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ṁ Mass flow rate [kg s−1]
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ABSTRACT

Bradshaw, Craig R. Ph.D., Purdue University, May 2012. A Miniature-Scale Linear
Compressor for Electronics Cooling . Major Professors: Eckhard A. Groll and Suresh
V. Garimella, School of Mechanical Engineering.

The power density of electronic devices has increased to a level that requires new

technology for heat rejection. An alternative to conventional heat rejection tech-

niques is refrigeration. However, current refrigeration technologies cannot meet the

packaging constraints, or perform well at the operating conditions encountered by

electronics cooling applications. The compressor is critical to the performance of a

vapor compression refrigeration system. However, current compressor technology is

not well suited for electronics cooling applications. This points to a need for new

compressor technology developed specifically for electronics cooling. In this work, a

linear compressor applied to electronics cooling is studied.

Linear compressors are appealing for vapor compression refrigeration applications

in electronics cooling. A small number of moving components translates to lower

frictional losses. Also the potential for this technology to be scaled to smaller physical

sizes is better than for conventional compressors. To test the feasibility of a linear

compressor applied to electronics cooling, a comprehensive model of a miniature-scale

linear compressor for electronics cooling has been developed.

The model developed here incorporates all of the major components of the lin-

ear compressor including the dynamics associated with piston motion. The results of

the compressor model were validated using experimental data from a prototype linear

compressor custom-built for this study as well as a commercially available linear com-

press from a domestic refrigerator/freezer. The model results showed good agreement

with the experimental results. The resonant frequency of the prototype compressor is

predicted with 0.5% Mean Absolute Error (MAE) compared with experimental data.
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The mass flow rate of the prototype linear compressor is predicted with 16.8% MAE

compared with experimental data. The commercial linear compressor mass flow rate,

power, and overall isentropic efficiency are predicted to within 4.9%, 6.1%, and 5.2%,

MAE, respectively.

A sensitivity study using the model is also presented. This study examined the

sensitivity to changes in compressor geometry. The study has identified the leakage

gap and piston eccentricity as important parameters to consider when designing a

linear compressor. The piston diameter and stroke is also shown to play an important

role in overall performance. This study also shows that linear compressor technology

scales well to smaller sizes. In addition, the unique ability to provide efficient capacity

control is shown. This ability allows a single compressor to cool an electronic device

over a wide variety of power input levels with only small changes in overall efficiency.

Using this knowledge, an updated prototype compressor design is presented. This

updated design provides 200 W of cooling capacity in an overall cylindrical package

size of 50.3 mm diameter and 102 mm length.
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CHAPTER 1. INTRODUCTION

1.1 Miniature-Scale Refrigeration Systems

The power density of today’s electronics devices is accelerating as a result of an

increased number of transistors in silicon chips. The number of transistors on a

chip was predicted to double every year by Moore (1965). This trend has slowed

in recent years but remains increasing. The International Technology Roadmap for

Semiconductors predicts that by 2022 the average power consumption for a typically

stationary chip to be over 400W and over 800W by 2026 (2011 ed.).

Higher power density leads to higher heat dissipation rates and higher heat flux.

The heat flux rejected from a single silicon chip in certain commercial electronics are

approaching the limit of what traditional techniques can facilitate Krishnan et al.

(2007). This shows a need for cooling solutions which can facilitate a higher heat flux

on a silicon chip, such as vapor compression refrigeration.

Miniature refrigeration systems offer distinct advantages for use in electronics

cooling relative to other technologies. Only vapor compression refrigeration and ther-

moelectric cooling devices (TECs) offers the ability to cool components below the

ambient temperature. However, as Phelan et al. (2002) pointed out, the efficiency of

TECs compared with vapor compression refrigeration is very poor. This makes vapor

compression refrigeration an appealing option if the package size can remain small.

In addition, the reliability and performance of semi-conductor devices is improved

when operating at lower temperatures. Because vapor compression refrigeration uti-

lizes two-phase heat transfer in the evaporator, it is possible to maintain spatially

uniform chip temperatures. The major concerns involving vapor compression refrig-

eration systems are their cost and reliability, as well as miniaturization of the different

components.
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Trutassanawin et al. (2006) reviewed the available technologies for vapor com-

pression refrigeration systems in electronics cooling. Several prototype systems were

discussed but there appeared to be no commercially viable solutions which are com-

plete miniature systems. Chiriac and Chiriac (2008) concurred with this assessment

in a recent review. Other investigations into refrigeration technology have led to the

development of system prototypes (Mongia et al., 2006) and system-level models

such as ones by Heydari (2002), Possamai et al. (2008), and Nnanna (2006). How-

ever, it has been reported that the overall performance and size of these systems is

still not at a level that is desired for desktop and portable electronic systems (Cre-

maschi et al., 2007). In particular, the compressor is a critical component which can

greatly affect the overall size and performance of the refrigeration system, as shown

by Trutassanawin et al. (2006) and Davies et al. (2010).

