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ABSTRACT

FLOW ANALYSIS AND MODELING OF CENTRIFUGAL COMPRESSOR
IMPELLERS

By
Zeyad A. Al-Suhaibani

Centrifugal compressors performance is heavily affected by impeller design because
of the nature of the flow in the impeller. Improvement and modification of a centrifugal
impeller is a major task for designers in the turbomachinery field.

A series of impellers’ experimental test data was used for the comparison of different
configurations and rotational speeds. Four different centrifugal impellers and their
modified versions were tested at Solar Turbines. These impellers cover a wide area of
specific speeds from 58 to about 135. The comparative study of these test results
indicated noticeable compressor stage and impeller performance differences between the
original and the modified impellers’ configurations. Details are discussed to give a
broader understanding for the effect cutting an impeller on its performance as well as the
compressor performance.

Comparing the compressor stage and impeller performance of four different rotational
speeds has been also done. Since the impellers cover a wide range of the specific speeds,
the effect of specific speed on the impeller and stage performance was also another task
of this study.

CFX TASCflow, which is a CFD package, was used to simulate the flow. The primary
grid generation was done using a FORTRAN code. The CFD and 1-D code results were
used to compare with the experimental result. More details will be given throughout this

dissertation to help understand the flow in such device in order to improve it.
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Chapter 1 INTRODUCTION
1.1 Turbomachinery

Turbomachinery is the term that refers to rotating machinery that either extracts or
adds energy to fluids by the dynamic action of one or more moving blade rows, called
stages. The rotor changes the kinetic energy, stagnation enthalpy, and stagnation pressure
of the fluid. This definition covers everything from classic fans to turbopumps of the
space shuttle main engines. Turbines, Pumps, Compressors and Fans are major categories
of turbomachinery. Turbomachines are major components in many applications such as
aerospace and marine vehicle applications; energy applications; land propulsion systems;
hydraulic; gas and steam turbines; industrial pipeline; and processing equipment
applications such as gas, petroleum, and water pumping plants.  Moreover,
turbomachinery has a wide variety of other applications such as heart-assist pumps,

industrial compressors, and refrigeration plants.

1.2 Compressor

A compressor is a machine that compresses air (or a gas) from a lower intake
pressure to a higher exhaust pressure through reduction in volume. A compressor needs a
driving unit that provides power to operate it and that may be a gasoline engine, diesel
engine, electric motor, or a turbine. The major fluid mechanics problem in
turbomachinery shows up in the design of compressors because the flow is going from
lower to higher pressure. The design of a turbine, with its flow going from higher to

lower pressure, always works and with fair care it would have a high efficiency.



Compressors are found in one stage to multi stages when it is needed. The
compression ratio varies depending on the type and application of the compressor. Since
most turbines need a compressor to provide a compressed gas, the compressor

development is then more demanding.

1.2.1 Background

The major fluid-mechanics problem in turbomachinery encountered during the
design of compressors. The design of a turbine almost always works because it operates
from a high to a low pressure. Actually, if the design of a turbine is given reasonable care
it works at high efficiency. On the other hand a compressor, particularly the axial-flow
type, may not build a pressure at all. Until almost the beginning of the twentieth century,
the isentropic efficiencies of the compressors did not exceed 50 percent.

After Papin's centrifugal blowers, which were invented in 1705, there seems to be
not much development until 1884, when Charles Parsons patented an axial-flow
compressor. In 1887 he constructed and sold a three-stage centrifugal compressor that
was used for ship ventilation. Ten years later he returned to experiments on axial-flow
compressors and made an eighty-one-stage machine in 1899 that reached about 70
percent efficiency. This number of stages was very high and could be an all-time record.
At the beginning of the twentieth century around 1907 his company had made or had on
order forty-one stage, axial-flow compressors, but they were plagued by poor
aerodynamics, and consequently he stopped production in 1908. Based on some of their
publications, Parsons seems to use far too high a spacing/chord ratio for the rotor-blade
settings, and all blade rows would likely be stalled over much of the operating range.

Some years later, Parsons returned to making radial-flow compressors.



Auguste Rateau is another major pioneer who was working on compressors at
same time. In 1892 he published a major paper on turboblowers. About ten years later he
designed a turbocompressor to give a pressure.ratio of 1.5 at 12,000 rpm; but when
tested, it gave a low isentropic efficiency of only 56 percent. He did not stop there but
kept designing and building compressors of increasing pressure ratio and mass flow, and
gradually their efficiencies increased.

