { the inlet/outlet absolute

velocity ratio, CPthe flow coefficient and U4the inlet blade speed.

(3.34)

where C4 is the inlet absolute velocity and Ce4 the inlet tangential absolute

velocity.

(3.35)

(3.36)
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The rotor incidence angle is: 

where is the inlet flow angle and pb4 is the inlet blade angle of the rotor. 

The static temperature and pressure at the inlet to the rotor are: 

where Tw = Tol and p~ = pol - Apo. Here Apo 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 inlet area follows as: 

At exit, the total and static temperatures are: 

where, for axial or near axial flow at exit, Cs a Cme = @U4. The exit pressure ps 

can then be calculated from the turbine efficiency estimate obtained from specific 

speed, loading and flow coefficient correlations. 
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From continuity the exit area follows: 

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, radial blade sections are 

required in order to keep the centrifugal'stress within the blade material limits. 

For a radial-inflow turbine this implies a blade inlet angle of zero. 

f 1 

The designer must thus examine the calculated rotor inlet 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 

angle and radial blade sections. (From Baines, 2003) 

The rotor inlet and exit areas must also be carefully examined, as these are each 
1 

functions of the mean radius 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 U4 / C, = 0.7. The rotor blade height b4 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 I 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 values 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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{36 = tan-1 (We6/ Cm6)= tan-1[(Ce6- U6)/ Cm6] (3.45)

The rotor inlet absolute flow angle a4 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 / To)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 (1994) 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 flow 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). It 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 geometry 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.] 

3.4.2.1 Rotor inlet )I 

According to Baines, the components of the velocity triangle at inlet (Figure 23) 

are related by, 

and from the definition of loading coefficient it follows that, 

the solution of which yields, 
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One root of this equation is discarded, because it does not allow Y to be greater 

than unity. If Y is to be real, the condition 

must be satisfied and the minimum value of W4 /U4 occurs when 

Under this condition the remaining inlet parameters are simple functions of Y as 

follows (Baines, 2003): 

As Baines discusses, the implication of this optimization is that, with the blade 

loading Y specified, the magnitudes of the relative and absolute velocities will be 

minimized if the two velocities are normal to each other, i.e. l@ + 3 = c'. 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 V = 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 (V > 0.95), however, p4 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 YJ approaches unity, which will be in the case 

of high loading, the optimum velocity triangle collapses as aa tends to 90". 

3.4.2.2 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 large 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 keeping with the 

assumption of zero exit swirl, the relation between the absolute and relative exit 

Mach numbers is (Baines, 2003), 

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 optimizing 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. 

It 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. 

+ Figure 26: Rotor exit Mach numbers forzero exit qwid. (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 CM 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 employed 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 Care 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 would 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: 

where, 

m = mass flow rate, 

N = rotational speed, 

D = diameter, , 
U = blade speed, and 

p = density. 

t 

Head coefficient: 

where, 

Ah0 = total enthalpy. 

Power coefficient: 

where, 

P is power. 
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Reynolds number: 

where 

,u is kinematic viscosity. 

Velocity ratio: 

where, 

a is velocity. 

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

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: 

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

m 
Re,, =- 

P - 4  

The relationship between these two is: 

where Q4 = Cm4 /U4 is the rotor inlet flow coefficient. It can thus be seen that the 

two Reynolds numbers are similar in magnitude, at least for normal design point 

operation, but care must be taken in interpreting the data to use the correct 

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

with qt as the total-to-total efficiency. 

It would, however, appear that the efficiency is constant with Reynolds number 

above about 2 x lo5. 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 value of 

efficiency at specific Reynolds number of 2 x 10' would take the form: 

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: 
6 

0.2 

-- Re, 

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 well. 

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 already 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). 
I 

Kurzke & Riegler (2000) also discuss a new compressor map scaling procedure 

for ~reliminary conceptual design of gas turbines, whicb 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: ConstructedEES design window for a radial-inflow turbine.

In order to do a preliminary radial-inflow turbine design, the designer must enter

the input parameters necessaryto 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 designer in choosing meaningful input parameters, a short 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-inflowturbine 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 N r ,  as illustrated in Figure 28. This relationship determines 

the angle of flow at the exit of the volute, which is also the angle at which the flow 

approaches the rotor in a nozzleless turbine. 

t 

Figure 28: A/r 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 designer's choice of how many sections 

helshe 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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Figure 29: Volute sections. (From Baines, 2003) 

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

3.4.5.1 Flange to Critical section 

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

From this, the following parameters can be calculated, 
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3.4.5.2 Scroll section 

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

where 8 is the angle measured in radians from the critical section. 

The meanline velocity of flow through any section is given by the following 

equation, 

i 
where SC is the swirl coefficient. 

h 

The other parameters can then be calculated, 

The mean flow velocity toward the nozzle can then be solved by, 
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where b is the width of the scroll section. 

With this known, a can be calculated, 

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

Figure 30: Sketch 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 calculation 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 coefficient 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 round 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 Turbomachinery (chapter 8) by S. L. Dixon.) 

In Figure 31 the relationship between the various criteria can be seen. For a 

certain inlet 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 calculated 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). It 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 solution 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 
b) Inlet and exit pressur& 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 uniquely 

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 normally 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 value 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 

unique 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 blades, 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: 

3 Compare it to an example design of a radial-inflow turbine sourced from 

S.L Dixon 

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

3 Compare it to designs of radial-inflow turbines done in Concepts Rita1 

The verification will be followed by guidelines for the design of a radial-inflow 

turbine, which will give the designer basic information to keep in mind when 

doing a design. 

t 

4. I 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 results 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 results 

generated were compared to the results 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 preliminary design of a radial-inflow turbine. , 

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

I 

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 multiplying 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: Cornoarison of EES and Exampb 1 results. 

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 
h 

acceptable. 

The overall average comparison percentage is 95.26% and the results 

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. 

\n 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. Table 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 results. 

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%), (85%) and 

the blade height (90%). Even with the relative inflow-angle (P4, with the lowest 

percentage comparison, the overall comparison can be regarded as acceptable 

when taking into account that this is a comparison of a preliminary radial-inflow 

turbine design procedure with a commercial radial-inflow turbine. 