Particular emphasis has been placed on the design and performance of cold-plate

evaporators for electronics cooling. Lee and Mudawar (2009) evaluated the two-phase

flow performance of a microchannel evaporator for an electronics cooling applica-

tion. This study found that the performance of two phase flow cold plates depends

heavily on the flow regime experienced within cold plate channels. Bertsch et al.

(2008a) reviewed the available literature and developed general trends in modeling

and performance of microchannel evaporators. Bertsch et al. (2008b) then developed

a correlation for flow boiling of refrigerants in microchannel evaporators using data

from his own study and the literature. Harirchian and Garimella (2010) developed

a flow regime map for flow boiling in microchannels followed by flow-regime based

models to predict performance in microchannels (Harirchian and Garimella, 2012).

While challenges in practical implementation of microchannel heat sinks still exists

the driving mechanisms for performance are becoming well understood.

In an electronics cooling application, an atypical challenge for refrigeration sys-

tems is the relatively small temperature lift for cycle operation. The temperature lift

is limited on the high-side by the environmental conditions and on the low-side by the

desire to eliminate possible water vapor condensation from the ambient within the



3

electronic package. Typically, this leads to a system with a small pressure ratio. This

is shown in Figure 1.1, which displays a typical vapor compression refrigeration cycle

for electronics cooling using R-134a as the working fluid. The small pressure ratio

leads to poor performance for currently available small-scale compressors, which are

designed for refrigerator applications with a significantly larger pressure ratio. Some

past studies using currently available technology have operated the compressors at

a larger pressure ratio, and instead, developed solutions to handle moisture conden-

sation by operating the evaporator and chip assembly in heavily insulated volumes

(Heydari, 2002). The disadvantage of this option is a further increase in the cost of

the cooling system.

Figure 1.1. Pressure enthalpy diagram of typical R134a miniature-
scale refrigeration cycle for electronics cooling.
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In addition to condensation the lower pressure ratio experienced also creates a

lack of enthalpy increase. This can be seen in Figure 1.1, as the pressure ratio of

the refrigeration cycle decreases the change in enthalpy decreases. The change of

enthalpy represents the useful energy applied to the system, or working fluid, by the

compressor. So at low pressure ratios there is little enthalpy imparted to the fluid but

will still require the compressor to utilize power to drive the compressor mechanism

(i.e. overcome friction, inertia, etc.). At the lower pressure ratios this amount of

energy will dominate the enthalpy imparted to the fluid and efficiency will suffer.

Therefore, it is important to not only select a fluid that will minimize this burden

but also a simple compressor mechanism to minimize friction losses.

Marcinichen et al. (2010) presented an evaluation of working fluids for a vapor

compression cycle applied to an electronics cooling application. This work concluded

that either R-134a or R-254fa would be suitable candidates for the working fluid in a

vapor compression refrigeration system applied to electronics cooling. Sathe (2008)

came to the same conclusion. As it is more commonly used, R-134a was selected as

the working fluid of choice for this study as a result of these evaluations.

1.2 Linear Compressors

A linear compressor is appealing for electronics cooling applications because it

offers several potential advantages over traditional compressor technology. A linear

compressor is a positive displacement compressor, similar to a reciprocating compres-

sor. However, a linear compressor does not have a crank mechanism to drive the

piston. Instead, the piston is driven directly by a linear motor, as seen in Figure 1.2.

The omission of the crank mechanism significantly reduces the frictional losses asso-

ciated with conventional reciprocating compressors. It also allows oil-free operation

which is a significant advantage with respect to the heat transfer performance of the

condenser and evaporator in the system.
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Figure 1.2. Representation of the compression process in a linear compressor.

In addition, a linear compressor is designed as a resonantly operated device. This

means that mechanical springs are used to tune the device to operate at a resonant

frequency. Operation at a resonant frequency allows a desirable reduction in size of

the motor.

Early investigations of a linear compressor were conducted by Cadman and Cohen

(1969a, b) for traditional refrigeration systems. Cadman and Cohen observed that the

free piston operation of this device created some peculiar effects such as piston drift,

which posed a challenge to modeling efforts and limited the practical application of

such devices. Pollak et al. (1979) investigated one-dimensional, nonlinear dynamics

of the piston and electrical systems and confirmed such confounding effects.

