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ABSTRACT

A centrifugal compressor integrated with a hermetic motor has been designed. In order to
design the integrated hermetic compressor-motor, methods optimizing the compressor and
the motor designs, have also been developed. This work includes the stress analysis,
critical speed analysis, and one dimensional aerodynamic design of the compressor-
hermetic motor unit. The selection of an appropriate thermodynamic cycle with a working
fluid has also been made. With these tools, a selected thermodynamic cycle, and a working
fluid, a suggested example of the compressor-hermetic motor unit has been designed. The
result of the design shows that the optimal motor design and the optimal compressor design
are not necessarily compatible. A compromise between motor design and compressor
design is, therefore, necessary. The integrated compressor-hermetic motor unit has taken
these compromises into account and is expected to yield better performance than a

compressor and motor that have been designed separately.
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Chapter 1. INTRODUCTION

1.1. Background.

The design project to develop a new type of an automotive airconditioner began at
M.LT.'s Cryogenic Engineering Laboratory and Laboratory for Electromagnetic and
Electronic Systems (LEES) in 1991. This new type of automotive airconditioner is
expected to improve several features of conventional automotive airconditioners.

Unlike conventional automotive airconditioners, the new automotive airconditioner
uses a rotating type compressor rather than a reciprocating type compressor. This is
advantageous in reducing the compressor size because the rotating compressors have larger
mass flow rates for their given size. The rotating compressors additionally have lower
levels of noise and require fewer components hence simplifying their manufacture and
reducing production costs.

Another important potential improvement over conventional automotive
airconditioners is the integration of the compressor and the motor structure. This is
expected to improve current problems with sealing and speed control. The driving source
(Motor) is the same unit as the compressor, thus we can build the bearings and shaft inside
the compressor-motor unit housing and make the unit hermetic. By integrating the
compressor and the motor, we can control of the speed of the compressor. This is different
from many conventional automotive airconditioners which get their driving source from the
automotive engine shaft via pulley-belt and magnetic clutch. The conventional automotive
airconditioners can have only ON-mode and OFF-mode. The integrated
compressor,however, can operate at variable speeds according to different operating
conditions. This can yield improved performance over conventional airconditioners
because by adjusting the speed for different conditions, the airconditioner can operate at

local peak efficiency point.
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The last advantageous feature of the new automotive airconditioners is the
refrigerant. The conventional Chlorofluorocarbon (CFC) based refrigerants have high
ozone layer depletion potential and global warming potential, and are considered to be
environmentally harmful. To solve this problem, the new automotive airconditioners are
designed to use a new type of Hydrochlorofluorocarbon (HCFC) based refrigerant. These
new refrigerants have relatively low ozone layer depletion potential and global warming
potential compared to the CFC based refrigerants. The new automotive airconditioners are,
therefore, expected to contribute to reducing the environmental pollution problem.

For the above reasons, the development of new automotive airconditioners is
considered necessary. This work will mainly discuss the design of the integrated
compressor motor unit by illustrating the development of the necessary design tools used in
the integrated compressor-motor unit and then describing the actual design of the integrated
compressor-motor unit. Data from computer simulation for compressor efficiency have
been used to compare the performance of designs under various operating conditions.The
computer simulation have been done by a computer software "COMPAL" made by

Concepts, Education and Technology for Industry (Concept, ETT).

1.2. Brief Introduction to the Airconditioning Systems.

Although many introductory thermodynamic textbooks describe the basic
refrigeration cycles [Reference 21], for better understanding of the following chapters, the
mechanisms of the airconditioning systems used in this design will be briefly discussed.

The new automotive airconditioner employs a vapor-compression refrigeration
cycle. This is also called an inverse rankine cycle because it operates the same way as the
rankine cycle, but in the opposite direction. There are several variations of this cycle. For
example, the compression stroke can be done by several stages or between each

compression stage there can be an inter-cooling stage. However, these variations are not
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much significant in understanding the basic vapor-compression refrigeration cycle. The
basic vapor-compression refrigeration cycle consists of four processes: evaporation,

compression, condensation, and throttling. In the evaporation process, a heat transfer

Environment

— |  Condensation i
4 3
Throttling Compression
. 2
y - Evaporation -

Room

Figure 1-1 Schematic Diagram of the Airconditioning Cycle

occurs from the room to the cold refrigerant. As a result, the room is cooled by heating the
refrigerant. After the evaporation process, the temperature of the refrigerant has to be
raised to a higher temperature than the environment. This can be achieved by compressing
the refrigerant. Once the temperature of the refrigerant is raised higher than the

environment, the condenser transfers heat from the refrigerant to the environment. This is

12



the actual process of dumping the heat of the room to the environment. The last step is
throttling the refrigerant to reach the initial state and completing the cycle. This is the basic
mechanism of the vapor-compression refrigeration cycle. Several changes have been made

in this cycle to improve the performance. These changes will be discussed in later

chapters.
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Chapter 2. DEVELOPMENT OF THE DESIGN METHODS

2.1, Streés Analysis
2.1.1. Iterative Solution for Hoop Design

The integrated hermetic compressor-motor unit is expected to rotate at high speed.
The high rotational speed causes large centrifugal force on the rotor of the motor of the
integrated hermetic compressor-motor unit. This raises the question for the proper
mechanical support of the magnet and rotor of the integrated hermetic compressor-motor
unit. A prestressed tension hoop is introduced to attach the magnet on the rotor of the
integrated hermetic compressor-motor unit. This section will discuss the procedure for
determining the hoop thickness and the amount the hoop is prestressed.

Initially, when the rotor of the integrated hermetic compressor-motor unit is not

I

" Equilibrium

> ' Radius

Figure 2-1 Deformation of the Hoop and the Rotor
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Figure 2-2 Geometry of the Hoop and the Rotor
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rotating, the hoop is pressure fitted. By geometry, the hoop inner radius must equal the
magnet's outside radius. The amount of deformation of the hoop due to the

pressure fitting can be found by modelling this situation as a thin hoop under internal
pressure [Reference 13]. The amount of deformation of the magnet and the rotor can be
found from modelling this situation as an elastic rotor deformation under external pressure

[Reference 16]. The resulting equation is

_ P R%; t
Ruto - P(RR(1-vg) + RMoRR (1 5y = Ry 4 —Hi (14 1)
Er Em ty En 2 Ry

Where P is the prestress, Ry is the rotor middle radius, Ry, is the magnet outside radius,
Ry; is the hoop inside radius, Eg is the hoop's Young's modulus, Ey is the magnet's
Young's modulus, Egy is the hoop's Young's modulus, vy is the magnet's Poisson's
ratio, vy is the rotor's Poisson's ratio, and ty is the thickness of the hoop. When the rotor
of the integrated hermetic compressor-motor unit is rotating, the hoop experiences
additional internal pressure due to the centrifugal force of the magnet and the rotor of the
integrated hermetic compressor-motor unit. The resulting radial expansion of the hoop due

to the rotation becomes

2 RmMo)RE; ’R}
(P+pmtMRM®7) fig, .)+(1_VR)pR4m R )

SExpansion =
Expansion hE R Ex

Where ngpansion is the radial expansion of the hoop, pym is the density of the magnet, and
o is the rotational speed. For the magnet to be attached to the rotor geometrically, the
expansion of the hoop after the rotation should be smaller than the deformation of the rotor

due to the centrifugal force. This relation can be expressed as

3 2
1-2vR+V§ PRO’RR J_(thMRM(Dz)RHi(l ) < 1 P(RR(Lyp) 1 RMoRR (1 3
- Er Em

1-vg  4Eg tyEn 2 Ry €)
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where K1 is a safety factor (K1 < 1). For the safe operation of the integrated hermetic
compressor-motor unit, the hoop has to satisfy one more relation. The tangential strain due
to the centrifugal force should remain within the strain limit of the hoop material. This can

be expressed as

2 3 2)R2.
1 1-2vp+vg (przRR (P+pmtMRMO )RHI{I 4 Wy < g,OF @
Ry J%{_ l-vg — 4ER tHEn 2 R Ey

where OY is the elastic stress limit of the hoop, pr is the density of the rotor, and K2 is a
safety factor (K2 < 1). The equation derived above are nonlinear in three variables, the
hoop inner radius RHi, the hoop thickness th, and the amount of prestress P. Solving these
equations directly would be painful if not impossible. Instead of solving these sets of
equations directly, a iterative solution that will satisfy equation (1) and two inequalities (3)
and (4) has been chosen. The basic idea of this iterative solution is to try two values of Ry;
and th. With these two values, the prestress P can be found by equation (1). This iteration

will be continued until Rui, th, and P satisfy two inequality equations, (3) and (4).

2.1.2. Finite Element Model for the Hoop Stress Analysis

The iterative design procedure shown in the previous sections is expected to be
sufficient for this stage of the design. For the future design, however, an advanced finite
element model might be necessary. A prototype finite element model for the motor has,
therefore, been developed. To simplify the problem we modelled the motor as a three
component structure consisting of a rotor and magnet, dummy material to fill the gap
between the magnets, and a hoop element. Furthermore, I have assumed that the rotor and

the magnet are long enough so that the stress in the axial direction can be neglected. This
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situation can be modelled as a flat disk with plane strain condition. Through symmetry, we
need to consider only one quarter of the whole disk. This finite element model has been
implemented in ADINA and the source file is listed in Appendix 2. Most of the ADINA
input file uses the basic concept of ADINA, such as input nodes or lines. Readers who are

familiar with ADINA can understand this input file without difficulty. I would like to

Dummy Material

Magnet & Rotor

Figure 2-3 Schematic Diagram of the Finite Element Model
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mention two points which may cause confusion. The first point is about node 10 in Figure
2-3a. Since each element group must be properly supported [Reference 20] (i.e. no rigid
body motions are allowed), a spring which has a very small spring constant is attached
between node 10 and the ground node 21 to remove the rigid body mode in the z-direction
for the dummy material. The second point is about the contact surfaces between the
magnet, the dummy material, and the hoop [Reference 20]. A generic node of 2
dimensional contact surface cannot belong to more than one contact surface. Node 16 in
Figure 2-3a cannot be used for two contact surfaces and we introduce another node 23 at
the same physical position. As a result, the shape after deformation shows that the dummy
material edge has gone into the hoop space which is physically unreasonable but
unavoidable due to the modelling limitations. As far as the topology of the motor (i.e. the
relative positions of the magnet and rotor, the dummy material, and the hoop), it is the
same as the finite model shown in this section, the change of the specific size or the
material data in ADINA input file is a trivial problem. Because of this, only one prototype

ADINA input file is listed in Appendix 2.
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Figure 2-5  Finite Element Model After Deformation
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2.2. Critical Speed Analysis

When a rotor is rotating at its resonant frequency, a small disturbance can be
amplified large enough to destroy the rotor structure. It is therefore desirable to avoid
operating at resonant frequency, which is called the critical speed. The critical speed can be
found by equating the kinetic energy due to the rotation with the potential energy due to the
load on the rotor [Reference 4]. In order to find the potential energy and kinetic energy, the
deflection due to the distributed mass of the rotor itself must be found first. This deflection

can be found by modelling the rotor as an elastic bar with distributed mass and calculating

Bearing
/
- 2 e b e - e
Wo
! RERRE
T T
Ra Rp

Figure 2-6  Free Body Diagram of the Rotor
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the bending moment of the bar. From the stress-strain relation, the deflection can be found

as

b xW
y-Ell{ 3 °x3 - \;f(x—a)4+CIx} (5)

Wo (a+b) 4+ W a4
24 (2a+b)  24(2a+b)

e %A(zam)%

Where Wo is the weight per unit mass of the rotor, y; is the deflection of the rotor, and R
and Rp are the reactions of the bearings. Using this deflection, we can find the kinetic

energy and potential energy of the rotor. The potential energy becomes

N
i Wi
&=2Y2 (6)
i=0
The kinetic energy becomes
W2 N
Eg = 4 i 2W; 7
K 2g ;,) Y i (7)

If there are no energy loss in the bar, the maximum potential energy Ep must equal the

kinetic energy Ek.

N N
YiWi _ @? 2W. 8
20 > 2gi=20y[ ; (8)

The critical speed using these kinetic and the potential energies for the distributed mass of

the bar becomes
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2.3. Design of the Centrifugal Compressor

This section describes the design procedure for the centrifugal compressor. This
design procedure is based on a term project of a mechanical engineering course at M.LI.T.
(2.601J "Design of Thermal Power Systems"). Several modifications have been made to
the term project to match my design purpose. The fundamental design procedure,
however, is not new and the purpose of this section is to clarify the notations and design
methods that I have used in my modified design procedure. Before we start to discuss the
design procedure of the centrifugal compressor, it is appropriate to describe the geometry
and function of the centrifugal compressor. The basic components of the centrifugal
compressor in this design are the impeller, the vaneless diffuser, the vaned diffuser, and
the volute. The impeller is the rotating part of the centrifugal compressor and transfers shaft
work into the working fluid. The vaneless diffuser is converting the kinetic energy into
pressure without causing a shock wave. The vaned diffuser is also converting the kinetic
energy of the working fluid into pressure but the vaned diffuser increases the pressure
more rapidly by the blades in its channel, which may cause a shock wave. The volute
collects the working fluid from the exit of the vaned diffuser and transfers the working
fluid into the condenser. The design procedure starts from relating the enthalpy
difference of the compressor inlet and outlet with the stagnation temperatures from the inlet
and the outlet of the compressor. This can be achieved by using the first law of

thermodynamics in the bulk flow case.
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hgy - hor = Cp (Toz - To1) = Euj (10)

where g is the slip factor, hy; is the enthalpy at inlet, hoz is the enthalpy at outlet, uj is the
blade tip speed. The slip factor is a proportionality factor to compensate for the swirl in the
opposite direction of the impeller rotation, caused by the conservation of angular

momentum. The next step is to find the dimensions of the impeller. The important basic

Volute

-s—Vaned Diffuser

-+— Vaneless Diffuser

- Impeller

Is
(Shroud)

1h
(Hub)

o

Figure 2-7  Schematic Diagram of the Centrifugal Compressor
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dimensions are the hub radius T'1h, the shroud radius T1s, the impeller radius T2, and
the impeller exit flow passage depth b. The impeller exit radius can be found from the basic
relation between the rotational speed and tangential velocity in circular motion, which is

_ 601]2 (11)

2=5IN

The hub radius is assumed to be a certain fraction of the impeller radius. [Reference 67].
For large impellers the usual fraction is 0.2 and for smaller impellers the fraction will be
larger than 0.2 depending on the size. The minimum hub radius should be large enough to

withstand the torque transmitted by the shaft.

np=Cxn and C=0.21t0045 (12)

The shroud radius is selected so as to minimize the inlet relative mach number. The reason

B2
W2 - V2
Vm2
W v Ve

U
V2 = Absolute Velocity at the Impeller Exit
Vm2 = Absolute Meridional Velocity at the Impeller Exit
Vi = Absolute Tangential Velocity at the Impeller Exit
W = Reltive Velocity at the Inpeller Exit
Wi = Relative Tangential Velocity at the Impeller Exit
U2 - Blade Tip Speed at the Impeller Exit
a2 = Absolute Velocity Angle
B2 = Relative Velocity Angle

Figure 2-8 Velocity Triangle of the Impeller Exit
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for minimizing the inlet relative mach number is to avoid a shock wave inside the impeller
which may cause a large loss of energy. Once the hub radius, the shroud radius, and the

impeller radius are determined, the velocity triangle of the impeller exit can be found from
simple trigonometry as shown in Figure 2-7. The impeller exit flow passage depth can be

found from the mass conservation of the impeller exit

= m
b 2TroPavoCcosly ()

Where b is the impeller exit flow passage depth, m is the mass flow rate, p; is the density,
v, is the absolute velocity, 1, is the radius, a is the absolute velocity angle. After the
basic dimensions of the impeller are found, the diffuser dimensions and its velocity

triangles have to be determined.