The overall average comparison 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 ~ i t a p ,  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 pu?pose 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 temperature 

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/soThe 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.]
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Figure 32: Rotational speed at 20 000 rpm.
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N = 50 000 RPM
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Figure 33: Rotational speed at 50 000 rpm.
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Figure 34: Rotational speed at 80 000 rpm.
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N=110000 RPM
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Figure 35: Rotational speed at 110000 rpm.

4.1.3.2 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 'W/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 temperatureswere set as follows for the different mass-flow rates:

~ 600K for the mass-flowrate of 0.1 kg/s

~ 500K for the mass-flowrate of 0.125 kg/s

~ 360K for the mass-flowrate 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 designwindows of the four comparisons.]
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Figure 36: Mass-flow rate at O.1 kg/so
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Figure 37: Mass-flow rate at 0.125 kg/so
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Figure 38: Mass-flow rate at 0.15 kg/so
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4.1.3.3 Inlet temperature variation (T01 = T04)

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 50000 rpm and

the exit pressure at 150 kPa. The other parameterswere kept the same.

The comparison results given in Figures 39 to 42 show the comparison of the

Rital results and the EES results.

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

Figure 39: Inlet temperatureat 400 K.
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T4 = 600K

Figure 40: Inlet temperature at 600 K.

Figure 41: Inlet temperature at 800 K.
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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 (~) varied with a
J ~

comparison percentage of 89%, 87.5%, 87.6% and 88% during the four different

rotational speeds. The inlet relative flow angle (134)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 (P04) 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 percentageof 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 90.1%, 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. 

Hgwever, for the rest of the comparisons it stayed aboye 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 radial-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. 

In 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 temperafures to use and the bearings on realistic h 

rotational speeds. 

t 
4.2.1 EES input parameters 

t 

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 
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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 play 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 hibh temperatures with good service life up to 870°C. koatings such as, 

A Ni, 18% Cr, 12% AI, 0.3% Y, L 

'P Co, 29% Cr, 3% Al, 0.3% Y or 

'P 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 (87310, as most 

regular radial turbine wheels operate at this temperature (Baines, 2005). 

Table 4 provides an estimate of the most commonly 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. W UTS Elongation p E UTSlp Up 
r C )  (MPa) (MPa) ("'4 (kglm3) ( ~ ~ l r n ~ )  

I 

MAR-M- 
247 

760 800 855 30 0.1 

538 825 1035 9 8500 172 0.12 0.02 
760 825 1035 159 0.12 0.019 

y T i l  

Hot 
messed 

t 
4.2.3 Bearings 1 

Bearings play 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 still has to let the shaft 

rotate with the least amount of friction. This paragraph will 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. 

871 690 825 150 0.097 0.018 
982 380 550 142 0.065 0.017 

400- 450- 3 4400 159 0.10- 0.036 
425 600 3 4400 159 0.14 0.036 

690 3200 310 0.21 0.097 

. 

pressed 
Beryllia 

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 example, 

automotive applications where size and rotating inertia must be kept to the 

200 3030 400 0.068 0.132 
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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 result 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 Journal 

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 very important, although it is 

more expensive than regular journal bearings (see Figure 43). 

Figure 43: Speed response of a Ballbearing vs. a Sleeve bearing, 

(From Gamff website, 2005) 

M.Eng - A. Rossouw 82 
Determining the initial design parameters of a radial-inflow turbine 

December 2W6 



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 

completed, 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 

meaningful initial design parameters making it possible 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 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 N R E ~  software package, which is 

accepted worldwide for the design of turbo-machines. 
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These steps were completed 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 radial-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. 

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 radial-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 followrng parameters for the prelmnary desrgn of a radial-inflow turbrne) 

(T-Ol= 1073 

P-6= 101.3 

N= 130000 

r-6h= 0.0082 

psi= 0.95 

phl= 0 3 

beta-b4=0 

m= 0.143 

R= 0 287 

k= 1 35 

Cp= 1.148 

eta-R= 0 8 

eta-ts= 0 7 

alpha-6=10 

M Eng - A Rossouw 

{Total inlet temperature in Kelvin) , 
{Pressure at the outlet of the turbine rotor in kPa) 

{Rotational speed of the turbine rotor) 

{Exit hub radius of the turbine rotor) 

{Loading coefficient, usually between 0.9 and 1.0) 

{Flow coefficient, usually between 0.2 and 0.3) 

{Inlet blade angle of the rotor) 

{Inlet mass flow rate to the rotor of the gaslfluid) 

{Gas constant) 

{Specific heat ratio) 

{Specific heat at constant pressure) 

{Rotor efficiency] 

Votal-to-static efficiency) 

{Absolute flow angle at the exit of the rotor) 
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{Meridional velocity ratio, C-m4 I C-m6j 

{Exit hub radius to inlet radius ratio} 

(Power in k W )  

{CpICv ratio, usually 1.333 (combustion gas) or 1 4 (air)} 

{Calculate omega, rotational velocity) 

{Calculate U-4, inlet blade speed) 

{Calculate C-4, inlet absolute velocity} 

(Calculate C-m4, inlet meridional velocity] 

(Calculate C-theta4, inlet tangential velocity} 

(Calculate C-m6, outlet meridional velocity} 

{Calculate alpha-4, absolute flow angle at inlet} 

{Calculate beta-4, relative flow angle at inlet) 

4 
(Calculate i-4, incidence angle at inlet) 

(Calculate W-4, relative velocity at inlet) 

{Calculate A-4, inlet area) 

{Calculate r-4, inlet radius] 

{Calculate deltaT, difference in temperature) 

P=T-Ol'eta-R'(1-(llPR-total)"((gamma-1)lgamma)) {Calculate PR, pressure ratio} 

PR-total-P-O4IP-06 {Calculate P-04, inlet stagnation pressure] 

P~04/P~4=(l+((k-1)12)'(M~4A2))A(W(k-1)) (Calculate P-4, inlet static pressure) 

rho-4=P-4/(R'T-4) (Calculate rho-4, density of the gaslfluid at inlet) 

M_4=C_4/(k'R"l 000-T-4)"O 5 {Calculate M-4, inlet Mach number) 

T-041T-4= 1 +(((k-1)12)*M-4"2) (Calculate T-4, inlet static temperature) 