Van der Walt and Unger (1994) assessed the state of the art in linear compressor

technology. Unger and Novotny (2002) ,Unger (1998), and Koh et al. (2002) developed

several linear compressor prototypes and performed a feasibility study which showed

the potential for linear compressors in cryogenic and miniature systems. There have

also been studies on the unique differences in the performance of linear compres-

sors compared to conventional reciprocating compressors (Lee et al., 2001, 2004).

Recently, Possamai et al. (2008) developed a prototype refrigeration system for a lap-

top cooling application which utilized a linear compressor. Another recent study on

linear compressors investigated the sensitivity of the device to changes in operating
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frequency (Kim et al., 2009). This study utilized a single degree of freedom vibration

model coupled to an electrodynamic motor model as was done by Pollak et al. (1979).

Minas (1994) also modeled the one-dimensional, nonlinear dynamics of the piston

as well as nonlinear effects within a linear motor. The author also presented a re-

lationship between the stroke and resonant frequency of a linear compressor, which

provides a unique control challenge that was confirmed by Xia and Chen (2010) and

Choe and Kim (2002). In addition to changes in resonant frequency, control of the

linear compressor stroke has proven challenging (Cadman and Cohen, 1969a, b; Pol-

lak et al., 1979). Additional attempts to reduce the amount of stroke control needed

for a linear compressor have been attempted by Park et al. (2004) as a result of these

challenges. Park et al. (2004) concluded that a robust design may not be enough to

control the stroke of a compressor effectively.

1.3 Comprehensive Modeling of Hermetic Compressors

Vapor compressors are designed to be some of the most robust positive displace-

ment machines in service. Most compressors have a service life of 10 years, or beyond,

with no regular maintenance schedule. This level of robustness requires an intimate

knowledge of the working behavior of the compressor. Modeling of hermetic compres-

sors is one mechanism for obtaining this knowledge. A model can be as simple as an

efficiency estimation from fundamental thermodynamics (Moran and Shapiro, 2004).

Navarro et al. (2007) developed a more advanced compressor model which described

the major phenomena within a compressor in terms of its performance metrics, the

volumetric and isentropic efficiencies. This model presented a very good fit to experi-

mental data but relied heavily on experimental curve fitting to a specific compressor.

A similar modeling approach with similar results was shown by Kim and Bullard

(2002). Others have attempted somewhat more detailed and general models, such as

Ooi and Wong (1997) who developed an energy and mass balance for a rolling pis-

ton compressor using the unsteady first law of thermodynamics. This type of model
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utilizes information about the internal workings of the compressor and requires in-

puts from sub-models for mass flow, heat transfer, geometry, and friction. While

this approach is more generic, Ooi and Wong (1997) relied heavily on experimental

correlations for calculations within the sub-models.

A recent approach to compressor modeling, called the comprehensive approach,

has provided a more complete analysis. The comprehensive modeling approach relies

on the unsteady mass and energy balance of a control volume, similar to that of

Ooi and Wong (1997). However, the sub-models are incorporated as first-principles

based models. Chen et al. (2002b) and Chen et al. (2002a) applied a comprehensive

approach to the modeling of scroll compressors. In addition, the entire compressor

body is included in the analysis as a collection of lumped masses. This allows a

comprehensive mass and energy balance to be imposed on the entire compressor. This

method yields insight into the operation and efficiency of the compressor mechanism

but also provide information about the shell and oil sump conditions. Kim and

Groll (2007) utilized the comprehensive approach for the modeling of a novel bowtie

compressor. This type of compressor is based on the Beard-Pennock mechanism,

which provides capacity control in a fixed volume device. Jovane (2007) applied the

comprehensive approach to a novel rotary compressor, called a z-compressor. Finally,

more recently, Mathison et al. (2008) developed a comprehensive model for a two-state

rotary compressor, which provided insight into the optimum intermediate pressure for

the best cycle and compressor efficiency. This work was continued by applying the

approach to a rotary compressor with vapor injection as well as a novel rotary spool

compressor (Mathison, 2011). Finally, Bell (2011) presented the most recent addition

to the applications of comprehensive modeling by examining the impact of oil flooding

on scroll compressors. The comprehensive model provided a deeper insight into the

unique internal performance of a scroll compressor flooded with oil. This allowed for

a numerical optimization of scroll wraps for use in oil flooding, which may have been

costly and time consuming to obtain experimentally.
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Past models of linear compressors have often employed linearizing assumptions,

were restricted to a single degree of freedom in their analysis, or neglected to include

the other compressor components such as valves, leakage losses, or heat transfer.