Vi

V3 = Absolute Velocity at the Vaneless Diffuser

Vm3 = Absolute Meridional Velocity at the Vaneless Diffuser
Vi3 = Absolute Tangential Velocity at the Vaneless Diffuser
a3 = Absolute Velocity Angle

Figure 2-9 Velocity Triangle at Vaneless Diffuser Exit
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The vaneless diffuser has to reduce the velocity of the fluid exiting the impeller until the
mach number drops sufficiently to prevent a shock wave. A suggested Mach number at the
exit is 0.8 or 0.9 times the mach number of the impeller exit if that product is less than 0.8
[Reference 67]. From this mach number, the velocity triangle at the vaneless diffuser exit
can be completed. By using conservation of angular momentum, the radius of the vaneless
diffuser can be found as

_p,Y2SIn0y
v3sinol3 (14)

The radius of the vaned diffuser can be found from the mass conservation and the sine rule

g
V4
Vmd
Via

V4 = Absolute Velocity at the Vaned Diffuser

Vm4 = Absolute Meridional Velocity at the Vaned Diffuser
Vi = Absolute Tangential Velocity at the Vaned Diffuser
04 = Absolute Velocity Angle

Figure 2-10  Velocity Triangle at Vaned Diffuser Exit

for the vaned diffuser section.

v3sinoy
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and

4V4
O4= arctan(P—tanag)
P3avs

Again, the other components of the velocity triangle can be found through simple
trigonometry.

The last component of the centrifugal compressor is the volute. The significant parameter in
the volute are the exit area and the exit velocity of the volute. The exit velocity of the volute

can be found from the conservation of angular momentum which gives us,
V5=Vi4 (16)

The exit area of the volute can be found from the mass conservation of the volute

(Volute exit area) = T Koy = —2—
Psvs ( 17 )

The single stage centrifugal compressor design is completed at this point. Each
stage of the two stage centrifugal compressor can be designed in similar manner as we did
for the single stage centrifugal compressor design. There are several differences, however
between the single stage centrifugal compressor design and two stage centrifugal
compressor design. The two stage centrifugal compressor has no volute in the first stage.
Instead, between the first stage and the second stage there is a return channel which
connects both stages. In addition, the velocity of the first stage exit is selected to equal to
the second stage inlet. By matching these two velocities, the dimensions of the first stage
vaned diffuser will be slightly changed.

So far I have described the basic design methods for designing the hoop of the rotor
for the integrated hermetic compressor-motor unit, for finding the critical speed, and for the

centrifugal compressor. These methods are implemented in a computer program found in
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Appendix D and are used in designing the integrated hermetic compressor-motor unit

shown in Chapter 4.
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Chapter 3. SELECTION OF THE REFRIGERANT

3.1 Background

One of the important tasks in designing air conditioning systems is the selection of
the working fluid (i.e. refrigerant). For a given type of thermodynamic cycle, the
refrigerant determines several important design parameters such as mass flow rate, pressure
ratio, and inlet and outlet thermodynamic properties (temperature, pressure, enthalpy) for
each component of the air conditioning system. This chapter will discuss the effect of the
refrigerant on the centrifugal compressor's impeller. The effect of the refrigerant on other
components such as the condenser, the evaporator, and the bearings will be discussed
briefly in Chapter 5. The refrigerant has an important effect on the overall performance of

the air conditioning system, and therefore, the characteristics of a desirable refrigerant have
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j - 75
Global Warming Potential (GWP)
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Figure 3-1  Ozone Layer Depletion and Global Warming Potential of Various

Refrigerants : Data from Reference 36
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been studied for many years. One such study was presented in the American Society of
Heating, Refrigerating and Air-conditioning Engineers (ASHRAE) Journal [Reference 62]
This study suggests that for centrifugal compressors, refrigerants should have acceptable
cycle efficiencies, fairly large specific volumes, and reasonable "head" or "lift"
characteristics. If they are nontoxic, nonflammable, and chemically stable, they are ever
better [Reference 62]. In the last decade, much effort has been made in the characteristics of
the chemical stability of the refrigerants, especially where they might be linked to the
depletion of the earth's ozone layer and global warming. A recent study shows that the
Chlorofluorocarbons (CFC) based refrigerants, such as Freon which has been widely used
in air conditioning and refrigeration, have high ozone depletion and global warming
potential [Reference 36].

As a result of the above concerns, the Montreal protocol was amended in 1990.
This protocol is an international agreement among governments, scientists, industry, and
environmental groups to regulate the use and production of CFCs. According to the
Revised Montreal Protocol, the complete phaseout of CFC production will be made by the
year of 2000 [Reference 36]. Due to the protocol, this chapters study of the impacts of
refrigerants on the performance of air conditioning systems, will be concentrated on the
Hydrofluorocarbons (HFC) and Hydrochlorofluorocarbons (HCFC) refrigerants. The
CFC refrigerants will be studied only for comparison. These HFC and HCFC refrigerants
have lower ozone layer depletion and global warming potentials and they are expected to

substitute the CFC based refrigerants.

3.2. Refrigerant Selection Procedure Description

To study the effects of the refrigerants on the impeller size, a single stage vapor-

compression refrigeration cycle has been selected. Each refrigerant has been analyzed
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according to the following thermodynamic cycle for a given condensation temperature and

evaporation temperature.

Compressor Outlet

Condensation

Compression

Figure 3-2 Single Stage Vapor-Compression Refrigeration Cycle

As a result, the inlet and outlet thermodynamic states can be evaluated. These inlet and
outlet thermodynamic states will be used as input information for the centrifugal
compressor design procedure described in Chapter 2. As a result, the basic geometrical
configuration of a single stage centrifugal compressor will be evaluated. The result of the
impeller size for each refrigerant can be compared to select the most desirable refrigerant for

our design purpose.
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3. Result of the Study

The study of the impact of various refrigerants on the centrifugal compressor's
impeller size shows that the impeller blade tip height is very small compared to the impeller
diameter. The size of the impeller blade tip height varies from 0.1mm to 1.0mm depending
on the refrigerant. This is undesirable because the extremely small size is expected to
increase the machining cost. The small aspect ratio of blade tip height to the impeller radius
is undesirable because it is expected to have an adverse effect on compressor efficiency due
to the large amount of friction loss. Due to these considerations steps have been taken to
find a refrigerant that yields the largest impeller blade tip height and the largest aspect ratio.

Figure 3-3a shows the inlet density versus impeller exit blade tip height. This
suggests that R113 and R123 yield fairly large exit blade tip heights compared to the other
refrigerants. An interesting feature can be found from comparing Figure 3-3a through
Figure 3-3c. The distribution of the datapoints for the three figures are almost the same and
we can conclude that by selecting the refrigerant which has the largest specific speed, we
will automatically selecting the refrigerant which has the most favorable aspect ratio and the
largest blade tip height. As a conclusion, although R113 yields the largest blade tip size,
we can see in Figure 3-1 that R113 has a high ozone layer depletion and global warming
potentials. Consequently, R123, which yields the second largest blade tip size among the

refrigerants investigated, is expected to be the most appropriate refrigerant for our design

purpose.
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4. DESIGN OF A HERMETIC COMPRESSOR-MOTOR UNIT

4.1. Overview.

With the tools developed in Chapter 3, a design for the hermetic compressor-motor
unit can be completed. Besides the design tools described previously, information on
electrical motor nad compressor efficiency have been added. The electrical design of the
hermetic compressor-motor has been provided by LEES and the aerodynamic efficiency
data of the hermetic compressor has been produced by using a computer program
"COMPAL" made by Concepts, ETL. By comparing and compromising the electrical
aspects and the mechanical aspects of the hermetic compressor-motor unit, an optimized
design can be produced. In this chapter an optimized design of the hermetic compressor-
motor is provided. The overall design procedure can be divided into three steps. The first
step is to select appropriate values for the thermodynamic cycle. This step includes
selecting the evaporation temperature, condensing temperature, overall pressure ratio, etc.
The second step is to select an appropriate range of rotational speeds for the hermetic
compressor-motor unit. The third step is to determine the basic dimensions of the motor
and the compressor and devise an appropriate layout for the geometric configuration of the
integrated hermetic compressor-motor unit. At the end of this chapter, an examplary

diagram of the integrated hermetic compressor-motor unit will be shown.

4.2. Establishing the Parameters in the Thermodynamic Cycle.

Determining the appropriate thermodynamic cycle and the parameters of the

thermodynamic cycle are the most important tasks in this hermetic compressor-motor

design. Most of the input information of the compressor design comes from the
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thermodynamic cycle. By selecting the thermodynamic cycle and the parameters of the
thermodynamic cycle, an inherent limit is given no matter how well the detailed compressor
design is conducted.

The first task is to determine the evaporation temperature and the condensation
temperature of the vapor-compression refrigeration cycle. These numbers have been
selected by referring to Reference 44. According to this report, for a hot summer day of 37
C, the design point condensation temperature is set to 48 C, and the design point
evaporation temperature is set to 5 C. In my design, a conservative assumption has been
made to reduce the future potential problems of heat exchanger design because a detailed
cooling load and heat exchanger analysis has not yet been completed. The design point
condensation temperature has been set as 49 C and the evaporation temperature has been set
as 0 C.

Once the condensation temperature and the evaporation temperatures have been
chosen, the overall pressure ratio can be evaluated. By using the refrigerant selected in
Chapter 3, the inlet pressure of the compressor is 33 kPa and the outlet pressure is 205.8
kPa; the overall pressure ratio is approximately 6.2. This is rather a high pressure ratio for
a single stage design. By a brief evaluation of the basic dimensions using the design
methods provided in Chapter 3, the single stage design turns out to be inappropriate. The
reason is because the impeller exit gap is too small compared to the impeller radius. This is
expected to yield a poor performance due to the high friction loss. To solve this problem, a
two stage design has been selected instead of a single stage design. In order to cool the
motor windings and the refrigerant at the first stage compressor exit, an intercooling stage
has been introduced. This intercooling stage is achieved by feeding back the refrigerant
from the condenser exit and injecting this refrigerant into the return channel between the
first stage and second stage compressor. The schematic temperature-entropy diagram is
provided in Figure 4-1. Notice that the temperature increases after the first stage

compression, due to the cooling of the motor winding.

2



Td

m“

S el .

| | , | M+m T M+m
—IHD_JTD_‘l Condenser
(== o |

Two Stage Hermetic Electric
Motor Driven Compressor M

i Evaporator i ®

Figure 4-1 Two Stage Vapor-Compression Refrigeration Cycle
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The next step is to determine the pressure ratio of each compression stage, which
can be determined by comparing the specific speed of each stage of the compressor. The
proper choice of a pressure ratio for each stage will be where the specific speed becomes
the same in both compression stages because the specific speed indicates the relative size of
the impeller. By having a similar value of specific speeds, we can achieve similarly shaped

compressors for both stages.

Specific Speed vs. Pressure Ratio
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Figure 4-2 Pressure Ratio versus Specific Speed Diagram

As we can see in Figure 4-2, the specific speed of each stage approaches one value

approximately at a pressure ratio of 3.5 for the each stage. The right choice of the pressure
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ratio will be 3.5 for the first stage. The overall pressure ratio is given as 6.2, hence the

pressure ratio for the second stage is 1.77.

4.3. Selection of the Rotational Speed.

Once the thermodynamic cycle is determined, the rotational speed has to be
determined in order to have enough information for the compressor design input.The
rotational speed is an important variable for both compressor and motor design, especially
in terms of size and performance. The rotational speed of the integrated hermetic
compressor-motor unit has to be determined by considering the size and efficiency of the
compressor and the motor design. Figure 4-3 shows specific speed versus efficiency. The

efficiency of

Compressor Efficiency vs Specific Speed
Specific Speed = {(RPM)*(1bm/sec)*0.5}/(1bf-ft/1bm)*0.75
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Figure 4-3 Specific Speed versus Compressor Efficiency Diagram
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the first stage drops significantly at speeds below 60000 rpm. This indicates that in order
to achieve good performance, the rotational speed has to be larger than 60000 rpm. From
the figure we can also see that the efficiency drops at high rotational speeds, say 100000
rpm. The efficiency drop at high speed is expected due to the high relative mach number at
the impeller inlet. For moderately high rotational speed, the relative inlet mach number
remains below 1, and no shock wave loss is induced. For higher rotational speeds, the
relative inlet mach number is over 1 and an additional loss due to the shock wave is
expected. In the aerodynamic design point of view, the rotational speed of the integrated
hermetic compressor-motor unit should remain in the range of 60000 rpm to 100000 rpm.
In the motor design point of view, a different rule applies. The data provided from

LEES, has been plotted in Figure 4-4. This figure shows that the efficiency decreases as

Total Efficiency of the Motor vs. Rotational Speed
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Figure 4-4 Rotational Speed versus Motor Efficiency Diagram
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the rotational speed increases. The decrease in efficiency becomes larger at high rotational
speeds. This suggests, in the motor design point of view, that the rotational speed must
remain below 90000 rpm to achieve a good motor performance. In order to achieve a good
performance in integrated hermetic compressor-motor design, the rotational speed must,
therefore, remain in the range of 60000 to 90000 rpm.

One more interesting comment on this performance study is on Reynolds number.
Although the second stage has a smaller aerodynamic passage due to its higher density, the
efficiency is still higher than the first stage. This is due to the high Reynolds number in the
second stage. The second stage has approximately 50% larger value of Reynolds number
than the first stage, which yields a significantly lower friction coefficient in the second

stage than the first stage.

4.4. Geometric Configuration.

From the given thermodynamic information at the inlet and outlet of each
compressor stage and the rotational speed, the basic dimensions of the compressor can be
determined. The basic dimensions of the motor are provided by LEES for a given rotational
speed. With the basic dimensions of the compressor and the motor, a geometrical
configuration has to be made. The first concern is the layout of each compressor stage. In
order to reduce the length of the aerodynamic passage, each compressor is connected in
series facing the first stage compressor outlet with the second stage inlet. This is considered
to be better than facing each compressor stage back to back because a back to back
configuration yields longer aerodynamic passages which yield more friction loss in the
passage. The next concern is combining the compressor with the electrical motor. The
resulting dimensions of the second stage compressor is much smaller than the size of the
rotor of the electrical motor. This suggests the idea of inserting the second stage of the

compressor into the rotor of the electrical motor. The above ideas have been incorporated
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in Figure 4-5. There are several interesting features in this diagram. The first feature is the
connection between the interstage channel and the second stage inlet. The interstage
channel goes axially through the motor where the second stage inlet is located. The second
feature is, as mentioned earlier, the rotor of the motor forms the second stage compressor
shroud. The third feature is the inter stage return channel has an liquid injection for the
motor winding cooling and the inter stage cooling. The last feature is that the rotor
structure is a multi component combined by a tension bolt, and more stages can be stacked

by minor changes in the design configuration.
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- Single rotor
First stage impeller (1)
Second stage impeller (2)
Motor rotor
Permanent magnet (3)
Retaining hoop (4)
Back iron for return flux path and second stage
shroud (5)
Bearings (6),(7)
- Suction inlet (8)
- First stage blade (9)
- First stage vaneless diffuser (10)
- First stage bladed diffuser (11)
- Interstage connecting passage (12)
- Second stage inlet path (13)
- Second stage blade (14)
- Second stage vaneless diffuser (15)
- Second stage bladed diffuser (16)
- Exit volute (17)
- Inlet side housing (18)
- Discharge side housing (19),(20)
- Motor stator
Windings (21)
End turns (22)
Laminated iron (23)
Stator housing (24)
- Liquid injection passage (25)
- Motor cooling passage (26)
- Injection port into interstage passage (27)
- Housing (28),(29),(30)
- Inlet pipe (31)
- Tension bolt (32)

Figure 4-5 (Continued) Description of the Integrated Hermetic Compressor-Motor Unit
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Chapter 5. FUTURE WORK

Despite the integrated hermetic compressor-motor unit having the interesting
features mentioned in Chapter 4, the study of the other components of the airconditioning
system, such as the evaporator, the condenser, and the bearings, has yet to be made to
complete the airconditioner's design.