T-04=T-0 1 {Assume isentropic] 

m=rh0-6'Pl*(r-6t"2-r-6h~2)*(1-B~6)7N~6*cos(beta~6) {Calculate 8-6, blockage factor at exit} 
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{Calculate rho-6..density of the gaslfluid at exit) 

{Calculate W-6, relative velocity at exit} 

{Calculate U-6, exit blade speed) 

{Calculate C-6, exit absolute velocity} 

{Calculate beta-6, relative flow angle at exit) 

{Calculate C-theta6 exit tangential velocity) 

{Calculate M-Grel, relative Mach number at exit) 

{Calculate M-6, exit Mach number} 

{Calculate T-6, exit static temperature) 

{Calculate T-06, exit stagnation temperature) 

{Calculate P-06, exit stagnation pressure} 

{Calculate A-6, exit area) 

{Calculate r-6t, exit tip radius) 

{Calculate exit tip radius to inlet radius ratio) 

{Number of blades according to Glassman) 

{Static pressure ratio) 

Forrnatt ed equations: 
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TCtheta4 - U4 p 4  = arctan 1 
L Crn4 1 

P = m .  C p -  ST 

I 
Cg = Crn6 . 

COS ( a6 ) 
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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 performance 

specification is therefore: 

Mass flow rate 0.143 kgls 

Speed 130 000 rpm 

Power 30 kW 

Inlet total temperature 873 K 
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The gas properties used are Cp=1.147, k=1.35, R=0.296 and y=1.34. The inlet

blade angle (!3b4) is taken as 0° (radial) and the exit flow angle (a6) 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, lJ..I= 0.9 and <P= 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, r6t1r4,which is a likely minimum attainable for a rotor of this type (Baines,

2003). Fromthis ratio the inlet tip radiuscan be calculated.

Figure A 1: 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 A l .  The blade speed 

is 394.8m/s, which is fairly high but should be acceptable for common rotor 

materials. A benchmark of 400mIs 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 P4 is in a range to give good incidence on to a radial-inlet blade. 

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, rstwill 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 also set at 100 000 

rpm. 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 possible. An increase in blade speed to 

417.5 mls 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 

material limits (Baines, 2003). The inlet velocity triangle is quite acceptable with a 

larger value of U4, because then Ce4 is reduced. The exit to inlet tip radius ratio is 

now 0.32, which suggests that this is a better aerodynamic solution. 
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Table A l :  Results for the preliminary design of a radial-inflow turbine 

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

forward for detailed analysis, but the final choice will almost 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 results. 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 follow the 

equations as constructed in EES, for better understanding thereof. 

{Please supply the followtng parameters for the prelimmary design of a radial Inflow volute} 

P-O= 820 (Inlet total pressure) 

(Total inlet temperature} 

{Gas constant) 

k= 1.333 (Specific heat ratio) 

(Specific heat at constant pressure) 

(Width of the scroll section) 

A-beg~n= 0.06 {Inlet area} 

m-begin= 1.2 (Inlet mass flow rate) 

r-begm = 0.1 (Inlet rad~us of scroll section] 

r-e~nde = 0.05 (Outlet radius of scroll sectlon) 

Intervalle = 10 {Number of sections (intervals) for the scroll section) 

Intervalle-i= 3 (Number of sections (intervals) for the inlet section) 

6-b= 0.000001 {Blockage of the Inlet section) 

(Program equat~ons) 

(Loop calculations for the inlet section) 

Y[I]=A-begin (Area at section 1 of the inlet section} 

Duplicate t=l,lntervalle-i (Function for the iteration of the calculations) 
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Y[t+l]=Y[t]-0.005 (Section area} 

(m~begin*(R'T~O/k)"O.5)/(Y[t+1]*(1 -B-b)'P-O)=N[t]'(l +(k-l)/2'N[t]''2)"(-0.5'((k+l)l(k-1))) 
{Section Mach number) 

W[t]=T-O'(1 +((k-l)/Z)*N[t1"2)"(-1) {Section temperature) 
C[t]=N[t]*(k*RW[t])"0.5 (Section absolute velocity) 

Q[t]=P-O*((W[t]lT-O)A(W(k-l))) {Section pressure) 

end 

{Loop calculations for the scroll section) 

DELTAR= r-begin - r-einde {Difference between inlet radius and outlet radius) 

R-step = DELTARllntervalle (Value at which the radius deminishes for each following 
section) 

theta-step=(Z'pi)ilntervalle (Value of angular steps in radians) 

Duplicate i = l . ln te~a l le  {Function for the iteration of the calculations) 

r[i+l]=r[i]-R-step (Starting value for the first section radius) 

theta[i+l]=theta[i]+theta-step (Starting value. for the first section angle) 

L 
m[i+l] = m-begin*(I-(theta[i+l]1(2'pi))) (Starting value for the first section mass flow rate) 

C-theta[i]=SC*((r-begin*C_begin)/r[i+l]) (Section mean velocity} 

T[i]=T-0-(C-theta[i]/(Z*Cp)) {Section temperature) 

P[i]=P-W((T[i]m-O)"(ki(k-1))) {Section pressure) 

rho[i]=P[i]l(R*T[i]) (Section density) 

C-m[i]=(m[i]-m[i+l])/(rho[i]*b*r-begin*(theta[i+l]-theta[i])){Section mean flow velocity) 

alpha[i]=ARCTAN(C-theta[i]/C-m[i]) {Section absolute flow angle) 

A[i]=m[i]/(rho[i]*C-theta[ir(l -B-b)) {Section area) 

C-abs[i]=(((C-theta[iIA2)+(C-rn[il"2))"0.5)*10 (Section absolute velocity) 

Mach[i]=C-ab~[i]l((k~R~m~T[i])"0.5) (Calculate section Mach number) 

end 

r"""""""""'""""""""""'~t~,,,t~~~"ac~~~~~~~~~~!~~~~~~~~,"~,,,~~,,!,,#, ,,,,," ,3,,,,,,,,,,,,,,,, " , , , ~ ~ a ~ , " ~ , t " ~ ~  ,,,,,,,,s,t,,,,,,,,,,,,,,,,,,," ,,,,,,, 1 

MEng - A. Rossouw 100 
Determjning the initla1 design parameters of a rad~al-inflow turbine 

December 2006 



Appendix C: EES verification window

Figure C1 displays the constructed EES window during the design comparisonof

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

generated.