Such analyses have either used a greatly simplified representation of device operation

or have focused on specific components of the overall system. The present work

develops a comprehensive model of a linear compressor which incorporates all of the

major dynamics and nonlinearities as well as a second degree of freedom in the piston

motion.

1.4 Objectives and Overview

The objective of this work is to determine the feasibility of miniaturizing linear

compressor technology and using it in a vapor compression cycle for electronics cooling

applications. In addition, the application of the comprehensive compressor modeling

approach to the linear compressor is to be explored. To accomplish this objective a

combination of modeling and experimental efforts are used.

A prototype linear compressor is developed specifically for this work to be used

for model validation and is shown in Figure 1.3. The linear motor and compression

springs were purchased components while the remaining components were designed

and built for this work. Details on the prototype compressor design can be found in

Appendix A. To test this prototype a miniature-scale compressor load stand is also de-

veloped. For additional model validation, a commercially available linear compressor

was be used.

The linear compressor is modeled using a comprehensive simulation approach.

This approach is centered around mass and energy balance equations for a control

volume. As inputs to these equations, several sub-models are incorporated to account

for the two degree of freedom piston dynamics, friction, leakage, valve dynamics, and

heat transfer. Using the developed and validated model, an array of sensitivity studies
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Figure 1.3. Sectional view of the prototype linear compressor built for this work.

determine the design parameters that are the most critical for linear compressor

design.

Using the validated and exercised model as a tool the overall feasibility of lin-

ear compressor technology can be explored. By understanding the mechanisms that

determine operation and superior performance, an assessment is made regarding the

miniaturization and application of linear compressors to electronics cooling. An im-

proved linear compressor design is presented which displays the miniaturization capa-

bility of linear compressors. For additional model validation a LG linear compressor

is tested and modeled. This study examines a linear compressor from a different

application serves as an additional verification of the modeling approach.
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CHAPTER 2. LINEAR COMPRESSOR MODEL

A comprehensive simulation model for a linear compressor is presented in this Chap-

ter. The comprehensive compressor model consists of a solution to two compression

process equations that provide the temperature and density and thus, fix the state

within each control volume. These equations require inputs from five sub-models rep-

resenting the valve flows, leakage flows, motor losses, heat transfer from the cylinder,

and piston dynamics. The compression process is discretized and an initial guess

of temperature and density is made within each control volume. The compression

process equations are then used to step through a compression process using the

numerical techniques described in Section 2.8.

2.1 Compression Process Equations

The compression process is modeled using mass and energy conservation equations

over a control volume. In order to determine the state of the working fluid in the

compression chamber at any point during the compression process, it is necessary

to determine two independent fluid properties to fix its state. In this analysis, the

compressor is split into two control volumes as illustrated in Chapter 1, Figure 1.2.

The first control volume is the compression chamber for the compressor, while the

second control volume consists of the remaining volume within the compressor. The

compression process equations are solved for each control volume at a particular time

step and coupled through the leakage, vibration, and heat transfer sub-models.

The fluid is assumed to be superheated throughout the entire compression process.

The equation of state for the chosen working fluid, R-134a, is written in terms of

temperature and density (Tillner-Roth and Baehr, 1994); the compression process
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equations are therefore cast in terms of these two variables. The conservation of

energy for a general control volume can be written as follows:

dEcv

dt
= Q̇+ Ẇ +

∑

in

ṁinhin −
∑

out

ṁouthout. (2.1)

Assuming that the fluid in the control volume is well mixed, hout becomes hcv and

will be denoted as such in the remainder of this work. With a further assumption

that the changes in kinetic and potential energies are negligible, the left-hand side of

Equation (2.1) can be expanded in terms of changes in internal energy and mass:

dEcv

dt
=

d(ucvmcv)

dt
= mcv

ducv

dt
+ ucv

dmcv

dt
. (2.2)

The following thermodynamic relations also hold for the gas in the cylinder:

du = CvdT +

[

T

(
∂P

∂T

)

v

− P

]

dv (2.3)

u = h− Pv. (2.4)

Using the relationship in Equations (2.3) and (2.4) the left-hand side of Equation

(2.1) can be written as follows:

dEcv

dt
= mcv

(

Cv
dT

dt
+

[

T

(
∂P

∂T

)

v

− P

]
dvcv
dt

)

+ (h− Pv)
dmcv

dt
. (2.5)

The work term from Equation (2.1) can be re-written as boundary work done by the

piston:

Ẇ = −P
dV

dt
. (2.6)