The evaporator and the condenser are expected to effect the condensation and the
evaporation temperatures. When temperature differences between the environment and
condenser or the room and the evaporator are increased, the size of the condenser or the
evaporator can be decreased due to the increase in the heat transfer capacity for a given heat
transfer area. The increase in in condensation temperature or the decrease in the
evaporation temperature will induce larger shaft work in the compressor. This is due to the
increase in the overall pressure ratio and will have an unfavorable effect on the compressor.
The specific numerical relationship between the condenser's or the evaporator's size and
the condensation or the evaporation temperatures requires further study.

The performance of the integrated hermetic compressor-motor unit is very sensitive
to the clearance between the impeller and the housing, which is controlled by the bearing
system. The bearings for the integrated hermetic compressor-motor unit are expected to
have a significant effect on the efficiency of an airconditioning system. For example, the
computer simulation data from Concepts, ETI (Appendix 5), shows that an increase in the
clearance between the impeller and the housing, from 0.004" to 0.007 " causes a 6.3 %
decrease in efficiency. Considering that 0.007" clearance is quite small in practice, the
study of the bearing system will have to be carefully conducted in order to maintain a high
efficiency.

Another important aspect of the airconditioning system design is the manufacturing

of the impeller. The size of the impeller blade computed by Concept's "COMPAL" program
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1s 0.004" to 0.007", depending on the operating speed. Such small impellers are extremely
expensive to manufacture due to the precision machining involved.

When the above work is completed, the integrated hermetic compressor-motor unit
can be tested in an airconditioning system which includes the evaporator, condenser, and
the bearings. The test data can be used to compare the preformance of the new

airconditioning system, with the conventional systems presently in use.
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Chapter 6. CONCLUSION

An integrated hermetic compressor-motor unit for a new concept in automotive
airconditioners has been designed. This design shows that an optimization between the
mechanical compressor design and the electrical motor design is possible. The refrigerant
employed in this machine is an HCFC type material. The HCFC type refrigerants have
lower ozone layer depletion and global warming potentials.

These new automotive airconditioners that use an integrated hermetic compressor-
motor unit are expected to have smaller size, lower levels of noise, and reduce evironmental
pollution. A similar design approach in many other technological areas can likewise benefit

the environment and improve the efficiency of mechanical systems.
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Appendix A. DETAILED DERIVATION OF THE STRESS ANALYSIS

A.l. Motive for Stress Analysis

The motor of the integrated hermetic compressor-motor unit is rotating at high
speeds. The mechanical support for the magnet has to be strong enough to prevent the
magnet from slipping or being separated from the rotor due to the centrifugal force of the
motor structure itself. To solve this problem, a pre-stressed hoop covers the magnet-rotor
unit. This chapter will derive a design procedure for determining the hoop thickness and the

amount the hoop is pre-stressed.

A.2. Pressure Fitting of the Hoop

Initially the hoop and the magnet-rotor unit will be pressure fitted. Hence, by

Hoop

Figure A-1  Deformation of the Hoop and the Rotor
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geometry the hoop inside radius must equal the magnet's outside radius.
(Equilibrium Radius) = RMo - 8pi = Ryi + Og; (1)

Also from Appendix A.9.1, we get the deformation of the magnet due to the external

pressure P.

Sp = EP; (I-VR) RR + EP;; (I'VM) (RMO_RR) (2)

And from Appendix A.9.2, we get the deformation of the hoop due to the internal pressure

P.

5 =PR%i(1 )
R " "HEn = 2 Rui (3)

If we combine these equations, we get

2
Rgr Rmo-RRr P Ry; tH
Rmo-P{=H(1-vR)+—22—2(1- =Ry+—Y1+——2—
Mo {ER VR) Ey vm) =Ry = ZRHi) @

A.3. Deformation after Rotation

The hoop expands radially when the shaft rotates due to the centrifugal force of the

magnet.
Centrifugal Force. .2
5H =8 -8 =( Area )RHif + tH :ﬁthMRsz)R%iflJ“ [H )
i ty Ex *" 2 Ry; tHEH " 2Ry (5)
where OR1 is the deformation after preload
and ORr2 is the deformation after rotation.
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hence, the deformation after rotation is the deformation due to the preload plus the

deformation due to the centrifugal force only.

5 2:(P+PMIMRI\/lODZ)RIZﬁ(1+ ty )
tHEH 2 Ry; (6)

And the hoop expansion due to the rotating inertia force of the rotor itself which is derived

in Appendix A.9.3 , becomes

1-2vp+v} PrO’RR pro’RR
ORaw= ( )=(1-VR)
1-vr 4 Er 4ER (7)
Therefore the total hoop expansion due to the rotation is
6E)&p.'5.115.i0n:6R(o"'SH(.O (8)

A.4. Criterion for the Magnet and Rotor Contact

For the magnet to be attached to the rotor geometrically, the expansion of the hoop

after rotation should be smaller than the deformation of the rotor due to the preload. i.e.

8ExpansiongKl 6P )

where K1 is a safety factor(K1<1).

combining all these above equation yields,

1'2VR+V|2{{9R“’2R% (thMRM(DQ)RIZ-ﬁ, tH Rr Rmo-Rr
+ 1+ <K P{=%(1- g 1-v
T —— (145 RHi) 1 {ER( VR)+—(EM M)}

(10)
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this is the criterion for the magnet to be in contact with the rotor.

A.5. Criterion for the Strain Limit of the Hoop

For a safe operation of the motor, the hoop strain should remain within the strain

limit of the hoop material. The tangential strain due to the deformation of the hoop is

_2n(Sr2+0Rw)
< 2nRy
_ 1 1~2VR+V2R{PR‘02R% L(P+PMIMRM®2)R1?IH(1+ )
oty 1-vg  4Eg tuEq 2 Ry
Retity (11)

and this tangential strain should be smaller than the elastic strain limit of the hoop

material. This can be expressed as,

Oy
Eyp<Ko=1
e B (12)

where OY is the elastic stress limit of the hoop material and K2 is a safety factor (K2<1).
A.6. Summary of the Equations and Unknowns

So far we have derived the conditions and the corresponding equations of the hoop design.

These equations can be simplified to the following three equations.

I')Rl%li{l+ tH
tiEg~ 2 Rp; (13)

RMO-P[IE—ﬁ(l-vR)%l-vM)}=RHi+
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1-2vg+Vvh PRORR, (PMIMRMOORE -ty R RMo-RRr
+ 1+ =K Bl (L Vp)— {1V
Tvg \ 4Eg E ( 2RHi) 1 [ER( R) E M}

(14)

1 1-2VR+V%(PR‘°2R% }+(P+thMRM(02)R12{i (1+ tH )} SK2G—Y
Ry 1R 4 Er tHEH ZRm En
ity (15)

and by careful inspection we can see that we have three unknowns, which are the preload

P, hoop thickness th, and the initial hoop inner radius RHi.

A.7. Solutions to the Given Equations

Since we have same number of equations and unknowns, theoretically these sets of
equations can be solved. However, all three equations are nonlinear and it is very painful to
solve these equations directly. Therefore, instead of solving the equations directly, I tried to
get a conservative solution which will over satisfy the given criteria by an iterative process.
The first step is to assume the hoop inner radius RHi and the hoop thickness th, and

equation (13), we can get the preload P,

p= RMo-Rui
RR RM ‘RR R%Ii tH
=R(1-vp)+—M R (1 vy } +—H (11
b YR MR IRy, (16)

The next step is to check whether the magnet and the rotor is in contact. This can be
checked by plugging in the assumed value hoop inner radius RHi and the hoop thickness th

and the P from equation (16) into equation (14),
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KIBPSSExpansionSKZSPSSP (17)

1-2vR+vi,pR°’2R3R (PMIMRMOP)R; T
I - 1+—
6Expansnon 1-vr \ 4 ER [HEH \ ) RH':) (18)
R Rmo-R
S =Pl piy -rM(l—v )
P {E—R( R) Ey M)} (19)
where K1 and K2 are safety factors ,K1<K2<I,
A
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Figure A-2  Graphical Representation of the Hoop Contact Criterion
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The final step is to check the hoop strain limit. This can be done by plugging the hoop inner

radius RHi , the hoop thickness th, and the P into equation (15).

e 1 1 2VR+VR pRmZRR\] (P+thMRMG) )RHW1 tH 3
& ty { 1-vp 4Eg ’ tyEy 2 Ry;
Ruit 21)

and

K3 (e < U_Y_SG_Y
Ey H En

where K3 and K4 are safety factors, K3<K4<1, say K3~0.2, K4=0.9
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Figure A-3  Graphical Representation of the Hoop Strain Limit
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A.8. Summary of the Design Procedure

The following are the description of the variables used in the design procedure.

- Known
Rotor - PR : Density of the rotor
- ER : Young's modulus of the rotor
Magnet - PM : Density of the magnet
- EM : Young's modulus of the magnet
Hoop - PH ; Density of the hoop

- EH : Young's modulus of the hoop

Initial size before load is applied
- RRr : Rotor outside radius
- RMo : Magnet outside radius
- RM : Magnet middle radius
- tM : Magnet thickness

- Unknown

- P : Preload

- tH : Hoop thickness

- RHi : Initial hoop inner radius

- RHo : Initial hoop outer radius

Ryo=Ry+ty
- R : Initial hoop middle radius

RH0=RH+%H—

The design procedure has been summarized for the readers convenience. This design

procedure starts with basic input data and two assumed variables RHi and th. By checking
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the displacement condition and the hoop strain limit, the procedure decides to stop or

continue the process. The following is the summarized design procedure.

Figure A-4  Geometry of the Hoop and the Rotor
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Step 1: Input information

Material data - Rotor : ER» VR» PR

- Magnet : EM> VM, PM
- Hoop : EH: VH; PH
Maximum rotating speed : ®
Initial size - Rotor radius : Rr
- Magnet outside radius : RMo
-t=Rmo - Rr
-RM = 0.5 Rmo + Rp)
Step 2 : Assume reasonable th. For this project th =2mm will be fine.
Step 3: Assume Rui = Rumo.
Step 4 : Calculate basic geometry of the hoop
Ruo=RHi+tH

RH=RHi+%

Steps 5: Calculate P from assumed th and Rui.

P= Rumo-R;
N RZ.
{Bﬂ(l-vR)ﬁMﬂﬁ(l-vM) ye i Wty
Er Em tHEH 2 Rgi

Step 6: Check the displacement condition.

_ =1-2vR+v§,pr2Rﬁ\ +(pr«ltMRMOl)z)R%IifH tH
Xpansion 1-VR \ 4 Eg o tuEx : 2 Ry

Bp=P(FR (VR M TR 1vy)
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1f K1=8Expansion/Op<K2 then goto the step 7, otherwise assume a new value of Ri such

as Rui""=Ru;i-A and go back to the step 4 (A is a small incremental value).

Step 7 : Check the hoop material strain limit.

_ 1 1-2vg+vE PRORR L(P'*‘PMIMRM(D?')R%[i,lL oy,
(14

tH 1-vg — 4ER i tuEy 2 Ry;
Ry+2
L (25)

€ye

1f K3<eno/(0Y/En)<K4 then accept tH> RHi and P as the final value. If this is not satisfied

then increase the hoop thickness like "= ti+A and g0 to step 3.

A.9. Miscellaneous Derivations.
A.9.1. Derivation of Equation (2) [Reference 16]

From the stress-strain relationship in polar coordinates [Reference 16] we can get

the radial component of the strain tensor as

d
er=é(0}-voce)=—u
Jr (26)
O
do,
Ort—— dr

G

7
dd

5

Figure A-5  Stresses in Polar Coordinates

Cr
e
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where u is the deformation. Hence the strain at rotor (E= Eo, ©%0=%¢=-P) becomes

du
— 1 L. —_-_P - =
er_—(EO P+v,P) »—(EO 1-v,) - -

1 -P -P
u==—| du==—~1-v,)] dr=="H1-vy)r
EO[ &2 1 = (for O<r<Ryp)

and the strain at magnet (E=E1, 9r=96=-P) becomes

ou
&= {-P4viP)=2P(1-v)=—
1 1 or

(28)
u=(Deformation of the rotor)+(Deformation of the magnet)
RM r
] P
—EB{ vo)f dr+ﬁ(1 vl)f dr
o Y (29)

_-P -P
_E(LVO)RM + ﬁ(l'vl)(r‘RM) (for Ryp<r<r,)

A.9.2. Derivation of Equation (3) [Reference 13]
As far as the hoop satisfies

r2i+Ry;j
ti=I'2i-R[.[i<<Ri=—2l > Hi

(30)

we can use a thin hoop model [Reference 13]. As we can see from figure Al-2, the force
balance requires

Y F=P-2Ry;(breadth)=20g(breadth)t; (31)



therefore we get

PRy;

0 —
e (32)

and the deformation in tangential direction becomes

Figure A-6  Thin Hoop under Internal Pressure

t.
FB[2Jr(RHi+§‘)] __2nPR%i(1 Gt

(breadth)t;E GE 2RH; (33)
PRY, ..
fa=bn ERmpp, 0
R 2r tE ZRHi) (34)

A.9.3. Derivation of Equation (7) [Reference 16]

For a long shaft with €2z=0, the governing equation becomes
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90:,19%9,0r0 g _g
or T8 ! (35)

8’519_0

for our case, by symmetry the shear stress 96 , and the body force R equals centrifugal

force, hence the equation becomes

oe-or-r?«—qi -pr2w?=0
or

(36)
solving this equation yields
o 3
i o (1+v)(1-2v)pw’r
r 8(1-V)E (37)
for solid shaft, the boundary conditions are
u(r=0) = 0 & Ox(12)=0 (38)
2 2 2
Q)]
[ c2rrdr=) = €= pzr—mE
- (39)
and from these boundary conditions we get
_(3m-5)prjw? 1
" 8m-DE v (40)
Cy=0
and we get our final result as
2
_(3m:-5p (m+D)(m-2) 5 PO?_ 35y 5 (VHD(1-2V) ,, PO
ST mmD) B CvZ (v | SE @1)
_p?r32(1-v)?2  pw?ri2(1-v)
~ 8E(l-v) 4E (42)
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Appendix B. FINITE ELEMENT COMPUTER INPUT FILE