[li..:na.'.';II'I";.J...r::1~1'1.1.'IYII;IO:II-"Y.:.1Ji:lt.L"~..'Id~"'1T.;,tJWULlt..'Itfl.11'j:\1w.UI.lt!.iho:.j';;il""'11!Wa:".{t.I'~~Ur4:UJ!;: ~;i

~,Fio " Edt,5eMdjOptXx>s ,,<:.icuate ',-.plots .'~ '~i~~ " ," " " , ',', , ' "

~1~1~1!'J)I;\~~I~Ii:fi]IIIII@I!'"'I ~.IT~r~I~1(1mi21I~Ii2§jI~ml3ll5!l~j8Immmlml'mllEJ/~l\,b;iLl.I

- ~~
~2!.I
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CP@

{Rotor inlet velocity trl3n~le}

.fW.!IItt

Z" 12.42
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TO.= 1050

Ta"756.3

Toe=764.8

U. "537.8

Ua" 327.7

{SoecttilJ hut rolti.,}

R=lQ.29a/

{Rotor exit velocity trianqle}

CPleose reter to the eou3tlons window for more 'ntorm3t1on on the Dar3meten 3nd the eauatlons!

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

Figure 01 displays the constructed EES window during the design comparison of

the GT42 turbine unit. It illustrates the input parameters used as well as the

resultsgenerated.

The following page displays some of the specifications regarding the GT42

turbine.
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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 resultsgenerated 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:

!Rotor Inlet velocity 1I'Ian<1le}

B!1!III1

Z =10.33

7,-498.6

b' 0.02189

T04.500

Toe" 208.1

u,. 60.81

U6a4872

M.Eng- A. Rossouw 103
Determining the initial design parameters of a radial-inflow turbine

December 2006

A.. ;: 0.003993 Crn. ==12.16

- 0.0017 Crne=- 12.16

a.. 8:77.47 CthetaC- 54.12

4 -.26 57 c",.... - 7.021

e - .73.74 M...0.1215

C. -56.OS Me' 0.04947

C, :I1..04 I,. .26.58

ratIO. 0.8013

p. =176.8 pc.. =-118.8

I .-PRtahI,- 1192 PD6. 150 .. .",ej- ..-

PR..... '1.179 P6.1 I r ..:::i",'".
.-..... '-'"

WI..13.6 Q,. 1.236

I

g
-

',"- '" ,.",

\

WO.4344 Qe= 2.513
II .

\

I

r"a 0.02903 _. a 2094

<Rotor exit velocity trlanal.
rea. 0.02326 86 .. 2094



Rhl1.0e0 z
Q.Q300 0.0.00 00500 0.0600

W-~A:35rM!
C.. 54.1ooM
U .60.731 mil

Bet8b.89.99
eera. SA60
AJpN. 119AS
n:iLlenc:e-.35.J9

\
\c

......
\

JU'T&L 1.7.6-1 'lUe Dea 05 22: 06: t2 200&
Amr ID:
GZ08I8t:ry ~e:C:\Docawnt:. Utd Set.t.tnp\&dJId.At.8trator\lfy DOC1DM1\t8'

C08nOL PAltAlmTERS:

..""" """"""...,. DlPU1' SBTTDIGS
..".. ...t

-------------------
So1".r Type:
Run Hod.:
Unit SY.~e8,:
Con.C1vur.U.on:

RTP
AIMl.y818 -- IJq.ut now r.te.
Ketric
Vo),ute- Y .oz.zJ.e_. D1.ftU8er_..

INPUT PAlWlZTERS:------------
GZRIt&L_ 0.060 »;;-- -

o

N = 50 000 rom:

20000.0 Power

IW!IIn

Z = 15.33

D. O.00913~

TO,=500

Ta:11200.5

U..152

M.Eng - A.Rossouw 104
Determiningthe initial design parameters of a radial-inflow turbine

December 2006

A,.0.001666 Cm, =30.4

"e . 0 .0006557 CmS=30.4

... . 77.47 c",.... = 136 8

4 :J267 C"et1ll6= 17 55

8 :81 .62.37 M,. 0.3213

c. -140.1 Me = 0.1259

Cs' 35.11 " . -26.58

ratio=0.4976

P, = 166.9 Po,= 178.9

PP1ota1 :111,192 P08:11150.' _,-'-"'0-_.

..AI1
PRstlllc.1.113 Pa. 150 I ->, ..::., .;

w,=33.99 P.-=1.184 I .... :.::I%:
We -=65.57 Pa..2.807 I '\,<.

J ,
r.t 0.02903 ., . 5236

'61 =0.01445 06 z 236



Rotor InletIN -133.7:5 1!\.18

C - S'.100 mtI
U-151814_
88t8b . 89 91

8M.-2081
11i.4S

1r'cGInc8 12

~-
I I

D.cDDO ODGJ OD:SOlJ O.Gl5DO

z

50000.0 P z
.'JOO.OO

RItAL 7.7..4 Tue Dee O~ 22:08:18 2006
RaU:
1ZD88C.1'J' Fil.8:C:\PoCl88nt. GUI. S8tt:1nIll8\&d81i.ni.8tra.tor\lfJ' Oa~ttI'

IlU!'UT SEnDfOS
,

ItIt" ......

------------
So1'Werm-;
Ron 88de;
unJ.t s,..te8:
C0Jtt1gur4t:f"on:

1m'
&ft&lY8i.8-- Xhput 2:J.owrate, C.a1.cnlJ.a't8ex1t ..
K8tric
Vo~ate . T WozzJ.e. H 'Di.Uu8er -.

----------
GaZIW..-- . - 0.060D

P01n1.et- 200.00 T01nl.1!It.

N =80 000 rpm:

{Roto, Inlet velocitvtrlBnClle}

.'

M.Eng- A.Rossouw 105
Determining the initial design parameters of a radial-inflow turbine

December 2006

A.' 0.001317 Cm" a 48.64

As .o.oOO 1 Cm6.4864

u. = 11,47 CIh....' 218.9

P. =-28.57 _'28OB

. -59.37 M,cs05'214

C. -2242 "'5'01889

CS.56.17 I..,..26.sa

ratio ,. O.433

11''''''''' "'_1I.-f"') /j {T'IttNft._'""'

rrutM-"''''d'''''' RaU.ft4{bith" 1.114...,..InI,t"4Mf.tte}

pt.tlMflI'de"" CP§ 11"", Mat.at0MIUftt.........