In order to eliminate pressure from Equations (2.6) and (2.5), the pressure in the

cylinder is expressed as follows:
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P = T

(
∂P

∂T

)

v

. (2.7)

By combining Equations (2.5) to (2.7):

mcvCv
dT

dt
+ T

(
∂P

∂T

)

v

[
dV

dt
− 1

ρ

dmcv

dt

]

+ hcv
dmcv

dt
= Q̇+

∑

ṁhin −
∑

ṁhcv (2.8)

in which only temperature is the independent variable. The other independent fluid

property is density, which is computed as:

dmcv

dt
=

d(ρV )

dt
= ρ

dV

dt
+ V

dρ

dt
. (2.9)

The change in mass in the cylinder can then be written as:

dmcv

dt
=

dmin

dt
+

dmleak,in

dt
− dmout

dt
− dmleak,out

dt
. (2.10)

Equations (2.8) - (2.10) can now be solved simultaneously for the temperature and

density in the two control volumes. Due to the nonlinear nature of these equations, a

numerical solution approach is adopted. A number of inputs to this solution must still

be determined from various sub-models as will be discussed in the following sections.

2.2 Valve Model

Reed valves are used in the present work as is typical for piston-cylinder com-

pressors. These valves are essentially cantilevered beams which are displaced when

a differential pressure is imposed across them. To ensure that pumping, as opposed

to back flow, of the gas occurs, two valves are used with limited ranges of operation.

The valve body is constructed to only allow valve motion in the direction of desired

flow for each valve; this ensures that pumping occurs and can be seen in Figure 2.1.
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Figure 2.1. Photos of reed valve assembly used in compressor prototype.

Valve analysis is split into two modes of operation depending on the location of the

valve reed, similar to the analysis of Kim and Groll (2007). Early in its deflection the

stagnation pressure driving the valve reed is assumed equal to the high side pressure.

As the valve opens further, this assumption becomes less valid, as the movement of

the valve is now dominated by the movement of fluid past the valve and the stagnation

pressure becomes equal to the low-side pressure. These two modes of operation are

referred to as the pressure-dominant and mass-flux-dominant modes, respectively,

with free-body diagrams as shown in Figure 2.2. The port area is a fixed quantity

and represents the opening that fluid travels through in the valve body. The valve

area is an effective area, taken as a circular area based on the width of each valve

reed.
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Figure 2.2. Free body diagrams for the valve reed.

For each mode of operation an equation can be written based on the free-body

diagrams shown in Figure 2.2. Summing the forces in the direction of displacement,

the equation of motion for the pressure-dominated and mass flux-dominated modes

may be expressed as:

Mvalveẍvalve +
1

2
CDρAvalveẋ

2
valve + kvalvexvalve =

(Phigh − Plow)Avalve +
1

2
CDρV

2Avalve

(2.11)

Mvalveẍvalve +

(
1

2
CDρAport + ρAvalve

)

ẋ2
valve + kvalvexvalve =

1

2
CDρV

2Avalve + ρVAport.

(2.12)

These second-order, nonlinear equations can be solved for the position of the reeds

at each time step throughout the compression process. The valve geometry, shown in

Figure 2.1, can be used to determine the required valve and port areas and the density
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is calculated from the compression process equations. The gas velocity is calculated

assuming an isentropic, compressible flow across the valve. The mass and stiffness of

the reeds can be calculated by assuming that each reed behaves as an Euler beam.

The stiffness is calculated by dividing an arbitrary applied force by the deflection it

produces. The effective mass is then found by dividing the total valve mass by a

factor of three, as in the case of the effective mass of a spring (Rao, 2004).

At a certain valve lift, which is the ratio of the valve port opening diameter to

the reed valve diameter, these two analyses provide the same mass flow rate. This

valve lift is known as the transitional valve lift because below this value the pressure-

dominated model is used and above the mass-flux dominated model is used. When

the valve lift is equal to the transitional lift value the pressure-dominant model is

used. The transitional valve lift is expressed as:

xtr =
D2

port

4Dvalve

. (2.13)

2.3 Leakage Model

The leakage model only focuses on leakage past the piston. The only other leakage

paths, those past the reed valves, are ignored since they are negligibly small compared

to the leakage past the piston (Kim and Groll, 2007). It is assumed that the gas

velocity is significantly higher than the piston velocity, in general, so the influence of

the piston velocity can be ignored. Thus, a compressible, isentropic, flow model is

utilized to model the leakage past the piston. To calculate the leakage gas velocity

the Mach number of the flow is calculated using the following relationship,

Plow

Phigh

=

(

1 +
γ − 1

2
Ma2

) −γ

γ−1

(2.14)

where the ratio of pressures is found by the difference in pressures between CV1 and

CV2 and the gas velocity comes from the definition of the Mach number.
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Ma =
V̄√
γRT

. (2.15)

2.4 Heat Transfer Model

The instantaneous heat transfer from each of the control volumes is calculated

using the empirical approach of Fagotti and Prata (1998).