* ADINA - IN PR1

FILEUNITS LIST=8 LOG=7 ECHO=7

WORKSTATION 12 COLORS=RGB BACKGROUND=WHITE

COLORS ORI=INVERSE NODES=INVERSE EL=INVERSE,
BC=INVERSE XYA=INVERSE XYL=INVERSE

FCONTROL HEADING=UPPER ORIGIN=UPPERLEFT

CONTROL PLOTUNIT=PERCENT HEIGHT=1.25

*

DATABASE CREATE

*

HEAD 'PR1 - PLANE STRAIN CYLINDER'
*

MASTER IDOF=100111

ANALYSIS STATIC MASS=CONSISTENT

PRINTOUT VOLUME=MAXIMUM IPRIC=0 IPRIT=(0 IPDATA=0 CARDIMAGE=NO
PORTHOLE FORMATTED=YES FILE=60

*

SYSTEM 1 CYLINDRICAL

COORDINATES

ENTRIES NODE R THETA
i 0 0
2 20E-3 0
3 20E-3 45
4 20E-3 90
5 25E=-3 45
6 35E=3 45
7 40E-3 0
8 40E-3 45
9 20E=-3 45
10 20E-3 90
11 25E-3 45
12 35E-3 45
13 40E-3 45
14 - 40E-3 30

15 39.999E-3 0
16 39.999E=-3. 45
17 39.999E-3 90
18 42.999E-3 0

1.9 42.999E-3 45
20 42,999E-3 90
2 20E-3 90
2:2 40E-3 50.625

2:3 39.990E—3" 50,625

LINE S 1 2 EL=4 MIDNODE=1

LINE S 2 7 EL=4 MIDNODE=1

LINE S 1 3 EL=4 MIDNODE=1

LINE S 3 5 EL=1 MIDNODE=1

LINE S 5 6 EL=2 MIDNODE=1

LINE S 6 8 EL=1 MIDNODE=1

LINE S 1 4 EL=4 MIDNODE=1

LINE COMBINED 3 8 5 6

LINE ARC 2 3 EL=8 MIDNODE=1 NCENTER=1
LINE ARC 3 4 EL=8 MIDNODE=1 NCENTER=1
LINE ARC 7 8 EL=8 MIDNODE=1 NCENTER=1
LINE S 9 11 EL=1 MIDNODE=1

LINE § 11 12 EL=2 MIDNODE=1

LINE S 12 13 EL=1 MIDNODE=1

LINE S 10 14 EL=4 MIDNODE=1

LINE COMBINED 9 13 11 12

LINE ARC 9 10 EL=8 MIDNODE=1 NCENTER=1
LINE ARC 13 22 EL=1 MIDNODE=1 NCENTER=1
LINE ARC 22 14 EL=7 MIDNODE=1 NCENTER=1
LINE COMBINED 13 14 22

LINE S 15 18 EL=3 MIDNODE=1

LINE S 16 19 EL=3 MIDNODE=1
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LINE S 17 20 EL=3 MIDNODE=1

LINE ARC 15 16 EL=8 MIDNCDE=1 NCENTER=1

LINE ARC 16 23 EL=1 MIDNODE=1 NCENTER=1l

LINE ARC 23 17 EL=7 MIDNODE=1 NCENTER=1

LINE COMBINED 16 17 23

LINE ARC 18 19 EL=8 MIDNODE=1 NCENTER=1

LINE ARC 19 20 EL=8 MIDNODE=1 NCENTER=1

*

MATERIAL 1 ELASTIC E=2.0El1l NU=0.2 DENSITY=7.85E3
MATERIAL 2 ELASTIC E=3.0E1ll NU=0.25 DENSITY=7.85E3
MATERIAL 3 ELASTIC E=4.0El1l NU=0.3 DENSITY=7.85E3

*

EGROUP 1 SPRING

ENODES

1l eI ]

EDATA

ENTRIES EL PROPERTYSET

18l
PROPERTYSET 1 K=1.0
EGROUP 2 TWODSOLID STRAIN MAT=1 RESULT=TABLES
GSURFACE 1 2 3 1 EL1=4 EL2=8 NODES=8
GSURFACE 1 3 4 1 ELl1=4 EL2=8 NODES=8
GSURFACE 2 7 8 3 EL1=4 EL2=8 NODES=8
STRESSTABLE 2 1 2 3 4 5 6 7 8 8
EGROUP 3 TWODSOLID STRAIN MAT=2 RESULT=TABLES
GSURFACE 9 13 14 10 EL1=4 EL2=8 NODES=8
STRESSTABLE 3 1 2 3 456 7 8 9
EGROUP 4 TWODSOLID STRAIN MAT=3 RESULT=TABLES
GSURFACE 15 18 19 16 EL1=3 EL2=8 NODES=8
GSURFACE 16 19 20 17 EL1=3 EL2=8 NODES=8

STRESSTABLE 4 1 2 3 4 56 7 8 9
*

FIXB 123456 TYPE=NODES
1

FIXB 123456 TYPE=NODES
21

FIXB 13456 TYPE=LINES
L2

FIXB 13456 TYPE=LINES
204

FIXB 13456 TYPE=LINES
1518

FIXB 12456 TYPE=LINES
1 4

FIXB 12456 TYPE=LINES
10 14

FIXB 12456 TYPE=LINES
L7020

FIXB 12456 TYPE=NODES
10 )

*

CGROUP 1 CONTACTZ2 STRAIN FORCES=YES TRACTIONS=YES

CONTACTSURFACE 1 TYPE=LINES
16 15

CONTACTSURFACE 2 TYPE=LINES
17 123
CONTACTSURFACE 3
11059
CONTACTSURFACE 4
L1102
CONTACTSURFACE 5
22 14
CONTACTSURFACE 6
3
CONTACTSURFACE 7
65

TYPE=LINES

TYPE=LINES

TYPE=LINES

TYPE=LINES

TYPE=LINES



CONTACTSURFACE 8 TYPE=LINES
7 8

CONTACTPAIR 1
CONTACTPAIR 2
CONTACTPAIR 3
CONTACTPAIR 4

*

LOADS CENTRIFUGAL OMEGA=8500 AX=0 AY=0 AZ=0 BX=1 BY=0 BZ=0
*

FRAME

MESH NODE=00 ELEMENT=00

*

ADINA

o~ U@
[OVI S o B el

HW1 - PLOT FILE

LEUNITS LIST=8 LOG=7 ECHO=7

RKSTATION 12 COLORS=RGB BACKGROUND=WHITE

LORS FR=INVERSE HE=INVERSE TEXT=INVERSE AXES=INVERSE,
ORIG=INVERSE DEF=INVERSE NODES=INVERSE ELE=INVERSE,
BCODE=INVERSE XYAXES=INVERSE XYLINE=INVERSE VE=INVERSE

CONTROL PLOTUNIT=PERCENT HEIGHT=1.25

FCONTROL HEADING=UPPER ORIGIN=LOWERLEFT SIZE=DIRECT,

XSF=5 YSF=5 XFMAX=90 YFMAX=90

DATABASE CREATE FORMATTED=YES

*

FRAME

PLOTAREA 1 10 90 5 60

MESH ORI=2 DEF=1 EL=0 NODE=00 DMAX=5 PLOTAREA=1

END

OO H
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Appendix C. CRITICAL SPEED ESTIMATION PROGRAM

/******************************************************************/

i */
/* This program calculates the critical speed of the */
Tk integrated hermetic compressor-motor unit ]
/* */
i Program written by */
i Hayong Yun */
/* */

/******************************************************************/

#include <stdio.h>
#include <math.h>

#define N 1000

main()

{

int i;

double a, b, d, Wo, E;  /* input parameter */
double wl, w2, nl, n2; /* output parameter */
double I, Ra;

double C1, Ymax, x; /* first estimation */

double Y, suml, sum2; /* second estimation */

/* Input parameter */

a=10; /*in ¥/

b=7:/*in ¥/

d=4; 7% in*/

Wo = (7.35/10000)*(9.807)*(3.14159*d*d/4); /* 1bf%in */
E = 30000000, /* 1b%in"2 */

/* Calculate basic parameter */
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I =3.14159%(d*d*d*d)/64; /* in*4 */

Ra = 0.5*Wo*b; /* 1bf */

C1 = Wo*(a+b)*(a+b)*(a+b)*(a+b)/(24*(2*a+b))
-Wo*a*a*a*a/(24*(2*a+b)) - Ra*(2*a+b)*(2*a+b)/6;

/* Rough estimation for critical speed */

x = a+b/2;

Ymax = (Ra*x*x*x/6-Wo*(x-a)*(x-a)*(x-a)*(x-a)/24+C1*x)/(E*I);
w1l = sqrt(0 - 9.807/Ymax);

nl = w1*60/(2*3.14159);

/* critical speed for distributed mass*/

suml =0;

for(i=0; i<N; i++){
x =a+ (b)*I/N + (b)/(2*N);
Y = (Ra*x*x*x/6-Wo*(x-a)*(x-a)*(x-a)*(x-a)/24+C1*x)/(E*]);
suml = suml + Wo*(b)*Y/N;

}

sum?2 = (;

for(i=0; i<N; i++){
x =a+ (b)*I/N + (b)/(2*N);
Y = (Ra*x*x*x/6-Wo*(x-a)*(x-a)*(x-a)*(x-a)/24+C1*x)/(E*]);
sum2 = sum2 + Wo*(b)*Y*Y/N;

}

w2 =sqrt(0 - 9.807*sum1/sum?2);

n2 = w2*60/(2*3.14159);

/* data output */ [* for a=10; b=7; d=4; E=3x1076 */
printf("Ymax = %If\n\n", Ymax); /* wl =3831.574466 */
printf("w1 = %If\n",w1); /* w2(N=1) =3831.574466 */
printf("nl = %I1f\n\n"n1); /* w2(N=10) =3887.925543 */
printf("w2 = %I1f\n",w2); /¥ w2(N=100) =3888.425916 */
printf("n2 = %lf\n\n",n2); /* w2(N=1000) = 3888.430914 */
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Appendix D. CENTRIFUGAL COMPRESSOR DESIGN PROGRAM

/******************************************************************/

* i
T This program calculates the basic dimensions of the i
i centrifugal compressor for the */
i integrated hermetic compressor-motor unit 7
* %/
r* Program written by */
ix Hayong Yun &/
/* */

/******************************************************************/

#include "stdio.h"
#include "math.h"
#include "conio.h"
#include "graphics.h"

#define Max 10

#define Mmax 11

#define Hmax 400

#define Shift 450

#define PI 3.141592653589793238462643

void drawcompressor();

main()

{
int i;

char ch;

/*************************************************************/
/********************* Define Variables **********************/

/*************************************************************/

/* Temperature */
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double TO1, T02, TO3, T04, TOS5;
double T06, TO7, TO8, T09, TOO;
double T, T2, T3, T4, T5:
double T6, T7, T8, T9, TO;

/* Pressure */
double P01, P02, P03, P04, PO5;
double P06, P07, P08, P09, POO;

/* Density */

double p01, p02, p03, p04, p05;
double p06, p07, p08, p09, p0o0;
double pl, p2, p3, p4, p3;
double p6, p7, p8, p9, p0;

/* Enthalpy */
double hl, h2, h5;
double h6, h7, hO;

/* Absolute Velocity */

double V1, V2, V3, V4, V5;

double V6, V7, V8, V9, V0;

double Vtl, Vt2, Vi3, Vi4;

double Vt6, Vt7, V18, Vt9;

double Vm1, Vm2, Vm3, Vm4, Vtmp;
double Vm6, Vm7, Vm8, Vm9;

/* Rotational Velocity */
double uls, u2;
double u6s, u7;

/* Relative Velocity */
double W1s, W2;
double W6s, W7;
double Wt1, Wt2;
double Wt6, Wt7;
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/* Compressor size */

double rlh, rls, r2, r3, r4; /* radius */

double réh, r6s, r7, r8, r9;

double 11; /* chord length */

double 12;

double sigmal; /* solidity */

double sigma2;

double Ax20, Ax290, Ax2180, Ax2270, Ax2360;

/* Impeller size */
double t1, t2, th1, th2, th3; /* Impeller thickness */
double breadthl, breadth2, br4;

/* Angles */

double al, a2, a3, a4, alpha4,;
double a6, a7, a8, a9;

double bl, b2;

double b6, b7;

/* Mach number */
double Val, Va2, Va3; /* Speed of sound */
double Va6, Va7, Vas§;

double Mlrs, M1, M2, M3, Mtmp; /* Mach number */
double Mé6rs, M6, M7, M8;

/* Asummption Variables */

double R1h2; /* r1h%r2 */

double Rw1s2; /* W2%W1ls */

double Rv34; /* ratio of V4% V3 of the Diffuser */
double thetal, theta2; /* impeller angle */

double Rr2t3; /* ratio of R2%t3 */

double K;;
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/* Air Property */
double Cpl, R1, gl;
double Cp2, R2, g2;

/* Initial Condition */
double m1, m2, Nc, Ni;

/* Variable to find rpm */
double Nsl1, Ns2; /* Specific speed */
double N; /* Angular velocity */

/* Blade information */

double Z; /* Number of compressor blades */
double Zd; /* Number of impeller blades */
double slip; /* slip factor */

/************************ Input Routine ***********************/

clrscr();
/*m1=0.03966360902;
T01=278.15:
P01=33120;
p01=2.236;
h1=218900;
TO5=12575;
P0O5=100000;
p05=5.848;
h5=249809.0909;
m2=0.04711365961;
T06=300.53;
P06=100000;
p06=6.425;
h6=231800;
T00=332.85;
P00=205800;
p00=12.19;
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h0=252606.4927,
Nc=0.55;
Ni=0.6;
¥
[ Aok Kk K stage 1 kkskkokkokskok

printf(" * Input Data for Stage 1.\n");

printf(" => Inlet Temperature(TO1 - oC) : ");
scanf("%If",&T01);
TO01 = TO1+273.15;

printf(" => Inlet Pressure(P01 - kPa) : ");
scanf("%l1f",&P01);
PO1 = 1000*P0O1;

printf(" => Inlet Density(p01 - kg/mA3) : ");
scanf("%If",&p01);

printf(" => Inlet Enthalpy (H1 - kJ/kg) : ");
scanf("%If",&h1);
h1 = 1000*h1;

printf(" => Outlet Temperature(TOS - oC) : ");
scanf("%If",&TO05);
T05 = T05+273.15;

printf(" => Outlet Pressure(P05 - kPa) : ");
scanf("%lf",&P05);
P05 = 1000*P05;

printf(" => Outlet Density(p05 - kg/m”3) : ");
scanf("%If",&p05);

printf(" => Outlet Enthalpy (H5 - kJ/kg) : ");

scanf("%If",&h5);
hS5 = 1000*h5;
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printf(" => First Stage mass flow rate(m1 - kg/sec) :

scanf("%If",&m1l);