0.-............... ,....J k@ ('9..... fHI",r.lti.}

IJ'I....8IU8.lbuhltti" .IIItI" R.§!] [0.--....

P-"Wi4 ..@ "'--
Bn!IIn

Z' 15.33 PA=-1497 po.. :8 179

b . 0007221 PR.... . 1.192 06 -:r 1O2

To.' 500 PR...., . 0.9977 Ps. 150

T.'4773 W..39 P.=1.092

TS'2282 W5" 9549 PS. 2.:9

T06. :r.9.6 '. ' 0.02903 84 z 8378

U. "243.2 '.,' 0.01316 85. 8378

U6"1103



c::0

P.hI3.~ z
0.0300 0.0400 0OSOO 00800

W-218.785tnlt

C.."i3..961lNs
U.. 2.2.950 rnle
eetab.89.99
&eQ-,4.1I

.aJcM.119.3G
ncon:e.. .75 23

Rotor Inlet

aI'faL 7.7.64 rue De" 0", 21: ~6: 22 2006
RWD:

GEOMetry r'UatC:\DoCWMnt8 and Settin98\Ada1ni8t.r6tor\1!r»OCUll8nU'

DIPtI'r SE'fTDfGS

.., t.

.... *. to...,

COJI'fROL pAJW!IETERS t

-------------------
SaJ...~rtn.:
R1U\ Kocto:
'U'nit Sy8tnu
(onl:1IJ1IE'.t10ft:

Rn>
Ana.1,..:i8 -- Input. ::Q.owrate, Ca.lcn&l.ateexi.t.1
lIetr1c
Vo3.ute_:r H'oz&1e-. D1.Uuaer- K

-------------
GEIIZlW.

X- _ - 0.070 H
POinlet. 200.00 TD1n1ct-

N = 110 000 rom:

80000. £I 'ower
.500.00

IWJiJll

Z = 1533

b = 0.008483

T.34571

Te' 282.7

T05=285A

IJ~ s 112

trianal,

M.Eng- A. Rossouw 106
Determining the initial design parameters of a radial-inflow turbine

December 2006

A4.11 Q.001547 Cm4:1; 66 89

. 0.0007003 Cm6 a 66 69

a., 77.d7 Clheta4:' :301

. . -26.57 Ctheta6 =-38.62

s .-63 37 M.:180.7:327

C, =308.3 MS = 0.2334

Ce. 77.23 I. a -26.56

ratio '=O.143

P, ::11267 PO.... 173.2

PRI013I=1.192 PUS = 10.4

PR.IiU, : 0.Sdd9 Ps = IO

'N, = 74 78 p, =0.9662

Ws = 1492 P6 1.849

r.&. 0.02903 ". =11S19

r5'" 0.01493 aJ5= 11519



w. 300112 rT"Ja

C.92.2C8rnit;

U.334.0:56m.e

Betab->J9.39

&!ttt_15.57

JSJr::hcI-119.HI

1ncidef1ce_.14.42

Rotor Inlet

RUle.GEe

1DXJe.Q02O.D200 O.lXXlO 0.D400 0D500 0.0600

z

.RIYAL 1.7.64 Tue Dee 0", 22:02:32 2006
RUJlDJ:

GEOMetry':r11a:C:\DoCU88nt8 and SeUlnq8\Adlllin.i8tratDr\KyDOC\8llllnts'

..........-............................................................

.. ~ SETTDIOS
'

------------------
So.lyer ~n":
Run JIode:
Unit S"8tea.:
CottUuur4Uon:

RTP
Ana1.y.18 -- In\I'ut now rate~ Ca.J.cu.late exitst
Keb1a
Vo1.at.e -Y RDzz1.e -)f D1ttuer _.

IZIPU1' PAIW'IE1'ERS:
-----------------o_X-- - - 0.100 ]I'

PD1nlet _ 200.00 TDln1.et.

Mass-flow variation

M=O.~kq/s:

110000.0 PG1fer
.500.00

M.Eng- A.Rossouw 107
Determining the initialdesign parameters of a radial-inflow turbine

--

December2006

...§] {t"U4'flf f»orft<:t4nt.0.0 10 19,.

..@1j p"1- ....1i.M. 0.2 t. 0 3. ...-§]

1Iob4@ (l"OWfifilotbUd:..an".. po§!

"., . 0.002891 Cm4:II 3648

... = 0.00 '875 CmS = 3648

a..ai7A7 c"etae 164 2

, =.2657 c",.b6 = 21.06

6a74.6 "'..0.3526

C,* =168.: MS=010tS3

Ct) =42.13 I..= .26.58

ratio = 0.8415

jftol:Of.nl.cm_tt_,.aul N=l8OOOO1 (1'W!1Iif\04fOMrrololtionoflJ,..d!

I c...,

(ToUltHUtio"o::o,) RitiOeon4=@1!]'Whllb l.I4i.".,loinlet'.di.. llliol

\R....'''ffitJi.MyI CP@ {1'p._c...at.lt,,p.'._,..

,...,,4iolUl".'4at¥lltiol k@ {$p.citicllutrc.

{RotII..ntRwhM 1I_"".'e) R@ 14M MMWI

{P-.,lnllW) >=EEJ ICp.tCv'.IItI4l

Bn!IJtt

z a 15.33 p.at598 PO" ;r:173.6

b' 0.01565 PR,Ota,' 1.157 P06.150.1

TO=60a PRstitit ;r: 1.065 Po ='150

T,'567.2 W4 =40.79 p, =0.9-28

TO=412.9 W&' 137.4 P6=1266

T06'413.7 r. = 0.02903 11I'4"6283

°4: 162.4 r.,' 0 02443 <06='6283

U. = 153.5



RIel 5.G!O z
O.Q300 O.D4(XJ 0.050) O.D600

W..100.s50mIt
C-1111-45rN8
U.192.:;12rN6
Bet8D - 89.99
Bete.31.1'5
~.119.02
1nc:iOence..52M

Rotor Inlet

M = 0.125 ko/s:

M.Eng-A.Rossouw 108
Determining the initial design parameters of a radial-inflow turbine

.~

trIanal.