The development of compressor design did not stop there but rather kept going

because there is still need for it.

1.2.2 Compressor Classification
A compressor uses the driving power to increase the pressure of a fluid. The gas
enters a compressor at relatively low pressure and exits at a higher pressure. In the
industry there is a very wide range of service requirements so, there are many different
types of compressors that are used. Before selecting a compressor type for an application,
some basic information related to its performance requirements should be at hand. This
includes some parameters (such as pressure ratio, flow rate and cost consideration) and
could include other special characteristics like space limitation and nose. One can then
consider the type of machine needed from a range of types of compressors that are
available.
In general, there are two basic compressor types: positive displacement
compressors and continuous flow compressors. Each type is then classified further as

shown in the following (Figure 1-1).
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[ Positive Displacement ] [ Continuous Flow ]

[Recipnlacating] [ Rotary ] [ Fjector [ Dynamic ]

[ Double-Acting ] [Single—Acting J

[ Liquid Piston ]

Straight Lobe [ Sliding Vane] [ Helical Lobe J

[ Axial ] [ Regenerative ] [ Mixed]

Turbocompressors

Figure 1-1 Classification of Compressors



In the positive displacement type, a given quantity of gas is trapped in a
compression chamber and the occupied volume is mechanically reduced, causing a
corresponding rise in the gas pressure before it is discharged. At constant speed, the air
flow remains basically constant while the discharge pressure varies. These compressors
are available in two types: reciprocating and rotary. A reciprocating compressor can be
thought of like a bicycle pump. A piston reduces the volume in the cylinder occupied by
the gas, which results in compressing it to a higher pressure. This piston is driven through
a crankshaft and connecting rod by an electric motor. In single-acting compressors a
compression stroke is in one direction only, while the double-acting ones allow a
compression stroke as the piston moves in both directions. Large industrial reciprocating
air compressors are double-acting and they use water for cooling. Multi-stage double-
acting compressors are very efficient compressors compared to rotary units and are
typically larger, noisier, and more costly. The size of reciprocating compressors varies
from less than 1 hp to more than 600 hp.

The other type of the positive displacement compressors is the rotary compressor.
Recently, rotary compressors have gained more popularity in American industry. The
compression process in rotary compressors is caused by the positive action of rotating
elements. Normally, they are used in sizes from 30 up to 200 hp. The helical lobe, also
known as rotary screw, is the most popular type of rotary compressor. Male and female
screw-rotors mesh, trap air, and reduce the volume of the air along the rotors, causing a
pressure rise of the air at the discharge point. Rotary screw compressors have the
advantage of low initial cost, compact size, and low weight and are easy to maintain. The

other types of rotary compressors are less popular, including sliding vane, liquid piston,



and straight lobe. Both reciprocating and rotary compressors will not be further discussed
in this study.

The continuous flow compressors are classified into ejector and dynamic type
compressors. Ejectors are designed to convert the pressure energy of a moving fluid to
velocity energy to entrain the suction fluid. The mixed fluids will then be recompressed
by converting velocity energy back to pressure energy. This is based on the theory that a
properly designed nozzle followed by a properly designed throat will economically make
use of the high pressure fluid to compress from a low pressure region to a higher
pressure. This change from pressure head to velocity head is the basis of the jet vacuum
principle. Ejectors are reliable and economical to produce vacuum. Some advantages of
the ejector design are its low initial cost, lack of moving parts, and simplicity of
operation.

The dynamic compressor is the second type of continuous flow compressors in
which air or gas is compressed by the mechanical action of rotating vanes or impellers
imparting velocity and pressure to the flowing medium. In other words they raise the
pressure of the air by accelerating the fluid to a high velocity then convert the energy
from the velocity of the air to pressure. The dynamic compressors are subdivided into
regenerative, axial, mixed, and centrifugal (or called radial) type compressors. These four
categories are also called “Turbocompressors”.