/********* Stage 2 *********/

printf(" * Input Data for Stage 2.\n");

printf(" => Inlet Temperature(T06 - oC) : ");
scanf("%If",&T06);
T06 = T06+273.15;

printf(" => Inlet Pressure(P06 - kPa) : ");
scanf("%If",&P06);
P06 = 1000*P0O6:;

printf(" => Inlet Density(p06 - kg/m”3) : "):
scanf("%If",&p06);

printf(" => Inlet Enthalpy (H6 - kJ/kg) : ");
scanf("%If",&h6);
h6 = 1000*h6;

printf(" => Outlet Temperature(T0O - oC) : ");
scanf("%If" &T00);
T0O = T0O0+273.15;

printf(" => Qutlet Pressure(P00 - kPa) : ");
scanf("%If",&P00);
P00 = 1000*P00:

printf(" => Outlet Density(p00 - kg/m*3) : ");
scanf("%If",&p00);

printf(" => Qutlet Enthalpy (HO - kJ/kg) : ");

scanf("%If",&h0);
hO = 1000*h0;

73

"y,
);



printf(" => Second Stage mass flow rate(m2 - kg/sec) : ");
scanf("%If",&m?2);

printf(" => Compressor Efficiency(Nc) : ");
scanf("%If",&Nc);

printf(" => Impeller Efficiency(Ni) : ");
scanf(" %If",&Ni);

clrser();

/****************** Inltla.l Condition ********************/
/* Set Assumtion Variables */

RlhIR=1100 /e r i = Q)i v r s/

Rwls2 =0.685; /* W2%W 1s = (0.685 */

Rv34 =3; /* V4 =V3%3 : Diffusion ratio */

thetal = 60*P1/180; /* Impeller Angle : Radian */

theta2 = 50*PI/180; /* Impeller Angle : Radian */

Rr2t3 =3; /* Impeller height to width ratio : t3=r2%3 */

for(;;){
/* Variable Initial condition */
printf(" => Desired RPM(N) : ");
scanf("%If" , &N); /* RPM */

Z =20; /* Blade number */
Zd = 20; /* Diffuser blade number */

/***************** Calculate gaS propcrty ****************/
/* stage 1 */

Cpl = (h5-h1)/(T05-TO1);

R1 =0.5%(P01/p01/T01 + PO5/p05/T05);

gl =0.5%(Cp1/(Cp1-P01/p01/T01) + Cp1/(Cp1-P05/p05/T05));
/* stage 2 */

Cp2 = (h0-h6)/(TO0-T06);

R2 = 0.5*(P06/p06/T06 + POO/p00/T0O0);

g2 = 0.5*(Cp2/(Cp2-P06/p06/T06) + Cp2/(Cp2-PO0/p00/T00));
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/************** Adiabaﬁc Assumpﬁon ****************/
/* stage 1 */

T02 ="F(3 = T04'=TOS,

h2=hx:

/* stage 2 */

TO7 = TO8 = TO9 = TOO;

7 =ht:

/********** Flnd SpeCiﬁC Speed ***************/
[Fistage | */

p01 =PO1/R1/TO1;

Nsl = N*sqrt(m1/p01)/60/pow((h2-h1),0.75);

/* stage 2 */

p06 = PO6/R2/T06;

Ns2 = N*sqrt(m2/p06)/60/pow((h7-h6),0.75);

/************* Flnd DimenSionS Of Impcller *************/
slip = 1-2/Z; /* Calculate slip factor */
/* stage 1 */

u2 = sqrt((h2-h1)/slip);

V2 =slip*u2;

2 = 30*u2/(PI*N);

rlh = R1h2*r2; /* Hub radius */
(Eistage 2%/

u7 = sqrt((h7-h6)/slip);

Vt7 =slip*u7;

r7 =30*u7/(PI*N);

réh = R1h2*r7; /* Hub radius */

/*********** Flnd I'IS to minimize erS *************/
[* stage 1 */

Al =1):

Vtmp = 10; /* Assume V1 */

Vml = Vtmp*cos(al);

Vtl = Vtmp*sin(al);

Tl =TOI-Vtmp*Vtmp/(2*Cp1);
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pl =pO0l*pow(T1/T01,1/(gl-1));
rls = sqrt(m1/(Vm1*PI*pl)+rlh*rlh);
uls =PEN*rls/30;
Wls =sqrt((uls-Vtl)*(uls-Vt1)+Vm1*Vml);
Val =sqrt(gl*R1*T1);
Mtmp = Wls/Val;
M1 =Vtmp/Val,
for(i=0; i<1000+1; i++){
V1 =10+31*0.4);
Vml = Vl1*cos(al);
Vtl =Vl1*sin(al);
T1 =TOI1-V1*V1/(2*Cpl);
pl =p0l*pow(T1/TO1,1/(gl-1));
rls = sqrt(m1/(Vm1*PI*pl)+rih*rlh);
uls =PI*N*rls/30;
Wls =sqrt((uls-Vtl)*(uls-Vt1)+VmI1*Vml);
Val =sqrt(gl*R1*T1);
Milrs = Wls/Val;
M1 =Vl1/Val;
if(Mtmp>M1rs){
Vtmp =V1I;
Mtmp = Mlrs;
}
)
V1 = Vimp;
Vml = V1*cos(al);
Vtl = V1*sin(al);
T1=TO01-V1*V1/(2*Cp1);
pl = pO1*pow(T1/T01,1/(g1-1));
rls = sqrt(m1/(Vm1*PI*p1)+rlh*rih);
uls = PI*N*rls/30;
Wils =sqrt((uls-Vtl)*(uls-Vt1)+VmI*Vm1l);
Wtl = uls-Vtl;
Val = sqrt(gl *R1*T1);
MIlrs = Wls/Val;
M1 =VI1/Val;
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bl =atan(Wtl/Vml); /* Radian */
[ stage’d */
a6 =0;
Vtmp = 10; /* Assume V6 */
Vmé = Vtmp*cos(ab);
Vt6 = Vtmp*sin(a6);
T6 =TO06-Vtmp*Vtmp/(2*Cp2);
p6 = p06*pow(T6/T06,1/(g2-1));
r6s = sqrt(m1/(Vm6*PI*p6)+r6h*r6h);
ubs = PI*N*r6s/30;
Wo6s = sqrt((u6s-Vt6)*(ubs-Vi6)+Vmb6+Vmeo);
Va6 = sqrt(g2*R2*T6);
Mtmp = W6s/Va6;
M6 = Vimp/Va6;
for(i=0; i<1000+1; i++){
V6 = 10+(1*0.4);
Vmb6 = V6*cos(ab);
Vt6 = V6*sin(a6);
T6 =T06-V6*V6/(2*Cp2);
p6 = p06*pow(T6/T06,1/(g2-1));
r6s = sqrt(m2/(Vm6*PI*p6)+r6h*réh);
ubs = PI*N*r6s/30;
Wos = sqrt((u6s-Vi6)*(ubs-Vt6)+Vmo6*Vme6);
Va6 = sqrt(g2*R2*T6);
Mérs = W6s/Va6;
M6 =V6/Vaé;
if(Mtmp>Mérs) {
Vtmp = V6,
Mtmp = Mérs;
}
}
V6 = Vtmp;
Vmb6 = V6*cos(ab);
Vit6 = V6*sin(ab);
T6 = T06-V6*V6/(2*Cp2);
p6 = p06*pow(T6/T06,1/(g2-1));
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r6s = sqrt(m2/(Vm6*PI*p6)+r6h*r6h);

u6bs = PI*N*r6s/30;

W6s = sqrt((u6s-Vi6)*(u6s- Vi6)+Vm6*Vmo);
Wt6 = ubs-Vi6:

Vab = sqrt(g2*R2*T6);

Mé6rs = W6s/Vab;

M6 = V6/Va6;

b6 = atan(Wt6/Vmé); /* Radian */

/*********** Calcula[e EXlt VeCtOT Diagram **************/
/* stage 1%/

Wit2 = u2-Vit2;

W2 =Rwls2*Wls;

b2 = asin(Wt2/W2); /* Radian */
Vm2 = W2*cos(b2);

a2 = atan(Vt2/Vm?2); /* Radian */
V2 = sqrt(Vm2*Vm2+V2*Vt2);
/* stage 2 */

Wit7 = u7-Vt7;

W7 =Rwls2*W6s;

b7 = asin(Wt7/W7); /* Radian */
Vm7 = W7*cos(b7);

a7 = atan(Vt7/VmT7); /* Radian */
V7 = sqrt(Vm7*Vm7+Vt7*Vit7);

/*********** Flnd Wldth b Of Impeller bladeS **************/

/* stage 1 */

P02 = PO1*pow(((Ni/Nc)*(pow(P05/P01,(g1-1)/g1)-1)+1),g1/(g1-1));
p02 = PO2/(R1*T02);

p2 = p02*pow(1-V2*V2/(2*Cp1*T02),1/(g1-1));

breadthl = m1/(p2*V2*cos(a2)*2*PI*r2);

/* stage 2 */

P07 = PO6*pow(((Ni/Nc)*(pow(P0OO/P06,(g2-1)/g2)-1)+1),g2/(g2-1));
p07 = PO7/(R2*T07),

p7 = p07*pow(1-V7*V7/(2*Cp2*T07),1/(g2-1));

breadth2 = m2/(p7*V7*cos(a7)*2*PI*17);
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/************** DeSign Of VaneleSS Space ******************/
[* stage 1 */
T2 = TO2-V2*V2/(2*Cpl);
Va2 = sqrt(g1 *R1*T2);
M2 =V2/Va2;
M3=0.8;
if(0.9*M2<0.8){
M3=0.9*M2;
}
P03 = P02-(P02-P05)/2;
P04 = PO5;
p03 =PO3/(R1*¥T03);
T3 =TO03/(1+(gl-1)*M3*M3/2);
p3 =p03*pow(T3/T03,1/(gl-1));
a3 = atan(p3*tan(a2)/p2);
Va3 = sqrt(g1 *R1*T3);
V3 =Va3*Ms3;
Vi3 = V3*sin(a3);
Vm3 = V3*cos(a3);
13 =r2*¥V2*sin(a2)/(V3*sin(a3));
/% stage 2 */
T7 =TO7-V7*V7/(2*Cp2);
Va7 = sqrt(g2*R2*T7);
M7 =V7/VaT,
M8=0.8;
if(0.9*M7<0.8){
M8=0.9*M7,
}
P08 = PO7-(P07-P00)/3;
P09 = POO+(P07-P00)/3;
p08 = PO8/(R2*T08);
T8 =TO08/(1+(g2-1)*M8*M8/2):
p8 = p08*pow(T8/T08,1/(g2-1));
a8 = atan(p8*tan(a7)/p7);
Va8 = sqrt(g2*R2*T83);
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V8 =Va8*MS§;

Vi8 = V8*sin(al);

Vm8 = V8*cos(al);

r8 =r17*V7*sin(a7)/(V8*sin(al));

/************* DCSign Of the Vanf:d Diffl,lser *****************/
[ stage 1 */

V4 =Vm6; /* Assume straight balde, br3=br4 */
p04 = PO4/R1/T04;

p4 =p04*pow((1-V4*V4/2/Cpl1/T04),1/(gl-1));
T4 =T04-V4*V4/2/Cpl;

a4 = atan(p4*V4*tan(a3)/p3/V3);

4 =r3*sin(a3)/sin(a4);

br4 = r3*breadth1*p3*V3*cos(a3)/rd/p4/V4; /* match br4 for continuity */
Vm4 = Vmé6;

Vid=0;

V4 =sqrt(Vm4*Vm4 + Vid*Vi4);

alpha4 = atan(Vt4/Vm4);

11 =r4*sin(a3-a4)/sin(a3);

sigmal = Z*11/2/PI/r3;

{*stape 2 ¥/

V9 = V8/Rv34;

p09 = PO9/(R2*T09);

T9 = T09-V9*V9/(2*Cp2);

p9 = p09*pow(1-V9*V9/(2*Cp2*T09),1/(g2-1));
a9 = atan(p9*V9*tan(a8)/(p8*V8)):

9 = r8*sin(a8)/sin(a9);

12 = sin(a8-a9)*r9/sin(a8);

sigma2 = Zd*12/(2*PI*19);

V19 = V4*sin(a9);

Vm9 = V4*cos(a9);

/**************** DCSign Of the Volute ******************/
/* stage 2 */

VO=V19;

p00 = POO/(R2*T00);
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p0 = p05*pow(1-VO*V0/(2*Cp2*T00),1/(g2-1));
TO = TOO-VO*V0/(2*Cp2);

/*************** Impellcr T‘hickness *******************l
/* stage:l. ™/
thl = (r2-r1h)/tan(thetal);
th2 = (r2-rls)/tan(theta2);
th3 = r2/Rr2t3;
/* find maximum t1 */
tl=thl;
if(th2>t1){

tl=th;
}
if(th3>t1){

t1=th3;
}
[* stage 2 */
thl = (r7-réh)/tan(thetal);
th2 = (r7-r6s)/tan(theta2);
th3 = r7/Rr2t3;
/* find maximum t2 */
t2=thl;
if(th2>12){

t2=th2;
J
if(th3>t2)(

t2=th3;
}

/************ CrOSS—SectionaI Area Of VOIUte **************/
/* stage 2 */

Ax20 =0;

Ax290 = m2/(4*p0*V0),

Ax2180 = 2*m2/(4*p0*V0);

Ax2270 = 3*m2/(4*p0*V0);

Ax2360 = m2/(p0*V0);
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7" Printout Result =

R E Rk Rk ok kR Rk ok kR kR kR Rk R R KR KRR KRR R sk R KRR KRR SRRk K ok KK
getchar();

clrscr();

printf("* Summary of Important Data.\n");
printf(" RPM = %lIf (m)\n",N);
printf(" 1] Stage 1 :\n");

printf("  TO1 = %If (K)\n",TO1);
printf("  TO05 = %If (K)\n",T05);
printf("  rlh = %If (m)\n",r1h);
printf("  rls = %If (m)\n"rls);
printf(" 12 = %If (m)\n",r2);
printf(" 3 = %If (m)\n",r3);
printf("  rd4d = %lf (m)\n",r4);
printf(" b = %Ilf (m)\n",breadthl);
printf(" t = %If (m)\n",tl);
printf(" Nsl = %If (m)\n",Nsl);
printf(" ml = %lIf (kg/s)\n",ml);

printf(" 2] Stage 2 \n");

printf("  TO06 = %If (K)\n",T06);
printf("  T0O = %If (K)\n",T00);
printf("  r6h = %If (m)\n",réh);
printf("  r6s = %lf (m)\n",r6s);
pantf(™ " 17 = %l (m\atrl):
printf(" 8 = %]If (m)\n",r8);
printf(" 9 = %If (m\n",19);
printf(" b = %If (m)\n",breadth2);
printf(" t = %If (m)\n",12);
printf("  Ns2 = %]If (m)\n",Ns2);
printf(" m2 = %If (kg/s)\n",m2);
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/************* Stagc 1 *************/

getchar();

clrscr();

printf("* Impeller Inlet Data\n");

printf(" 1] Temperature :\n");

printf(" TO1 = %If (K)\n",TO1);

printf(" T1 = %lIf (K)\n",T1);

printf(" 2] Pressure :\n");

printf(" P01 = %]If (Pa)\n",PO1);

printf(" 3] Density :\n");

printf(" p0l = %If (kg/m"3)\n",p01);
printf("  pl = %If (kg/m*3)\n",pl);

printf(" 4] Velocity :\n");

printf(" V1 = %]If (m/sec)\n",V1);

printf(" Vil = %lIf (m/sec)n",Vtl);

printf("  Vml = %lIf (m/sec)\n",Vml);
printf(" uls = %If (m/sec)\n",uls);

printf(" Wls = %If (m/sec)\n",W1ls);
printf("  Wtl = %lIf (m/sec)\n",Wtl);
printf("  alphal = %lIf (degree)\n",al1*180/PI);
printf("  bethal = %If (degree)\n",b1*180/PI);
printf(" 5] Speed of Sound & Mach Number\n");
printf("  Val = %]If (m/sec)\n",Val);
printf("  Mlrs = %If\n" ,Mlrs);

printf(" M1 = %If\n" Ml);

printf(" 6] Radius :\n");

printf(" rlh = %If (m)\n",rlh);

printf("  rls = %If (m)\n",rls);

getchar();