Nu =
qcvD

k[Tcv − Tshell]
= 0.28Re0.65 + 0.25L

Tshell

Tcv − Tshell

(2.16)

where:

L =
γ − 1

V

dV

dt

√

D3

αẋp

. (2.17)

By integrating these instantaneous heat transfer rates over the entire cycle, the

total heat transfer from each of the two control volumes is calculated for use in the

overall energy balance.

Q̇ =
1

tstep

t∫

0

Q̇dt. (2.18)

2.5 Vibration Model

A linear compressor is a free-piston device for which the stroke is not fixed by a

crank mechanism but is instead determined by chosen geometry, the linear motor,

and the mechanical springs used. The piston dynamics are modeled using a free body

diagram of the piston assembly as shown in Figure 2.3.

Both the desired linear motion of the piston, as well as its undesirable rotation

due to eccentricity in the mechanical springs are considered. Any eccentricity causes

a perpendicular reactionary load from the mechanical spring as it is compressed, since
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Figure 2.3. Free body diagram of linear compressor piston assembly.

the spring cannot react to a load along its entire circumference. Thus, the effective

load acts at a point offset from the center of mass of the piston. In a traditional

compression spring as used in the prototype fabricated for this work, this point is

assumed to be along the circumference of the spring where the edge of the spring

contacts the piston assembly. This point of load is depicted in Figure 2.4.

The linear motion of the piston as well as its rotation, are modeled as a two-degree

of freedom vibration system. By assuming that the piston is a rigid body and the

motions in the y and z directions as well as the rotation are small, the following

equations describe the motion of the piston:

Mẍp + ceff ẋp + (kgas + kmech) xp = kmechǫθ + Fdrive (2.19)

JCGθ̈ + kmechǫ
2θ = kmechǫxp. (2.20)

In addition, it is assumed that the driving force and the reactionary forces from

the compression chamber are applied directly through the center of mass of the piston.
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Figure 2.4. Representation of the applied load due to spring eccen-
tricities on a typical ground compression spring.

The driving force, Fdrive, is the sinusoidal force applied from the motor. The power

transmitted to the piston is calculated by assuming an efficiency for the motor. The

stiffness associated with the gas, kgas, is determined by estimating the force generated

by the gas at each time step over an entire compression cycle. This gas force is then

divided by the instantaneous piston displacement of the compressor which yields an

effective spring rate of the gas in the compression chamber:

kgas =
d(Pcv,1 − Pcv,2)Ap

dxp

. (2.21)

This is similar to the approach adopted by Cadman and Cohen (1969a); however, in

the current work kgas is continuously updated as the pressures and stroke change.

The effective damping term is made up of two components: a frictional term and

the boundary work performed on the gas (Pollak et al., 1979). Both components

are computed from an integration of the energy dissipated over a cycle. The effective

damping term is then calculated from summing the contributions described above:

ceff =
Ecycle

ωdxpπ
=

Wgas

ωdxpπ
+

Wfriction

ωdxpπ
. (2.22)
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The work done on the gas is calculated by integrating the boundary work expres-

sion over the entire compression process (i.e. integrating pressure over volume):

Wgas = −
∫

Pcv,1dV . (2.23)

This expression is integrated numerically throughout the compression process. The

work done by friction is calculated from (Rao, 2004), and integrated over the entire

compression process:

Wfriction =

∫ xs

0

4fNdx (2.24)

where the normal force, N , is the reaction force on the piston caused by the

cylinder, given by:

N =

(
1

Lp

)

(kmechǫ(xp − ǫθ)) . (2.25)

2.6 Overall Energy Balance

To ensure that all of the compressor components satisfy an energy balance, a ther-

mal network is constructed to account for heat transfer from the compression chamber

(Chen et al., 2002a; Kim and Groll, 2007; Mathison et al., 2008; Jovane, 2007). The

energy balance for the compressor assumes that the heat transfer between the two

control volumes is negligible and that the heat only flows to the compressor shell. A

lumped-mass thermal network can then be constructed consisting of a single lumped

mass to represent the compressor shell with two heat inputs and one heat output to

the ambient. The heat output path is calculated using a forced convection correlation

for flow over a cylinder to determine the thermal resistance between the compressor

shell and the ambient (Hilpert, 1933). The thermal network elements are also shown

in Figure 2.5. This network adds the following relation which is solved simultaneously

with the compression process equations:
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Tshell − Tamb

Ramb

= Q̇cv1 + Q̇cv2. (2.26)
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Figure 2.5. Schematic of linear compressor with displayed paths of heat movement.