December 2006

- ---

A"=0.00296 Cm4 ;: 36AS

As - 0 001974 CmS:;; 36.48

...=77-47 Cth.1a<= 164.2

. =-26.57 Cthlla6.. 21 .06

. =-75.03 M.... 0.3871

C.' 168.2 M.-0.1148

C.=42.13 i.. = 6.a

rato '" 0.8634

N
I

v

[Ro.,,,d__,,,_tt_,.rt.) (T'Iotoi..oto,,.titI....p...:
c.,..*

(T4hj..lHt.no ertioilltlHl¥l
R8tio"Oflo4@IE><rtIlVIlf.HiUltoiftNt,..tus'''IIt)

{'\:9toleffjoi'fttWt CP [1p.<tfKllul.ltcollSU._MJ

IM"""'on..to<:fty,.tiol k@ 19.,CIfioIl..t.,IIIo'

[IltO.f8)CjtolMOllltlltd_.an"I't R= (OonoolWtWt

:P_iltk'lil1 ((.'IoI"'1

!W.II!!!

Z= 15.33 . =1619 o.=178.9

o - 0.01623 RIO'"= 1.192 po.- 150.1

TO.=500 PRstatte;: I.079 p. = 1SO

T,,"487.2 w" =40.79 P. .1158

TS8347.1 W&: 141.1 P. . 1.503

TO.-3485 '. = 0.02903 m....6263

U.= IB2A r51,.0.02'507 IDa .6283

U. . ISH



O.Q3Q) o.OtOQ D.05IXI Q.C8C0

..".~ Z

W-192.t80!US

C.tI6574rw
U.!S2~12,*
BsIID-89M
eet.- .N03
~.t18.83
~..'5U.98

RotDrInlet

M = 0.15 ko/s:

TO'~ {T-ttMwU""",..,.tIM.HI~lMntm~
II

p.,@ {T tof ,~ 1'It.:@

1f1_""""rd,OJ:t8Q.1,

Z> 15.33

D" 0.01345

T6=231

u~. t82.4

M.Eng- A.Rossouw 109
Determining the initialdesign parameters of a radial-inflow turbine

trlanala

December 2006

A4 ,.0 00'2454 Gm =36.48

.As" 0.001574 Cm. " 36.48

a,4" 71.47 Cthm.c :ill164.2

. - -26.57 c",...e a 21.06

." -73.03 M ,. O.4S8S

C, '=1682 M. > 0.1408

C. >42.13 '. --26.58

p," 167 PO," 192

PR_1 = 1 279 PO.= 150.1

PRmtit a 1113 Po -150

W.1I 40.79 P4 a 1.676

W6.1 PB=2.263

r, - 0.02903 GII.=:6283

r6t" 0.02238 eS > 6283



:
o.oxo o.ocoo Q.05OO o..oeoo

W-17TZ31 11\I1.
C.t2221 1M:
U.1S2212m.18
88C88I-8999
BIA-2Sl..58

",.-107~
~...$D_~

Rotor Inlet

/S-u

Inlet temperature variation.

T01 = 400 K:

..
«
!!..
71«
..
so:
...
50
53
54

I"'~'" , ,. . ""'1.:11.1,';' .IL'Y:"'. )L"!::I ro..,.,~fJOOU,;']L.,I'J.1111.1.1,;;,..r,~~!:I';o"i3".'J.:.1Ti:;:~"'~

~~~Re- [1&:s-ctI ~ C*uIIte;;:T"'PtCtJ~~ ~ _ " ' "". _ ', .".', _ f
e.!Q1~i .J01!1'1lrnf [jjl iiil !!ill; ,(1~fJILII!fI1.i\'.1J1!!L ;:JllBllJ1ll1<Jl: sll3llmt~18lmHDI i?1JIEiIii'<JI$.lt1.1

11I'1..n. "onnlv m_ to"OWlftd ."out D3r:Un8tH! rorth_ DrellMlnar¥ d8!:lon ot:l ndl31-inftow turbfn.'

---
11"_181/1IIII

b . 0.007071

TI)8tD05

Toe- 101_1

(PI..!!I~. r.te, 10 the .(lu:mon~ window tor l'\IIor. InfonnmGn <on the D:!Ir:nn.r.u O1nd rh8 8dU::IrlGns1

M.Eng-A.Rossouw 110
Determining the initialdesign parameters of a radial-inflow turbine

{Rotor Inllt vllocitv trianal,}

.""" ~"'"
~"'''1 ;

~.:<:~:<1.('.
~ i_ Ut,.':'t_.

{'Rotor exit velocltvtriannle}

December 2006

..,.0.001:9 Crn4.. 30..1

'. . 0.0003267 (:mu:;l304

eI." 1747 c"..,. . 1:!1i.9

B.. .26.57 c..-' 17

I. -49.82 Mj =036

C. '" 140.1 M&O.1779

Co ","_11 1,,""-2S8

rabo . 0.31523

p..-n1.7 po." 187.3

PRtof1ll .. 1.24 7 "0&.. IO.2

PRtte " U4 P,:.'50

w.. II93.99 p..1.53

Ws"'47.12 p,a'2

r." 0 02903 _.. 'II 236

ra" 0.010:3 8J. :!:26



Fh tea V>M ~ C~ ~ StandlrdSaftl'!t AQiie-~- I~

c~g-a,-C-i-i1';; :J I~;:;:;-'- .:J . D ! 1!P;~ 11IIz;;.:c '" , tQ

135.77,-..
C.<I11'03.n
0_15'1-'"_
l!IIt8It.n~.oo
B8tt1.16V'

111.48
~..9It1'3

Rotor Inlet

1000...»2OD2£lO omoo 0.0.00 O.osoo O.QSOO

Z

u'W.. 1.7.5~ ,... 110..15 21;2'1.&3 2805 .:i
D, ; I

::-~:.::::::::=:::.::.::::::~=:::::::::.:=:::J
IlfPUt SJ:TtIJniJS...................................................-............-...

-.-----------
~.H""":
aun JIo4e:
un.tt Sy8t..:
Conftpr.ttont

It..
ANal.Y8t. -- ~t Uow lrat8, CUcaLate exit ..
MetriC!
Ve1.at8 - l' .08&.18-. D1UU81r-.

----------_- 8.060.
POtA1et. toe. aD t01Al.8t-

'F9rHe!p,penP'1

JI.._i.1JJ ieG~ 0

T01 = 600 K:

t...~~,.,...,... __""lIIh,;.!l.I~T..!,;'L'I.II.:Jr\."\1""':;;;II.:JL:JI!..III]'!J.;.Jlr:I~U:O':;i~.:u..'1!!'!'E~i:1f'!F:'!f-~;U;h"' ,.!1f:1ii !Ifi~ffi-:~"~
~'~A. Edt s-a. _~ c..Ic:.at.r.f1b18: PIab'~ ~ ~ '

!i.!QI~~ jc'\IClt~: V"lell~I~I&t~. '31;?1~ltiill'E51E!lm8t~I!!!!iDI"IIE1&1I..I:.1..I

Z.I'.33

Ta::a300.5

T06" 301.1

u~.. 9:!.61

M.Eng-A. Rossouw 111
Determining the initialdesign parameters of a radial-inflow turbine

----

"251

{Rotor inl.t velocitvtrianole"

---~~'.,-:
~~...
"' f'$J

bi..; ...it
Y4'\

{Rotor exit v,'oc:Jtvtrfanal.}

December 2006

,A"zO.OD:!o..a C1T}.4" 30.4

.... . O.OOO827 t;m6 "30..4

. 77..47 c,..... . IS.S

IS...26.57 C:tImd. 17,5

lie' .67.95 M.. 0.2928

C...14O' .... 0.1029

Cd" :35.11 i.." ..26,8

rJOo . 0.6092

p... '63. P04.173.D

PPlOtaI" U:57 Poe :II 1!Q 1

PR. 1.093 PA&I

W. .3329 P... 09661

We. 60.56 Pe. '.9

r. . O.Q2903 .. ::I5236

r6881).01769 Qa:ll6



FJ9!.s. "'- .~ ,~. :a,.., SWIdIINSa ... ~ ....

Q .. " s ~I'" .:j 1";;';;- .:J I I 1!111"Iii .. 4 'i" T I(l

:: I8~.,... - w_1321" ,... J
.'

::::~~~:::::=:.:.:::::-':::::::::::.=::.
.... ...,._.,... , ... ..., ... ..., f
CCQl1'R8L'~:-----------
S8].yft Type:
... :
\lft&t~t.-=
C~.-r.U_:

WTP
An&l7'8u -- IJIw'at 0_ C'at.8.C&lDa.l.ahextt. a'
Iht.rta
V~t.. -r .o&&J.e_. ~C' ..

-----------
.........-- _ - 0 .

Hia1.8t .. 2118.08 1'O:1n18t_
,...,,,.. r...r_...

HIIII,lnftfl
w ,..\1;) JbC9'-'0

T01 = 800 K:

W.I:')2$711f1.11
-:..65.721.-/1
U.ISI844m11
8IUD."IOO
Bft..~.S
__.119.4'
~."'.4'

Rotor Inlet

r"~,F".'dt'.~.~ "*'*.J flkltf-WrtIbwI.~, [x'" _,

~IQI~i~!~~I~!~. "'II1H.Ib;lriilsJ:;;C;I.;iI~lliIli8lSlI!i!lJSIIE!II!l;1{r!JI~lelii1ll..I!,..!..J

Z 'I 1~33

b" 0.Q1:533

T08-~01.1

U.. "'1!52

M.Eng -A.Rossouw 112

Determining the initial design parameters of a radial-inflow turbine

{Rotor Inlet v.locltv trtannle}

~ -c~
"-, -"1'

:::~~ .
\. '" ...

'''""!, ""
i'io\

December 2006

A. :II 0.0D'2797 Crn4 .. 90..4

"':II 0.001631 Crne'" 30.4

Ct4:1177.47 c",.., . 1SU

, .-26.S' "7,SS

IJ=.73.4 M4" O.2!531

C.." 140 I Mo . 007972

Ce..11 I.. ..:6.!58

r.JI!D' 0.7862

p.. - '60. P04;J 161.3

pplOtlJ= 1.1t Po" = 150

PR!SCI8IC . 1.068 PI. 1eO

WJ, -3399 ,=O 7Oi!7

We - 106.4 p.'.OM

r.. - 0.Q2903 .4 .. '236

rei- 0.02283 vI ,. 5226



'.s
Fh E~ .",- .~ .~ S~ StmWd~ ~. v.I'nci:wo ~

a~-g-'a-,";iii;i~"-'-"-'-;I;;~;;'::rD I ! e1II'., iiIi,.;. Ct,,, 111(/
"

W.133080_
C.81eec_
O_ISI.8441M1

e...Ui.GO
e... 318

119.33
~...18.84

Rotor Inlet

JUUL 7.7.U ... .n" 13 21:.82:54200'
1WII18:
az 1T rU.:cl\D~t. ... SeU1.n98~t&'8t8r\lrr .8ftl8eftt8'

....-..-.........-............-.........-..-.........-.-...
... ... ....-. ............

Sa1."." Type:... we.:
UAl.t ~tea:
Centt.-r8tt_:

.no
An&l.J'8t.-- In 0.. r (&1Qal..t. extt: at
btr1C!
VDJ.8te_ r .o&&1.e_. Di1:f1I88c..

------------
.........- _- 0.0&0.

potRJAt _ 200.00 tDtft1.et_

crenfll

il'!St_I. [J b ~ J0

T01 = 1000 K:

'aoao.o ._"..
808. DO

{'I_ia'"

z" !~33

b.0.01947

T. =991.1

T".ai011

U,' 1~2

M.Eng-A. Rossouw 113
Determining the initialdesign parameters of a radial-inflow turbine

xl'

~..__....

<Rotor Inlet velocity trI.nate}

December 2006

".@] (\.e"1fj,,..tllw..ftt.O-'lilej.O] t=ill

P@] (F....!).2tol).3. ..€j

................ p.§J

A,. 0003"1 Cm, .: 30.4

"6' 0.C02:!!!! Cme.JOA

"<=7747 c",.,., '136.8

a,'-267 Cm.taI = 1755

as" -16.21 M. =0.2262

c4 140.1 Me' 0.06738

C6 ' 35.11 '. . .26.58

mlto 0.9301

p," 18! po. = 163.6

PRto...1.091 PO! .150

PRs1nc 11 1.Q:!54 Ps11 1O

W,' 33.99 p. " 0.5558

We:ll 127. P6 .a0.7461

r4aD. . . 5236

r...aO.021 8&.aS236



omoo 00100 O.osm 01lfiOO

z

W_137.:&9mn:
C-l1G.l1t ..
U-'St.344~
8eko - 11s.oo
Bet.-'""
Nph8-11',~
R:iI:IIrc8-.70.se

Rotor Inlet

M.Eng-A.Rossouw 114
Determining the initialdesign parameters of a radial-inflow turbine

December 2006



-.. .- -.. ."--'---

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 programfor 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 ma¥ 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 procedurecreated 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 designwindow.
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Figure F1: Design windowfor a radial-inflow turbine rotor in EES.

5.1.1 Input parameters

T01 (Total inlet temperature)

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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A4 = 0.004946 Cm4 = 62.14

Aa = 0.00664 Cms = 82.14

a.4 = 71.57 Cu..ta4 = 246A

4 =-18.43 Cu..taS = 8.633
.

6 = -74.98 M4 = 0.423

C4 = 259.7 MS = 0.1394

Cs = 82.59 '4=-2.435

ratio =1.149

P4= 789.5 P04 = 889.1

PotaJ = 1.631 POS= 545.2

PRstatlc = 1.449 P6 =544.7

W4 = 86.58 P4= 2.826

W6 = 316.9 P6= 2.093

r4 = 0.04 "4 =6845.
r61= 0.04597 "6 = 6845