In a regenerative type compressor the gas moves helically in the casing and
reenters the impeller many times in its peripheral path from inlet to discharge. The main
advantage of regenerative turbomachines is the ability to generate high head but at low

flow rates. At certain tip speed the regenerative compressors have the ability to develop



much higher heads than any other type of compressors. Other advantage of these types of
compressors is the advantage of no surge or stall instability. (Moffat 1987)

In axial compressors the flow comes and leaves the rotor axially. This type of
compressor is made up from rows of airfoil cascades. One half of these rows are called
rotors that are connected to the central shaft of the compressor. The other rows are called
stators, which are fixed to the outer casing and do not rotate. Stators are meant to increase
pressure while keeping the flow from spiraling around the axis by bringing the flow back
parallel to the axis. For many aircraft applications it is preferred to have axial
compressors. In an average single-stage centrifugal compressor the pressure ratio is about
4. In a similar single-stage axial compressor the pressure ratio is 1.2. Axial compressors
are preferred over others is some cases because it is easier and more efficient to link
several stages together and produce a multistage axial compressor. For a typical
multistage axial compressor of 8 stages the pressure ratio is about 4. In a multistage
centrifugal compressor the flow needs to be ducted back to the axis at each stage, which
is less efficient for aircraft because greater cross-sectional area is needed. [NASA web]

In centrifugal compressors the flow comes axially and leaves radially
(perpendicular to the axis of rotation). The centrifugal compressors give a high pressure
ratio per stage compared to the axial compressors. This type will be discussed in more
details in the next section.

In the mixed flow compressors the axial and radial components of the velocity are
considerably present at the rotor outlet. They are designed to have an advantage of both

axial and centrifugal compressors.



Even though fans and blowers create a pressure difference like compressors, they
normally are not called compressors. For fans, a typical Pressure Ratio (x is between 1.0
and 1.1. For blowers it is slightly higher, which is between 1.1 and 2.0. When the

pressure ratio is higher than 2.0, it is normally called a compressor. (Engeda 2004)

1.3 Demands on this Study

A centrifugal compressor is a commonly used machine in petroleum and gas
industry. Due to the limitations of the operating range of many centrifugal compressors,
in many cases the compressor needs to be shutdown to prevent damage. Shutting down a
compressor even for a short time will cost millions of dollars and may cause the whole
plant to be shutdown. Due to the current oil prices, the loss will be even more. Therefore,
the importance of having wide operating range centrifugal compressors for such
applications can not be ignored. The centrifugal compressor manufacturers attempt to
offer a standard line of compressors, which would provide a large flow range for a variety
of inlet conditions and process gases. Modifying an existing design is another common
practice that is preferred by the centrifugal compressor manufacturers rather than a new
design. The operating range of centrifugal compressors depends heavily on their impeller
design. Due to these reasons the study of the effect of centrifugal impeller design on the
flow range is essential for the development of these machines to meet the current gas

industry requirement.



1.4 Objective and Organization of this Study

The objective of this study is to analyze and model the flow of centrifugal
compressor impellers. The compressor industry makes money by one of three ways:
producing new machines, solving a current problem, or modifying a previous design to
meet customer satisfaction. This work is related to the third reason where centrifugal
compressor impellers are modified so the compressor could have a better performance or
wider operating range. The following steps explain how the goals of this work were
systematically achieved.

1. Experimental testing of the compressor with four original and four modified
impellers has been done at SOLAR TURBINES Laboratories. The impellers’
geometries drawings and experimental data were provided to the Turbomachinery
Lab at MSU to be analyzed and studied.

2. The experimental data for all the eight impellers, which cover a wide area of
specific speeds, were analyzed and studied as part of this work.

3. The experimental data were also compared with results obtained from a One-
dimensional (1-D) code done at the Turbomachinery Lab at MSU.

4. A CFD study was added to model four extreme impellers that have the lowest and
highest specific speed for both the original and the modified.

i.  The grid from the available drawings for the four impellers was
generated.
ii.  Then the numerical simulation was done using CFX-TASCFlow

and results were obtained.



iii.  The results were then compared with the experimental data and
one-dimensional results and then discussed.

Based on the previous steps, this work was carried out and presented in this
dissertation. It consists of six chapters starting with the general introduction to
turbomachinery and compressors in Chapter 1. Chapter 2 presents a general and
theoretical discussion of a centrifugal compressor, its components, and the centrifugal
impeller in particular. This Chapter, also, includes some of the previous research work
related with the current study. Chapter 3 deals with CFD analysis in general and gives
more details about the CFX-TASCFlow package used in this work. It also discusses the
major steps in CFD analysis, which are the pre-processing, the solver, and the post-
processing. Grid generation, boundary conditions, and the turbulence modeling are
discussed in more details in this chapter. Chapters 4 mainly presents and discusses the
experimental data for all the impellers and compares them with the results obtained from
the 1-D analyses. Chapter 5 shows the CFD results and compare it with the experimental
data. Chapter 6 draws the conclusions focusing mainly on the effect of the specific speed,
the rotational speed and the cut the impeller on the compressor stage performance and the

operating range.
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Chapter 2 CENTRIFUGAL COMPRESSOR AND
IMPELLER DESIGN CONSIDERATIONS