2.7 Solution Approach

The model developed above for the linear compressor consists of two non-linear

first-order differential equations for the compression process and one non-linear equa-

tion from the energy balance. An explicit closed-form solution is not available, and

the equations are instead solved numerically. The compression process is discretized

into small time steps and each equation is solved using the numerical techniques

described in Section 2.8.

The order in which the model steps through the series of equations is shown in

Figure 2.6. The key input parameters to the model are the compressor inlet pressure

and temperature, the desired discharge pressure, and ambient temperature. For each

time step, the model sequentially steps through each sub-model and calculates the

solution inputs for the next time step. Once each sub-model has been called the
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overall compression process solver is called which solves Equations (2.8) to (2.10) and

calculates the internal state in the compressor. When the model has iterated through

an entire compression cycle Equation (2.26) is solved for Tshell. The methods that are

used to solve these equations is detailed in the following section.
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Figure 2.6. Solution flowchart of linear compressor model (equations
solved at each step given in blocks).

2.8 Numerical Considerations

2.8.1 Time Shift

The dynamic behavior of the piston presented some unique challenges for the

numerical simulation. The piston is excited with a frequency that is input to the

model. However, starting from rest, the piston will respond with a slightly different

frequency that relates to the transient response of the system. Numerically this is

problematic because if the model steps through a fixed number of points using a

timestep based on the input frequency, the piston will require a different number
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of iterations to complete a full cycle. As an example, Figure 2.7 shows a typical

start-up response of the linear compressor piston and the applied sinusoidal force as a

function of time. This shows that the piston cycle takes slightly longer time to finish

one cycle (oscillation period) compared with the driving force function. This can

generate errors in the calculation of power, massflow, and other performance metrics

if the compressor piston has not completed an entire cycle. Thus, to remedy this,

the response frequency of the piston is allowed to float (via allowing additional time

steps) and the system model does not terminate until the piston has completed a full

cycle. Then, to ensure that the phase shift from cycle to cycle remains consistent,

the calculated phase shift, ∆tshift, is calculated and used as an input to the driving

force in the next cycle iteration:

Fdrive = Fdrive,max cos(ωd(t−∆tshift)). (2.27)
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Figure 2.7. A typical first piston cycle showing the response of the
compressor piston and the applied motor force highlighting the differ-
ence in response period between the two.
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2.8.2 Numerical Methods and Stability

To solve Equations (2.8) through (2.10) a numerical approach is required. For

this work, a combination of Euler and 4th-order Runge-Kutta methods is utilized.

The peculiarities of the piston motion noted in the previous section require that the

end of the piston cycle be detected. However, since the data is collected at discrete

points the exact time that the piston finishes a cycle (i.e. when xp crosses zero twice)

encounters some error which is proportional to the step size:

∆tshift,err = f(∆tstep). (2.28)

To maintain stability, this error should be minimized which requires a relatively

low step size (i.e. high number of steps) for good resolution toward the end of the

cycle. This requirement eliminated the possibility of using an adaptive method, as

such a method could possibly choose a large step size toward the end of the cycle

which would cause large error in ∆tshift. Large error in the time shift leads to model

instability as the phase shift from cycle to cycle becomes inaccurate.

Since the system stability scales linearly with step size, utilizing the more accurate

4th-order Runge-Kutta method was not advantageous as it operated 4 times slower

than Euler’s method for a given step size. Therefore, Euler’s method was used to

solve the compression process equations with a 4th order Runge-Kutta method used

to solve the vibration and valve sub-models with a minimum number of steps of 8000.

When the changes in temperature and density, calculated by the compression process

equations, in each of the two control volumes, as well as the change in Tshell, is less

than 0.01%, a converged solution is available. The initial conditions in both control

volumes were set to the inlet conditions for each operating condition that was tested.
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CHAPTER 3. CHARACTERIZATION OF LINEAR COMPRESSOR BEHAVIOR

This chapter explores the unique behavior of a linear compressor. A characteriza-

tion of the compressor stiffness and damping as well a study of piston stability is

presented. These investigations motivate the need for additional control in a linear

compressor. A method for calculating the resonant frequency of a linear compres-

sor is developed. In addition, a numerical control algorithm is also provided that

ensures compressor operation at the desired stroke. These additions add robustness

and numerical stability to the comprehensive model developed in Chapter 2.