/***************** Stagc 2 ******************/
clrscr();

printf("* Impeller Outlet Data\n");

printf(" 1] Temperature \n");

printf(" TO02 = %]If (K)\n",T02);
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printf(" T2 = %If (K)\n",T2);

printf(" 2] Pressure :\n");

printf(" P02 = %If (Pa)\n",P02);

printf(" 3] Density :\n");

printf("  p02 = %lf (kg/m 3)\n",p02);
printf(" p2 = %If (kg/m*3)\n",p2);

printf(" 4] Velocity :\n");

printf(" V2 = %lf (m/sec)\n",V2);

printf("  Vt2 = %If (m/sec)\n",Vt2);

printf(" Vm2 = %]If (m/sec)\n",Vm?2);
printf(" u2 = %If (m/sec)\n",u2);

printf(" W2 = %If (m/sec)\n",W2);
printf("  Wit2 = %If (m/sec)\n",Wt2);
printf("  alpha2 = %lIf (degree)\n",a2* 180/PI);
printf("  betha2 = %]If (degree)\n",b2*180/PI);
printf(" 5] Speed of Sound & Mach Number\n");
printf(" Va2 = %lIf (m/sec)\n",Va2);
printf(" M2 = %lf\n",M2);

printf(" 6] Radius :\n");

printf(" 12 = %If (m)\n",r2);

getchar();

/***************** Stage 3 ******************/

clrscr();

printf("* Vaneless Space Data\n");
printf(" 1] Temperature \n");

printf("  TO3 = %If (K)\n",T03);
printf(" T3 = %If (K)\n",T3);
printf(" 2] Pressure :\n");

printf(" P03 = %lf (Pa)\n",P03);
printf(" 3] Density \n");

printf("  p03 = %If (kg/m"3)\n",p03);
printf("  p3 = %If (kg/m*3)\n",p3);
printf(" 4] Velocity :\n");

printf(" V3 = %lf (m)\n",V3);
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printf(" V3 = %If (m)\n",Vt3);

prinf(" Vm3 = %If (m)\n",Vm3);

printf("  alpha3 = %If (degree)\n",a3*180/PI);
printf(" 5] Speed of Sound & Mach Number\n");
printf(" Va3 = %]If (m/sec)\n",Va3);

printf(" M3 = %If\n",M3);

printf(" 6] Radius \n");

printf(" 13 = %If (m)\n",r3);

getchar(),

/***************** Stage 4 ******************/

clrscr();

printf("* Vaned Diffuser Data\n");

printf(" 1] Temperature :\n");

printf("  T04 = %If (K)\n",T04);
printf(" T4 = %If (K)\n",T4),
printf(" 2] Pressure :\n");

printf(" P04 = %lf (Pa)\n",P04);
printf(" 3] Density :\n");

printf(" p04 = %If (kg/m"3)\n",p04);
printf(" p4 = %If (kg/m*3)\n",p4);
printf(" 4] Velocity :\n");

printf(" V4 = %If (m/sec)\n",V4);
printf(" V4 = %If (m/sec)\n",Vt4);
printf("  Vm4 = %If (m/sec)\n",Vm4);
printf("  alpha4 = %lf (real:degree)\n",alphad*180/PI);
printf("  alpha4 = %If (straight:degree)\n",a4*180/PI);
printf(" 5] Radius \n");

printf(" 14 = %If (m)\n",r4);

printf(" brd = %]If (m)\n",brd);
getchar();

clrscr();

printf("* Miscellaneous Data\n");

printf(" 1] Chord length(l) = %If (m)\n",11);
printf(" 2] Solidity = %If \n",sigmal);
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printf(" 3] Thichkness(t) = %If (m)\n",tl);
printf(" 4] Breadth(b) = %If (m)\n",breadthl);
printf(" 5] RPM(N) = %]If (rpm)\n",N);
printf(" 7] Specific Speed = %If (Ns)\n",Ns1);
printf(" 8] # of Blades(Z) = %If \n",Z);

/***************************************************/

[rrmkxdkkxdkkd Sepond Stape Compressor FHErrtestent)
[ sk Rk ke sk sk ok ok ok ek ok sk ok ok sk ko sk sk Rk Ko Kk Rk sk Rk Rk Kok K |
getchar();

clrscr();

printf("* Impeller Inlet Data\n");

printf(" 1] Temperature \n");

printf(" TO06 = %If (K)\n",T06);

printf(" T6 = %If (K)\n",T6);

printf(" 2] Pressure :\n");

printf(" P06 = %If (Pa)\n",P06);

printf(" 3] Density \n");

printf("  p06 = %If (kg/m"3)\n",p06);
printf("  p6 = %lIf (kg/m"3)\n",p6);

printf(" 4] Velocity \n");

printf(" V6 = %lIf (m/sec)\n",V6);

printf("  Vt6 = %If (m/sec)\n",Vt6);

printf("  Vm6 = %If (m/sec)\n",Vm6);
printf(" ub6s = %If (m/sec)\n",ubs);

printf("  Wé6s = %If (m/sec)\n",W6s);
printf("  Wt6 = %If (m/sec)\n",Wtb);

printf("  alpha6 = %lIf (degree)\n",a6*180/PI);
printf("  betha6 = %If (degree)\n",b6* 180/PI);
printf(" 5] Speed of Sound & Mach Number\n");
printf(" Va6 = %If (m/sec)\n",Vab);

printf(" Mé6rs = %If \n",M6rs);

printf(" M6 = %If \n",M6);

printf(" 6] Radius \n");

printf("  r6h = %If (m)\n",r6h);

printf("  r6s = %]If (m)\n",r6s);
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getchar();

/***************** Stage 2 ******************/

clrscr();

printf("* Impeller Outlet Data\n");

printf(" 1] Temperature :\n");

printf(" TO07 = %If (K)\n",TO7);

printf(" T7 = %]If (K)\n",T7);

printf(" 2] Pressure :\n");

printf(" P07 = %]If (Pa)\n",P07);

printf(" 3] Density :\n");

printf("  p07 = %lf (kg/m 3)\n",p07);
printf(" p7 = %lf (kg/m”3)\n",p7);

printf(" 4] Velocity A\n");

printf(" V7 = %]If (m/sec)\n",V7);

printf("  Vt7 = %If (m/sec)\n",Vt7);

printf("  Vm7 = %lIf (m/sec)\n",Vm7);
printf(" u7 = %lIf (m/sec)\n",u7);

printf(" W7 = %If (m/sec)\n",W7);
printf("  Wt7 = %If (m/sec)\n",Wt7);
printf("  alpha7 = %If (degree)\n",a7*180/PI);
printf("  betha7 = %If (degree)\n",b7*180/PI);
printf(" 5] Speed of Sound & Mach Number\n");
printf(" Va7 = %lIf (m/sec)\n",Va7);
printf(" M7 = %lf\n",M7);

printf(" 6] Radius \n");

printf(" 17 = %If (m)\n",17);

getchar();

/***************** Stagc 3 ******************/

clrser();

printf("* Vaneless Space Data\n");
printf(" 1] Temperature \n");
printf("  TO8 = %lf (K)\n",T08);
printf(" T8 = %If (K)\n",T8);
printf(" 2] Pressure :\n");
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printf(" P08 = %lf (Pa)\n",P08);

printf(" 3] Density :\n");

printf(" p08 = %lIf (kg/m*3)\n",p08);
printf(" p8 = %lIf (kg/m*3)\n",p8);

printf(" 4] Velocity :\n");

printf(" V8 = %lIf (m)\n",V8);

printf("  Vt8 = %If (m)\n",V1t8);

printf(" Vm8 = %If (m)\n",Vm3);

printf("  alpha8 = %If (degree)\n",a8*180/PI);
printf(" 5] Speed of Sound & Mach Number\n");
printf(" Va8 = %]If (m/sec)\n",Va8);
printf(" M8 = %lf\n",M8);

printf(" 6] Radius \n");

prntf(" 18 = %If (m)\n"18);

getchar();

[k K sk ok ko Kk ok ok Stage 4 #kkkrkskokiokiokkiokkkok

clrscr();

printf("* Vaned Diffuser Data\n");
printf(" 1] Temperature \n");

printf("  T09 = %If (K)\n",T09);
printf(" T9 = %If (K)\n",T9);
printf(" 2] Pressure :\n");

printf(" P09 = %If (Pa)\n",P09);
printf(" 3] Density \n");

printf("  p09 = %lf (kg/m" 3)\n",p09);
printf("  p9 = %lIf (kg/m*3)\n",p9);
printf(" 4] Velocity :\n");

printdf(" V9 = %If (m/sec)\n",V9);
printf(" V9 = %If (m/sec)\n",V19);
prntf("  Vm9 = %lIf (m/sec)\n",Vm9);
printf("  alpha9 = %If (degree)\n",a9*180/PI);
printf(" 5] Radius :\n");

printf(" 19 = %If (m)\n",r9);
getchar();
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/***************** Stage 5 ******************/

clrscr();

printf("* Exit Data\n");

printf(" 1] Temperature \n");

printf("  TO0 = %lIf (K)\n",T00);

printf(" TO = %If (K)\n",TO);

printf(" 2] Pressure :\n");

printf(" P00 = %lf (Pa)\n",P00);

printf(" 3] Density \n");

printf("  p00 = %lf (kg/m"3)\n",p00);

printf(" p0 = %If (kg/m"3)\n",p0);

printf(" 4] Velocity \n");

printf(" VO = %If (m/sec)\n",V0);

printf("* Miscellaneous Data\n");

printf(" 1] Chord length(l) = %If (m)\n",12);

printf(" 2] Solidity = %I1f \n",sigma2);

printf(" 3] Thichkness(t) = %If (m)\n",12);

printf(" 4] Breadth(b) = %If (m)\n",breadth2);
printf(" 5] RPM(N) = %If (rpm)\n",N);
printf(" 7] Specific Speed = %If (Ns)\n",Ns2);
printf(" 8] # of Blades(Z) = %If \n",Z),

printf(" 9] Volute Area \n");

printf("  Ax(0 degree) = %lf (m"2)\n",Ax20);
printf("  Ax(90 degree) = %lf (m*2)\n",Ax290);
printf("  Ax(180 degree) = %If (m*2)\n",Ax2180);
printf("  Ax(270 degree) = %If (m*2)\n",Ax2270);
printf("  Ax(360 degree) = %If (m*2)\n",Ax2360);
printf("Draw the compressor ? : ");

scanf("%c",&ch);

clrscr();

if((ch=="Y")ll(ch=="y")){

drawcompressor(rlh,rls,r2,r3,r4,t1,breadth1,Ns1,r6h,r6s,r7,r8,r9,t2,breadth2,Ns2,N);
} /* end of if */
} /* end of for loop */
}
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void drawcompressor(rlh,rls,r2,r3,r4,t1,brl,Ns1,r6h,r6s,r7,r8,r9,t2,br2,Ns2,N)
double rlh,rls,r2,r3,r4,t1,br1,Nsl,r6h,r6s,r7,r8,r9,t2,br2,Ns2,N;
{

int i;

char ch;

double Lm1, Lm2; /* Length of the blades */
double sp, rmax; /* spacing between two stages */

/* Graphic Variables */

double x[Mmax], y[Mmax];

int Grls,Gr2,Gr3,Gr4,Gt1,Gbl, Gx1,Gx2,Gy1,Gy2, xol,yol;
int Gr6s,Gr7,Gr8,Gr9,Gt2,Gb2, Gx3,Gx4,Gy3,Gy4, x02,y02;
int Gsp;

/* Variables for graphic mode */
int g_driver, g_mode, g_error;

Lml = 1.2*sqrt((t1-br1/2)*(t1-br1/2)+(r2-(rl1s+r1h)/2)*(r1s-(r1s+rl1h)/2));
Lm2 = 1.2*sqrt((t2-br2/2)*(t2-br2/2)+(r2-(r1s+r1h)/2)*(r1s-(r1s+r1h)/2));

sp =0.5%(t1+t2);

JRF ks ks kR ok Rk Rk Rk ok Rk % Grart Graphics sk koo sk sk sk Rk sk ok ok ok ek ok /

/* scale data */
if(rd>=r9){
rmax = r4,
Gr4 =Hmax;
Gr9 = (int)(Hmax*r9/r4);
}
if(r9>r4){
rmax =r9;
Gr9 =Hmax;
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Gr4 = (int)(Hmax*r4/r9);

}
/* stage 1 */
Gr3 = (int)(Hmax*r3/rmax);
Gr2 = (int)(Hmax*r2/rmax);
Grls = (int)(Hmax*r1s/rmax);
Gbl = (int)(Hmax*brl/rmax);
Gtl = (int)(Hmax*t1/rmax);
[* stage 2 ¥/
Gr8 = (int)(Hmax*r8/rmax);
Gr7 = (int)(Hmax*r7/rmax);
Gr6s = (int)(Hmax *ro6s/rmax);
Gb2 = (int)(Hmax*br2/rmax);
Gt2 = (int)(Hmax*t2/rmax);
Gsp = (int)(Hmax*sp/rmax);

[ Rk ok ok sk ok sk ok sk ok ok ks ok sk ok sk kR R sk ok sk R sk sk sk skl sk ok ok ok |
[k Rk kR kk R Rkk Data plotting subroutine kst sk skttt

/********************************************************************/

detectgraph(&g_driver, &g_mode);
if(g_driver < 0){
printf("No graphics hardware detected \n");
exit(1);
}
if(g_mode==EGAHI){ /* override mode if EGA detected */
g mode = EGALO;
}
initgraph(&g_driver, &g_mode, "");
g_error = graphresult();
if(g_error < 0) {
printf("initgraph error: %s.\n",
grapherrormsg(g_error));
exit(1);

}
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[*¥¥¥¥X ] et's start to draw something : putpixelx,y,color) *¥x¥kx/
setbkcolor(1); /* See pp201, pp282, pp318 : Blue is <1> */

/* x increases from left to the right : Horizontal */
/* y increases from top to bottom  : Vertical */

[F¥**%% text coordinate : x-horizontal, y-vertical ******/
/* The font size is x*y = 8*14 : gotoxy(x,y) positions */
/* top left of the font box to given position */

Rk Rk Rk ok ok K Stage 1 ok kR Rk Rk o ok KoK

/* Draw Impeller */
xol =30:
yol = 20;

line(xol1,Shift-yol,xo1,Shift-(Grls+yol));
line(xo1+Gt1,Shift-yol,xo1+Gt1,Shift-(Grd+yol));
line(xo1,Shift-yo1,x01+Gt1,Shift-yol);
line(xo1+Gt1-Gb1,Shift-(Gr2+yol),xo1+Gt1,Shift-(Gr2+yol));
line(xo1+Gt1-Gb1,Shift-(Gr3+yol),x01+Gtl1,Shift-(Gr3+yol));
line(xo1+Gt1-Gb1,Shift-(Grd+yol),x01+Gt1,Shift-(Grd4+yol));
line(xo1+Gt1-Gb1,Shift-(Gr2+yol),x01+Gt1-Gb1,Shift-(Grd+yol));

for(i=0; i<Mmax; i++){

x[i] = (t1-brl)*i/Max;

yli] = rls+x[i]*(r2-r1s)/(t1-br1)-(Lm1/7)*sin(PT*x[i]/(t1-br1));
}
for(i=1; i<xMmax ;i++){