P6 (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.

r6h (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).

(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 result

in a lower turbine efficiency with gains in other parameters. It all depends on the

choice of the designer.
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<I> (Flow coefficient)

Figure 35 can also be used in order to determine the value of the flowcoefficient,

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.
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Figure F2: Correlationof blade loadingand flowcoefficients forradial-inflowturbines.

Data points and contours show total-ta-static efficiency. (From Baines,

2003)

J3b4 (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 possiblewhen considering a stronger material.
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rn (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. 

rlts (Total-to-static efficiency) 

The total-to-static efficiency is the efficiency of the turbine and can be written as 

rlts = 2 ~ 2 .  This implies that for an ideal turbine, where qts = 1, Y = 1 and v = 0.7. 

In practice and thus for realistic values of efficiency, v will be lower and for lower 

values of UI, v will be higher (Baines, 2003). This shows that the two effects will 

tend to cancel out. 

OR (Rotor 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. 

5: (Mendional 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 blade height for fixed inlet radius. The meridional 

velocity ratio therefore has some influence on the rotor incidence and it may be 

necessary to vary 5 in order to achieve an acceptable incidence angle (Baines, 

2003). 

a6 (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. 

Ratioson4 (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 hnd at which angles it is bended from the inlet to the 

outlet. 

i 

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 fork  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 available in fluid dynamic books. 
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Y (Cp/Cv ratio) 

The y value is also fluid dependable and is available for most fluids in fluid 

dynamic books and literature. 

5.1.2 Output parameters 

A4 

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. 

Ae 

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. 

a4 
1 t 

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. ? 

$4 

P4 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 inlet 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 c 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: Results of three different relative inlet-flow angles. (From Baines, 2003) 

$6 

fi is the exit blade angle of the rotor. The exit blade angle with a deviation angle 

added to it, will give the exit fluid angle &3b. 

c4 

The inlet absolute velocity is the velocity at which the working fluid approaches 

the rotor. w 

C 6  

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

c"M 

The rneridional inlet absolute velocity is the radial component of the inlet absolute 

velocity C4. 

Cm6 

The meridional exit absolute velocity is the axial component of the exit absolute 

velocity Cs. 

ctheta4 

Cea is the tangential component of the inlet absolute velocity C4, 
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ctheta6 

Ces is the radial component of the exit absolute velocity C6. 

M4 

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. 

M6 

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

rotor. 

i4 

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 
L * 

occurs at some negative incidence in the region of 20"-30" in magnitude (Baines, 

2003). 
1. t 

ratio 

The rotor exit tip to inlet radius ratio r6l /r4 should be less than unity when 

designing a radial-inflow turbine, as this will give a good aerodynamic solution 

(Baines, 2003). 

z 
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 inlet 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. 

To4 

The total inlet temperature is usually set equal to To,, 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 T04, 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 wjll not fail 

due to excessive working temperature. 

Ts t 

The exit static temperature is the actual temperature exiting the rotor, calculated 

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. 

To6 

The exit stagnation temperature is calculated by making use of the exit static 

temperature, the exit Mach number and the specific heat ratio. To6 will in most 

cases be close to the exit static temperature, indicating the temperature on a 

specific point in time. 

u.4 

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 lnconel 713 and 718 (Baines. 2003). 

U6 

The exit blade speed is the speed at which the rotor spins at the outlet tip of the 

rotor. Us will almost always be much less than the inlet blade 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. 4 

PRtm 

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

the inlet total temperature and the working fluid properties. 

PRsrnc 

The static pressure ratio is calculated 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. 

w4 

The inlet relative velocity is determined by the inlet absolute velocity and the rotor 

inlet blade speed U4. 

w6 

The exit relative velocity is determined by the exit absolute velocity and the rotor 

exit blade speed Us. 
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r4 

The inlet radius is calculated from the inlet area and determines, together with 

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

r6t 

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 r6dr4 less than 

unity, as this will give a desirable aerodynamic rotor solution (Baines, 2003). 

Pa4 

The inlet stagnation pressure is calculated by using the total pressure ratio and 

the exit stagnation pressure. PW is the pressure of the working fluid at a certain 

point in time. 

Pae 9 

The exit stagnation pressure is calculated from the exit static pressure, 

determined by the pressure necessary in the next component, the exit Mach 
i 

number and the fluid properties. PO6 is the pressure of the working fluid at a 

certain point in time. 

P6 

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. 

P4 

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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Pe 
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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