2.1 Centrifugal Compressor

2.1.1 Development Need and Applications

Centrifugal Compressors have a very wide area of applications. Because of the
advantages of the higher-single stage pressure ratio and the wider stable operating range
over axial compressors, the centrifugal compressor has been widely used. Centrifugal
compressors are found in small gas turbine engines, turbochargers, and refrigeration
systems and are used extensively in the petrochemical and process industry. Although
they are not used in high-thrust devices most low-to-moderate thrust turboshaft,
turboprop, and turbojet engines have centrifugal compressors. Sometimes in aircraft
engines the centrifugal compressor is combined with an axial one to achieve better
performance. Industrial facilities use compressed air for too many operations. Almost
every industrial facility has at least a centrifugal compressor. Their applications go even
beyond that use, like health applications and much more. Although all the previous
applications are important, the driving force for centrifugal compressors development is
their involvement in airspace and power generation applications. Therefore, the demand
on efficient and reliable centrifugal compressors is increasing because of their association
with many industries, which are on demand today.

In the previous applications and much more compressors can be found in small
scale as well as large ones. They also differ in the pressure ratio that they built and the

driving device. So, it is clear that for a certain application there will be a certain
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centrifugal compressor that will be preferred over others. Looking at the application type
carefully the centrifugal compressor type can then be selected.

Compared to the other types of compressors, centrifugal compressors are reliable,
compact, and robust; they have better resistance to foreign object damage and are less
affected by performance degradation due to fouling. Centrifugal compressors are mainly
used in areas where the requirements are high pressure ratio and low to moderate mass
flow (Figure 2-1). They also have the advantage of a wide stable operating range
compared to some other types of compressors. In centrifugal compressors the gas flows

in a radial direction perpendicular to the axis of rotation, which makes them more

compact.
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Figure 2-1 Application areas of turbocompressors
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Since the centrifugal compressor finds a wide variety of application each
application places its own demands on the design of the compressor. For these reasons it
is a common practice by the centrifugal compressor manufacturers to offer a standard line
of compressors that would provide large flow range for a variety of inlet conditions and

process gases.

The main four components in centrifugal compressors are shown in Figure 2-2, as
follows: (1) a stationary inlet casing, (2) a rotating impeller, (3) a stationary diffuser of
the vaneless or vaned type, and (4) the collector or volute. In a multistage centrifugal

compressor the return channel is another essential component.

The fluid is drawn in through the inlet casing into the eye of the impeller of the
first stage (in multistage compressor) parallel to the axis of rotation. In order to add
angular momentum, the impeller whirls the fluid outwards and turns it into a direction
perpendicular to the rotation axis. As a result, the energy level is increased, resulting in
both higher pressure and velocity. The gas then proceeds through a vaned or a vaneless
diffuser, which convert some of the kinetic energy of the fluid into static pressure. In a
single stage centrifugal compressor the diffuser is followed by the volute whose function
is to collect the flow from the diffuser and deliver it to the discharge pipe. It is possible
for the fluid to gain a further deceleration in the volute and thereby an additional pressure
rise. In a multistage centrifugal compressor the diffuser is followed by a return channel
and the volute is placed after the last stage (Figure 2-3). Multistaging some times is
needed for centrifugal compressor to achieve higher pressure ratio. The contribution of

each component of the compressor is shown in Figure 2-7.
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Figure 2-3 A Multistage Centrifugal Compressor
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2.1.2 Centrifugal Compressor Design

The flow in a centrifugal machine is highly complex and not easy to explain. It is
three dimensional, highly turbulent, viscous, and unsteady in many cases. This makes the
design of the centrifugal compressor more difficult than other machines. Dimensional
analysis and similarity principles are very useful in designing centrifugal compressors
like designing many other machines. The dimensionless parameters state that the
machines, which are geometrically similar, have similar velocity triangles. Some of the
dimensionless parameters, which are commonly used in designing centrifugal
compressors, are the head coefficient, the work factor, the flow coefficient, the
efficiency, the specific speed, the specific diameter, and Mach number. The specific
speed and specific diameter are a group of dimensionless parameters that are used for
stage selection applications. The other group of dimensionless parameters (the head
coefficient and the flow coefficient) are generally used to predict the off-design
characteristics of the machine. Dimensionless parameters will be discussed more in the
impeller section.