Gx1 = (int)(Hmax*x[i-1]/rmax);

Gyl = (int)(Hmax*y[i-1]/rmax);

Gx2 = (int)(Hmax*x[i]/rmax);

Gy2 = (int)(Hmax*y[i]/rmax);

line(Gx1+xo1,Shift-(Gy1l+yo1l),Gx2+x01,Shift-(Gy2+yol));
}

for(i=0; i<Mmax; i++){
x[i] = (t1-br1/2)*i/Max;
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yli] = (rlh+rls)/2+x[i]*(r2-(r1s+r1h)/2)/(t1-br1/2)-(Lm1/7)*sin(PI*x[i]/(t1-br1/2));
}
for(i=1; i<xMmax ;i++){
Gx1 = (int)(Hmax*x[i-1]/rmax);
Gyl = (int)(Hmax*y[i-1]/rmax);
Gx2 = (int)(Hmax*x[i]/rmax);
Gy2 = (int)(Hmax*y[i]/rmax);
line(Gx1+xo01,Shift-(Gy1+yol),Gx2+x01,Shift-(Gy2+yol));
}

for(i=0; i<Mmax; i++){

x[i] = (t1)*i/Max;

y[i] = rlh+x[i]*(r2-r1h)/(t1)-(Lm1/7)*sin(PI*x[i]/t1);
}
for(i=1; i<kMmax ;i++){

Gx1 = (int)(Hmax*x[i-1]/rmax);

Gyl = (int)(Hmax*y[i-1]/rmax);

Gx2 = (int)(Hmax *x[i]/rmax);

Gy?2 = (int)(Hmax*y[i]/rmax);

line(Gx1+xo01,Shift-(Gyl+yol),Gx2+x01,Shift-(Gy2+yol));
}

/**************** Stage 2 *****************/

/* Draw Impeller */
x02 = x01+Gt1+Gsp;
yo2 =yol;

line(xo1+Gt1,Shift-yol,x02,Shift-yo2);

line(xo02,Shift-yo02,x02,Shift-(Grés+yo02));
line(x02+Gt2,Shift-yo2,x02+Gt2,Shift-(Gr9+yo2));
line(xo02,Shift-yo2,x02+Gt2,Shift-yo2);
line(x02+Gt2-Gb2,Shift-(Gr7+yo2),x02+Gt2,Shift-(Gr7+yo2));
line(x02+Gt2-Gb2,Shift-(Gr8+yo2),x02+Gt2,Shift-(Gr8+yo02));
line(x02+Gt2-Gb2,Shift-(Gr9+yo2),x02+Gt2,Shift-(Gr9+yo2));
line(x02+Gt2-Gb2,Shift-(Gr7+yo02),x02+Gt2-Gb2,Shift-(Gr9+yo2));
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for(i=0; i<Mmax; i++)({
x[i] = (t2-br2)*i/Max;
ylil = r6s+x[i]*(r7-r6s)/(t2-br2)-(Lm2/7)*sin(PI*x[i]/(t2-br2));
)
for(i=1; i<Mmax ;i++){
Gx3 = (int)(Hmax*x[i-1]/rmax);
Gy3 = (int)(Hmax*y[i-1]/rmax);
Gx4 = (int)(Hmax*x[i]/rmax);
Gy4 = (int)(Hmax*y[i]/rmax);
line(Gx3+x02,Shift-(Gy3+yo02),Gx4+x02,Shift-(Gyd+yo2));

for(i=0; i<Mmax; i++){

x[i] = (t2-br2/2)*i/Max;

y[i] = (t6h+1r6s)/2+x[1]*(r7-(r6s+1r6h)/2)/(t2-br2/2)-(Lm2/7) *sin(PT*x[1]/(t2-br2/2));
}
for(i=1; i<kMmax ;i++){

Gx3 = (int)(Hmax *x[i-1]/rmax);

Gy3 = (int)(Hmax*y[i-1]/rmax);

Gx4 = (int)(Hmax*x[i]/rmax);

Gy4 = (int)(Hmax*y[i]/rmax);

line(Gx3+x02,Shift-(Gy3+yo2),Gx4+x02,Shift-(Gyd+yo2));
}

for(i=0; i<Mmax; i++){
x[i] = (t2)*i/Max;
y[i] = r6h+x[i]*(r7-r6h)/(t2)-(Lm2/7)*sin(PI*x[i]/t2);
}
for(i=1; i<Mmax ;i++)({
Gx3 = (int)(Hmax*x[i-1]/rmax);
Gy3 = (int)(Hmax*y[i-1]/rmax);
Gx4 = (int)(Hmax*x[i]/rmax);
Gy4 = (int)(Hmax*y[i]/rmax);
line(Gx3+x02,Shift-(Gy3+y02),Gx4+x02,Shift-(Gy4+yo2));
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/* Print important geometric data */
gotoxy(55,4);
printf("* Geometric Data\n\n");

gotoxy(56,5);

printf("RPM = %I1f\n",N);
gotoxy(55,6);
printf("<Stage 1>\n");
gotoxy(56,7);

printf("1] r1h = %If\n",r1h);
gotoxy(56,8);

printf("2] rls = %l1f\n",rls);
gotoxy(56,9);

printf("3] r2 = %Ilf\n" 12);
gotoxy(56,10);

printf("4] r3 = %If\n" r3);
gotoxy(56,11);

printf("5] r4 = %I1f\n" r4);
gotoxy(56,12);

printf("6] bl = %If\n",brl);
gotoxy(56,13);

printf("7] t1 = %If\n",t1);
gotoxy(56,14);
printf("8] Ns1 = %If\n",Ns1);

gotoxy(55,15);
printf("<Stage 2>\n");
gotoxy(56,16);

printf("1] r6h = %If\n" r6h);
gotoxy(56,17);

printf("2] r6s = %lf\n" r6s);
gotoxy(56,18);

printf("3] 17 = %Ilf\n" r7);
gotoxy(56,19);

printf("4] r8 = %If\n" r8);
gotoxy(56,20);
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printf("5] 19 = %If\n",r9);
gotoxy(56,21);

printf("6] b2 = %If\n",br2);
gotoxy(56,22);

printf("7] 2 = %lf\n",12);
gotoxy(56,23);

printf("7] Ns2 = %lf\n",Ns2);

getchar();
getchar();
clrser();
textmode(3);
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Appendix E. Compressor Design Data Using "COMPAL"

COMPAL +6.21 3

First stage - pr=1.775
Rotor:
TCO0 = 548.42 POO = 16.81 M=
R1T = 1.0000 R1H = .4500 BTA1TB
LEN1 = .0000 PHI1 =90.0000 AK
BLCK1= .0500 LC1 = .0500 TLET
PHIB = .0000 BLCKPA= .0500 TPR
R2 = .0000 B2 = .0000 ZR
CLRR = .0040 PHI2 =90.0000 DELTAp
Rexp = .0000 Bexp = .0000
R = 10.11 K = 1.1161 Msec/M
Stator(s) Excluding Diffusers:
D7 = 20,0000 D8 = 3.0000 RCR5
R6 = .0000 R7 = ,0000 R8
B6 = .,0000 B7 = .0000 B8
Control:
TOLR1 = .10E-04 TOLR2 = .10E-04
NU = 3 NM =30 N1 = 3 N2
KLO = 3 NBF = 1 NPRTYP = 1 ISWIRL
NUF = 1 NUP = 1 NA = 1 NDATA
SEALPT= 1 GVFLAG = 4 CKFLAG = 2 NMRS
NL = 1 NAS4 = 0 NSTAG = 0 NDRB
Real gas option is "R12392"
Diffusers: (in-inlet, ex-exit, thrt-throat,4-throat
1 of 2 (vaneless)
QQNAS= s
Rpin = .0000 Rex = .0000 Bpin =
Pex = .00 POex =
R4 = .0000 P4 = .00 PO4 =
BR2ex= «7500 RR2ex= 1.1500
2 of 2 (vaneless)
QQNAS= 1
Rpin = .,0000 Rex = .0000 Bpin =
Pex = .00 POex =
R4 = .0000 P4 = .00 PO4 =
BRinex= 1.0000 RRinex= 1.3910

502a.geo ( 6.13)

O = 90000.
=-54.43 BTA1HB= .00
= 1.0300 RCR1 = .0000
= .0150 ZI = 7.0000
= 1.0000 ALPGVB= .00
=14.0000 TN = .0300
= .00 DELTAs= .00
= .300
= .0000
= .0000
= .0000 PRDES = 1.7753

TOLR3 = .10E-02
= 2 NS = 2 ND
= 1 NUT = 1 NOCW
= 1 NMR2 = 1 QQSEALE
= 1 NIT =1
= 0 NGAS = 0 NWIRL

.0000
.00
.00

15-JAN-93 16:12:16

or traverse)

Bex = .0000
ALPHAex= .00
ALPHA4= .00
Bex = .0000
ALPHAex= .00
ALPHA4= .00

0

BETA1B= .00

ALPHAl= .00

PHIA = .00

PHIL = .00

BETA2B= 00

TCOLL = .00
ALPH6B= .00

LAMBDA= 4.00

= 4 N8 = 4
=R N =5
= 0 QQSEALr= 0
==\

****************************************************************1\'***************

INLET CONDITIONS:

CM1T= 159.16 CT1T= .00 C1T = 159.16
BT = s N6 P01T= 16.76 T1T = 544.37
MREL1T= .65 UlT = 239.85

CM1 = 154.53 CT1l = .00 €l = 154..53
B1, = 15,67 P01 = 16.76 Tl = 544.60
MREL1 = .54 Ul = 185.98

CM1H= 150.03 CT1H= .00 ClH = 150.03
PEEHE = EE TS PO1H= 16.76 T1H = 544.82
MREL1H= .42 UlH = 107.93

R1H = .1374 R1T = .3054 LEN1= .0000
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Inducer Tip (Sta. 1iT)
W1lT = 287.86 BTA1TB=-54.43
AT =" 2100 BETA1T=-56.43
ALPH1T= .00
Inducer RMS (Sta. 1M)
Wl = 241.80 BETA1B=-47.32
I1 = 2.96 BETA1l =-50.28
ALPHAl= .00
Inducer Hub (Sta. 1H)
W1H = 184.82 BTA1HB=-32.18
EFHS=R 37 E e BETA1H=-35.73
ALPH1H= .00
Inducer General Output
PHI1= 90.00 ARO1= 1.0520



BLCK1= . 0500 RCR1= .0000 AK = 1.03 LC1 = .0500 ALPGVB= .00

THE RATIO BETWEEN THE ACTUAL MASS FLOW RATE AND THE
IDEALIZED 1-D CHOKE FLOW RATE IS 1652

Rotor TIP CONDITIONS (TWO ZONE MODEL)

Isentropic Core Conditions (2P)

CM2P= 310.19 CT2P= 343.12 C2P = 462.55 W2P = 325.83 BETA2P=-17.82

P2P = 21.50 PO2P= 37.91 T2P = 562.81 TO2P= 597.03 DELTAP=-17.83

M2P = 1.02 MR2 = .90 MR2I= 3.39 MR2-SOA= 1.61 ALPH2P= 47.89

dMR2= ) AR12 =2.895
Secondary Zone Conditions (2S)

CM2S= 45.91 CT2S= 442.86 C2S = 445.23 W2S = 45.91 BETA2S= .00

P25 = 21.50 P02S= 35.86 T2S = 579.85 T02S= 611.55 DELTAS= .00

M2S = .97 E = .747 Msec/M= .30 ALPH2S= 84.08

Mixed-Out State Conditions (2M)

CM2M= 93.27 CT2M= 373.04 C2M = 384.53 W2M = 116.50 BETA2M=-36.81

P2M = 23.19 PO2M= 34.09 T2M = 578.16 TO2M= 601.80 DELTAM=-36.81

M2 = .84 LAM2= 4.000 SIG2= .842 dH/U**2=  ,851 ALPH2M= 75.96

R2 = .5639 B2 = .0733 CLRR = .0040 U2 = 442.85

Rexp= -5639 Bexp= =733

Parasitic Power Losses

PRD = .0076 PBF = .0000 BF-%EP= .0000 PFC = .0000 PRC = .0000

VANELESS DIFFUSER CALCULATION:

R B CM cT M T P PO ALPHA CP LC %Tr-1 %FR-1
.56 40735 933 3730 .84 578.2 23 19 34.09 76.0 .00 .00 .00 .00
.58 .071 92.9 363.1 .82 579.3 23557 33.98 WIE 6 =03 <0 .00 =.45
59 .068 93.4 353.5 .80 580.4 23592 33.86 75.2 =07 02 0@ =332
«+60/ .065 94.1 344.3 .78 581.4 24.24 33275 7437 10 +03 =000 =i 19
.61 .063 95.2 335.4 .76 582.4 24.53 33.64 74,2 5P .04 <008 =.08
<62 .060 96.5 327.0 <74 583102 24.81 33.54 73.6 =15 <05 .00 .02
.64 .058 98.2 318.8 w2 584.0 25.06 33.44 7249 Sk .06 .00 L2
.65 + 055 100.2 310.9 .71 584.7 25.28 33034 12 .19 I .00 .20

R5 = .648 B5 = .0550 P5 = 25.28 P05 = 33.34

RE = 374074.60 CF = .0086 CPinex = . 1929 LCinex= .0690

VANELESS DIFFUSER CALCULATION:

R B CM et M T P PO ALPHA CP LC %Tr-1 %FR-1
.65 +0551100.2 3710.9 <l 5847 25.28 33.34 F2.1 00 .00 .00 .20
=67 .0865 94.7 295.0 .67 586.4 25.85 33514 722 O .02 .00 .41
.70 .055 89.9 280.4 .64 587.9 26,35 3296 2.2 o i3 <05 .00 .60
od2 .065 85.6 266.8 .61 589.2 26.78 Lizheste o)l «1:9 «+ 07 .00 <6
) ORS00 82 5l D .58 590.4 20l 32.66 72.2 w23 .09 .00 .90
78 «055 78.3 242.4 205 59l 4 27001 32 BRI T2 e + L0 <00 1.02
.80 «+ 055" 76,2 231.5 =22 592:.3 2782 32.40 72.0 i B ) <00 1513
-83 SIS G el e e s ) «50 5931 28.09 32.29 71.9 +35 =13 =00 523
.85 .055 69.7 211.8 .48 593.9 28..33 3219 7108 38 .14 <00 1.32
.88 +085"  67.2 202.8 .46 594.5 28.55 32100 AT .40 Erl BS) .00 1.39
90 .055 65.0 194.5 .44 595.1 28.74 325020 71:5 243 16 .00 1.46

R5 = .902 B5 = . 0550 P5 = 28.74 P05 = 32.02

RE = 254614.90 CF = .0093 CPinex = .4288 LCinex= .1642

CP2ex = .509 LC2ex = .190

VOLUTE COMPUTATIONS:
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P7 = 28.74 P07 = 31.69 P8 = 129.83 P08 = 31.14
CPex7= .0000 LCex7= .1005 CP78= .3695 LC78= .1861
LAMS5*AR= 1.00 AR = .33 BLCK7= .1200 COEF57= 1.00
FINAL STAGE OUTPUT:
Stage Efficiency Decrements: Pressure Rise:
INLET DUCT LOSS = .004 P1T/POO= . 228
INTERNAL IMPELLER LOSS = SO P2/P1T = 16 s f i
IMPELLER EXIT MIXING LOSS = .104 P2M/P2 = 1.079
IMPELLER RECIRC. LOsSs = .000
IMPELLER DISK FRICTION = .008
IMPELLER LEAK POWER:FRONT = .000
REAR = .000
DIFFUSER INLET LOSS = . 000 P4/P2M = 1.000
vaneless 1 of 2
EXIT LOSS = .026 PSRATIO= 1.090
vaneless 2 of 2
EXIT LOSS = .046 PSRATIO= ibatefyy
DIFFUSER LOSS = <072 P5/P4 = 1.239
VOLUTE LOSS
Station 5 to 7 Loss = J0E2 P7/P5 = 1.000
Station 7 to 8 Loss = .020 P8/P7 = 1.038
Total 5 to 8 Leoss = 032 P8/P5 = 1.038
EXIT LEAVING KE = .049
ROTOR EFF. (T-T, w/o LEAK) = .788 TORatio = 1.097
ROTOR EFF. (T-T, w/ LEAK) .788
STAGE EFFICIENCY, T-S = .631% .631 631 .642
STAGE EFFICIENCY, T-T = .680% .680 .680 .690

(Note:

Head (Length)
Isentropic T-S (REAL) 3274.53
Polytropic T-S 3330.13
Polytropic T-T 3579.89
Isentropic T-S (k=1.116) 3274.53
Volumetric Flow - 22
STAGE PRESSURE RATIO, TS = 1.774
SPECIFIC SPEED, NS = .675
FLOW COEFFICIENTS, PHIO = .179
PHI2 = .095
PHIin= .073

D7 = .3643
D8 = .5464
0 MULT= 1.000

K.E. Levels:

KE1l-W= .248
KE2-C= .443
KE4-C= .000
KE=€C=" ., 320
KE-C= .126
KES=C= .126
KE7-C= .000
KEg8-C= .000
KE8-C= .000
.634%*
.697%

(VAR-P K-AVG-T CONST-K POLYSHEP POLYASME)

K=1.1

16 K=1.116

NK=1.221

'*! indicates mapfile item.)

Head Coefficients

+537
1.792
1.927
« 537

9999.000 PSIp04 (Ignore if 9999.)

(Note: PHIO=Q/N/D2**3 PSI=DEL(H,isen)/(D2*N)**2 NS=PHIO**0.5/PSI**0.75)

ENTHALPY:
INLET STAG.= 68.48

OUTLET

TT = 1.852 POWER = .97

NS(US) = 98.283

PHIEX = .101 PHISTAT = .098

PHIROT = .137 PHI(ALT)= .834
75.14 OUTLET ISENTR.= 72.69

STAG.=

STALL CONDITIONS THROUGHOUT STAGE (0.0=NO STALL, 1.0=STALL MODE PRESENT)

INDUCER STALL: .0 ROTATING STALL IN DIFF.:

CHANNEL DIFFUSER STALL:
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.0 VANELESS SPACE STALL: .0

.0 VOLUTE DISTORTION STALL:

.0



COMPAL 6.21 £3502c.geo ( 6.13) 15-JAN-93 16:17:34
First stage - pr=1.775
Rotor:
TOO0 = 548.42 POO = 16,81 M= .10 N = 90000.0
R1T = 1.0000 R1H = .4500 BTA1TB=-53.83 BTA1HB= .00 BETAlB= .00
LEN1 = .0000 PHI1 =90.0000 AK = 1.0300 RCR1 = .0000 ALPHAl= 00!
BLCK1= .0500 LC1l = .0500 TLET = .0150 ZI = 7.0000 PHIA = .00
PHIB = .0000 BLCKPA= .0500 TPR = 1.0000 ALPGVB= .00 PHIL = .00
R2 = 0000 B2 = .0000 ZR =14.0000 TN = .0300 BETA2B= .00
CLRR = .0070 PHI2 =90.0000 DELTAp= .00 DELTAs= .00
Rexp = .0000 Bexp = .0000
R = 10.11 K = 1.1161 Msec/M= -300
Stator(s) Excluding Diffusers:
D = 2.0000 D8 = 3.0000 RCR5 = .0000 TCOLL = .00
R6 = .0000 R7 = .0000 R8 = .0000 ALPH6B= .00
B6 = L0000 B7 = .0000 B8 = .0000 PRDES = 1.7753 LAMBDA= 4.00
Control:
TOLR1 = .10E-04 TOLR2 = .10E-04 TOLR3 = .10E-02
NU = 3 NM =30 N1 = 3 N2 = 2 NS = 2 ND = 4 N8 = 4
KLO = 3 NBF = 1 NPRTYP = 1 ISWIRL = 1 NUT = 1 NOCW = 1 NP =5
NUF = 1 NUP = 1 NA = 1 NDATA = 1 NMR2 = 1 QQOSEALf= 0 QQSEALr= 0
SEALPT= 1 GVFLAG = 4 CKFLAG = 2 NMR5 = 1 NIT =1
NL = 1 NAS4 = 0 NSTAG = 0 NDRB = 0 NGAS = NWIRL =-1
Real gas option is "R12392"
Diffusers: (in-inlet, ex-exit, thrt-threoat, 4-throat or traverse)
1l of 2 (vaneless)

QQNAS= 1
Rpin = .0000 Rex = .0000 Bpin = 0000 Bex = .0000

Pex = .00 POex = .00 ALPHAex= .00
R4 = .0000 P4 = .00 PO4 = 00 ALPHA4= .00
BR2ex= .7500 RR2ex= 1.1500

2 of 2 (vaneless)

QQNAS= 1
Rpin = .0000 Rex = .0000 Bpin = .0000 Bex = .0000

Pex = .00 PoOex = .00 ALPHAex= .00
R4 = .0000 P4 = .00 PO4 = .00 ALPHA4= .00
BRinex= 1.0000 RRinex= 1.3910

********************************************************************************

INLET CONDITIONS:

CM1T= 159.16 CT1T= .00 C1lT = 159.16
P1T = 15.61 PO1T= 16.76 T1T = 544.37
MREL1T= .65 UlT = 239.85

CM1 = 154.53 CT1 = .00 Cl = 154.53
Pl = 15.67 P01 = 16.76 Tl = 544.60
MREL1 = .54 Ul = 185.98

CM1H= 150.03 CT1H= .00 ClH = 150.03
EYVHE=ER15 173 PO1H= 16.76 T1H = 544.82
MREL1H= .42 UlH = 107.93

R1H = .1374 R1T = .3054 LEN1= .0000

100

Inducer
W1T
LLT

(1]

Inducer
Wl
Tl

Inducer
W1lH =
IlH =

Inducer
PHI1l=

Tip (Sta. 1T)
287.86 BTA1TB=-54.43
2.00 BETA1T=-56.43
ALPH1T= .00
RMS (Sta. 1M)
241.80 BETA1B=-47.32
2596 BETAl1l =-50.28
ALPHAl= .00
Hub (Sta. 1H)
184.82 BTA1HB=-32.18
355 BETA1H=-35.73
ALPH1H= .00
General Output

90.00 ARO1= 1.0520



BLCK1= .0500 RCR1= .0000 AK = 1.03 LC1 = .0500 ALPGVB= .00

THE RATIO BETWEEN THE ACTUAL MASS FLOW RATE AND THE
IDEALIZED 1-D CHOKE FLOW RATE IS . 652

Rotor TIP CONDITIONS (TWO ZONE MODEL)

Isentropic Core Conditions (2P)

CM2P= 361.38 CT2P= 360.74 C2P = 510.61 W2P = 376.28 BETA2P=-16.18

P2P = 20.64 P0O2P= 41.16 T2P = 560.45 TO2P= 602.15 DELTAP=-16.18

M2P = 1.13 MR2 = .78 MR2I= 3.50 MR2-SOA= 1.64 ALPH2P= 44.95

dMR2= =55 AR12 =2,774
Secondary Zone Conditicns (28)

CM2S= 47.59 CT25= 465.59 C2S = 468.02 W28 = 47.59 BETA2S= .00

P2S = 20.64 P02S= 36.17 T2S = 583.21 T02S= 618.24 DELTAS= .00

M2S = 1.02 E = .770 Msec/M= .30 ALPH2S= 84.16

Mixed-Out State Conditions (2M)

CM2M= 97.98 CT2M= 392.19 C2M = 404.25 W2M = 122.42 BETA2M=-36.84

P2M = 22.78 PO2M= 34.77 T2M = 581.36 TO2M= 607.49 DELTAM=-36.84

M2 = .88 LAM2= 4,003 SIG2= .842 dH/U#**2= .852 ALPH2M= 75.97

R2 = .5928 B2 = .0679 CLRR = .0070 U2 = 465.59

Rexp= .5928 Bexp= .0679

Parasitic Power Losses

PRD = .0094 PBF = .0000 BF-%EP= .0000 PFC = .0000 PRC = .0000

VANELESS DIFFUSER CALCULATION:

R B CM T M T P PO ALPHA CP LC %Tr-1 %FR-1
259 .068 98.0 392.2 .88 581.4 22.78 34.77 76.0 .00 .00 .00 .00
.61 .065 97.5 381.4 «+B6 582.7 23.20 34.62 75.6 03 .01 .00 =-=.43
+62 .063 97.9 371.0 .83 584.0 23..57 34.46 75.2 .07 +03 <000 =28
.63 .061 98.6 361.0 81 5851 23592 34.32 74.7 .09 .04 .00 =,14
.64 .058 99.6 351.4 <719 586.2 24 .24 34.18 74.2 12 .05 .00 -.02
.66 .056 100.9 342.2 -l D8 245 53 34.04 73.6 5 B2 .06 .00 =10
« 67 «+053 102.6 333.3 +75 588.0 24.80 33.91 72.9 a7 =0 .00 w2
68 .051 104.6 324.8 .74 588.9 25.05 33579 T2 oAl .08 .00 .30

RS = .682 B5 = .0509 P5 = 25.05 P05 = 33.79

RE = 353961570 EE = .0087 CPinex = 1886 LCinex= .0823

VANELESS DIFFUSER CALCULATION:

R B CM e M T P PO ALPHA CP LC %Tr-1 %FR-1
.68 .051 104.6 324.8 .74 588.9 25.05 3379 7251 .00 .00 .00 .30
AL .051 98.8 307.6 .70 590.8 25.65 33553 72.2 Lol .03 .00 .54
.74 e ok B Le e Jr e = g ety +66 592 .5 26.18 3330 7202 <13 .06 .00 .74
.76 .051 89.1 277.0 .63 594.0 26.65 3100 T 252 =18 .08 .00 «92
«79 <0515 85,7 263.3 .60 595.2 20506 F25 9120 23 =10 .00 1.07
.82 +051 81.4 250.7 .57 596.4 27.42 32.74 72.0 - 25 .12 ~defaf - alpeal
.84 +05Y 78.1 238.9 .54 597.4 27.74 32.59 71.9 < 3 .14 <00 133
B O IENSTEN] 2D Ji0 «51 598.3 28502 32.46 71.8 =34 .15 .00 1.44
.89 SOl ) B [ Pt 49 599.,1 28.28 32.34 71.6 S5kl ol L7 ciloxe) s Dl
<92 .051 69.8 208.1 .47 599.8 28.50 32522 7104 .40 .18 100 1.61
«95 .051 67.5 199.1 .45 600.4 28,70 3212 713 .42 .19 00 1.69

R5 = .948 BS = .0509 P5 = 28.70 POS = 32012

RE = 240698.00 CF = .0094 CPinex = 4185 LCinex= .1902

CP2ex = .,494 LC2ex = .221

VOLUTE COMPUTATIONS:
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P7 = 28.70 P07 = 31.77 P8 = 29.84 P08 = 31.20 D7 = .3618
CPex7= .0000 LCex7= .1030 CP78= +3695 LC78= = 186 D8 = .5426
LAMS*AR= 1.00 AR = .34 BLCK7= .1200 COEF57= 1.000 MULT= 1.000
FINAL STAGE OUTPUT:

Stage Efficiency Decrements: Pressure Rise: K.E. Levels:
INLET DUCT LOSS = .003 P1T/POO= .928 KE1l-W= .224
INTERNAL IMPELLER LOSS = cid kel P2/P1T = 1,323
IMPELLER EXIT MIXING LOSS = .138 P2M/P2 = 1.104 KE2-C= .442
IMPELLER RECIRC. LOSS = .000
IMPELLER DISK FRICTION = .009
IMPELLER LEAK POWER:FRONT = .000

REAR = .000
DIFFUSER INLET LOSS = .000 P4/P2M = 1.000 KE4-C= .000
vaneless 1 of 2
EXIT LOSS = .030 PSRATIO= 1.099 KE-C= .315
vaneless 2 of 2
EXIT LOSS = 5052 PSRATIO= 1.146 KE-C= .120
DIFFUSER LOSS - .082 P5/P4 = 1.260 KE5-C= .120
VOLUTE LOSS :
Station § to 7 Loss = <011 P7/P5 = 1.000 KE7-C= .000
Station 7 to 8 Loss = .019 P8/P7 = 1.039 KE8-C= .000
Total 5 to 8 Loss = .030 P8/P5 = 1.:039 KE8-C= .000
EXIT LEAVING KE = .046

ROTOR EFF. (T-T, w/0o LEAK) = .732 TORatio = 1.108

ROTOR EFF. (T-T, w/ LEAK) = .732

STAGE EFFICIENCY, T-S = «57T1* e ST SiEra +583 Lo e,

STAGE EFFICIENCY, T-T = .617% S Bif «617 .629 .634%

(VAR-P K-AVG-T CONST-K POLYSHEP POLYASME)
K=1.116 K=l.116 NK=1.241
(Note: '*' indicates mapfile item.)
Head (Length) Head Coefficients

Isentropic T-S (REAL) 3276.14 .486

Polytropic T-S 3347.68 1.630

Polytropic T-T 3608.45 1.757

Isentropic T-S (k=1.116) 3276.14 .486

Volumetric Flow 22 9999.000 PSIp04 (Ignore if 9999.)

STAGE PRESSURE RATIO, TS = 1.775 TT = 1.856 POWER = 107

SPECIFIC SPEED, NS = .675 NS (US) = 98.247

FLOW COEFFICIENTS, PHIO = .154 PHIEX = .087 PHISTAT = .084

PHI2 = .080 PHIROT = .117 PHI (A1T)= .793
PHIin= .063

(Note: PHIO=Q/N/D2*%*3 PSI=DEL(H,isen)/ (D2*N) **2 NS=PHIQ**0.5/PSI**0.75)

ENTHALPY:

INLET STAG.= 68.48 OUTLET STAG.= 75.85 OUTLET ISENTR.= 72+69

STALL CONDITIONS THROUGHOUT STAGE (0.0=NO STALL, 1.0=STALL MODE PRESENT)

INDUCER STALL: .0 ROTATING STALL IN DIFF.: .0 VANELESS SPACE STALL: .0
CHANNEL DIFFUSER STALL: .0 VOLUTE DISTORTION STALL: .0
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