Common Approach:

A widespread method that a designer would follow to design a simple centrifugal
stage starts from the non-dimensional specific speed verses the specific diameter chart.
This chart was presented by Balje (1981) and was calculated at the design point of
different geometrically of different machines. He then produced what is termed the
Cordier line, which has a single operating point for each machine type. Balje (1981)

made a good use of these n,— d; charts (Figure 2-4).
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Figure 2-4 Cordier Line (Adapted from Balje 1981)

To design a centrifugal stage some data should be available. These data include
the mass flow rate, the inlet total pressure and temperature, the pressure ratio, and
rotational speed, which depend on the driving device. Based on having these data, the
designer can use the relation of the non-dimensional ns — d, charts. The designer knows
that ny and d; have different definitions but all are dimensionless and need to be
consistent. Balje chart can be used to estimate d, and other parameters. A quick
estimation of the size of the tip impeller diameter can be found from the following

equation:

e d, Ahml/-z

5 JE (2-1)
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where: d, is the impeller tip diameter (at the impeller outlet)

Ah,, is the total isentropic enthalpy given as:

Ahy, = cp Ty | | == -1

Q is the volume flow rate which can be found from continuity equation:

m=pAc = pQ
where:

A is the cross sectional area

m is the mass flow rate
C is the axial velocity

P is the gas density

(2-2)

(2-3)

For Balje chart to be used, either n; or d; need to be known. The equation of the

specific speed is given as

_ o0
=3
Ahy,

(2-4)

The specific speed above is a non-dimensional quantity, when the rotational

speed @, is given in rad/s, and Q and Ahos are in a consistent set of units such as: m’/s

and J/kg respectively.

Balje (1981), also, presented another graph that relates the specific speed to the

machine efficiency for radial, axial, and mixed machines (Figure 2-4). Therefore, for a
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certain machine type the design point will be near the peak efficiency, which gives
estimation for the specific speed. Then from the known data Q can be found from the
specific speed equation. After that the Specific diameter equation can be used to findd, .
The other parameters at inlet and exit of each component at every stage can be found
using ideal gas relations and general thermo-fluid formulas. Balje (1981) gave a
systematic way to fine the other parameters of the centrifugal compressor. Throughout

the design, some suitable assumption need to be done and iterations may also be required

to get a reasonable design.
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Figure 2-5 Selection of Compressor Type with Specific Speed (Adapted from Balje 1981)
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Japikse (1996) gave a more detailed design procedure including some solved

examples and some computer codes as well. In addition Rogers (1974), Dean (1976),

Whitefield (1990), and Aungier (2000) discussed the design of the centrifugal

compressor. Additional people discussed a specific component design as it can be seen in

the following section.

Current Centrifugal Compressor Design Trends:

The design of bladed components typically begins in simplified codes such as
one-dimensional and streamline-curvature codes.

This one-dimensional flow design calculations use empirical data from the
literature and test results from a previous design to give preliminary results about
the compressor performance, as well as impeller and diffuser geometrical
parameters. The calculation routine is sequential, iterative and quick with modern
personal computers.

For the one-D calculations, input data includes the compressor pressure ratio, inlet
temperature, inlet pressure, fluid properties, rotational speed and mass flow.
Simple one-D codes includes variables that can be altered later: specific speed,
different geometrical ratios, number of blades in the impeller and diffuser, loss
constants, inlet flow angles, volute pressure recovery factor, etc.

One-D calculation of compressor efficiency is mostly based on measured data.
The radial, vaneless diffuser is calculated analytically, including viscous effects
and also the volute is calculated analytically. Between the diffuser and the volute

there is a semi-empirical loss coefficient model, based measurements in the
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literature. Reynolds number correction for efficiency is done by referring to
literature.
One-D calculation results include:
1. Pressure, temperature, enthalpy, density at inlet and outlet of the impeller,
and inlet and outlet of the diffuser and volute.
2. Pressure, temperature and enthalpy must be given both in static and
total/stagnation values.
3. The main geometry parameters for the impeller, diffuser, and volute, as
well as compressor specific speed and power consumption.
4. Isentropic efficiency and pressure ratio in each point and pressure
recovery in the diffuser and volute.
5. Velocity triangles, deviation angle, and relative Mach number in the
impeller wheel inlet and outlet
6. Advanced one-D codes also estimate off-design performance and surge
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