3.1 Linear Compressor Behavior

The typical response a linear compressor piston as a function of time is shown

in Figure 3.1. The piston position oscillates about an equilibrium position xe in a

sinusoidal manner between the Top Dead Center (TDC) and Bottom Dead Center

(BDC) positions. The piston rotation is a result of the moment caused by spring

eccentricities. The piston rotation is restricted by the piston making contact with the

cylinder wall. Assuming the piston behaves as a rigid body, the maximum rotation is

a function of the leakage gap between the piston and cylinder g, and can be calculated

as follows:

θmax = tan−1

(
g

Lp

)

. (3.1)

Since a linear compressor has a fixed piston area the compression chamber volume

is proportional to the piston position. Referencing the dimensions given in Figure 3.2

the linear compressor cylinder volume can be calculated as:

V =
(

xp(t) +
xs

2

)

Ap + xdeadAp. (3.2)
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Figure 3.1. A typical piston amplitude (left) and piston rotation re-
sponse (right) as predicted by the model.
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Figure 3.2. Schematic diagram of linear compressor piston dimensions.

The Figure 3.3 shows the refrigerant gas pressure as a function of cylinder volume

(i.e., an indicator diagram). This diagram displays a variety of the compressor’s

behavior. This includes the influence of the valves as seen by the under pressurization

of the compressor cylinder caused by the suction valve and the over pressurization
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caused by the discharge valve and port. These influences are regarded as losses as

additional boundary work must be utilized to return the cylinder to either suction or

discharge pressure respectively. Admittedly, the discharge process displays a relatively

large amount of over pressurization. This is a result of an undersized discharge port

and/or a discharge valve that is too stiff. This is included to illustrate the usefulness

of the comprehensive model in combination with the indicator diagram to diagnose

potential problems with compressor design. The indicator diagram also displays the

compression process, expansion processes, and the dead volume. The dead volume

on the indicator diagram is the volume remaining when the piston has reached TDC.

V [cm3]

P
[k
P
a
]

0 0.5 1 1.5 2 2.5
500

600

700

800

900

1000

1100
Overpressure, Due to
Discharge Valve/Port

Suction Valve Dynamics

Expansion

Compression

Discharge Pressure

Suction Pressure

Valve Flutter

Dead Volume

Figure 3.3. A typical pressure volume (indicator) diagram for a linear
compressor as predicted by the model.
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The behavior presented up to this point is typical of any piston-cylinder compres-

sor. However, the dynamics of the linear compressor piston display behavior which

is unique. These are explored further in the next two sections which examine the

stiffness and damping associated with the linear compressor piston.

3.1.1 Linear Compressor Stiffness

As presented in Section 2.5, the stiffness associated with the dynamics of the piston

motion is composed of two components. One component is the stiffness associated

with the mechanical springs, while the other is associated with the compression of

the gas in the cylinder. The latter may be visualized in Figure 3.4 which shows the

change in pressure across the compressor cylinder as a function of the piston position

for a typical operating condition.
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∆
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Figure 3.4. A typical representation of the change in pressure across
the piston as a function of piston position predicted by the model.
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The value of the stiffness in the compressor is proportional to the slope of this

curve. The compression process begins at the lower left portion of this figure where the

compression chamber is at a lower pressure than the shell so the difference in pressure

is negative. Then, following the left-hand side of the curve, the gas is compressed as

the piston moves in a positive direction with an increasing slope, meaning the stiffness

is increasing. When the discharge valve opens the change in pressure across the piston

levels out, so that the stiffness decreases and even becomes negative as the discharge

process continues. The stiffness is large again during the expansion process and close

to zero during the subsequent suction process. These changes can be abrupt as seen

in Figure 3.5 which shows the total effective stiffness and the mechanical stiffness as

a function of piston position for a typical operating condition.
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Figure 3.5. A typical effective stiffness of compressor piston as a
function of piston position.



29

The extreme high and low (and even negative) stiffness values throughout a single

cycle degrade the overall stability of the numerical system which is why past attempts

at linear compressor modeling (Cadman and Cohen, 1969a; Pollak et al., 1979; Kim

et al., 2009) have employed a linearizing assumption for the gas stiffness. This

assumption estimates the gas stiffness as the line developed on Figure 3.4, which is

a constant value based on the operating conditions and stroke. While in general,

kmech > kgas, Figure 3.5 shows that there are peaks of gas stiffness that are much

larger than the mechanical counterpart. As the resonant frequency is related to this

stiffness this means that the resonant frequency, and the overall piston dynamics, are

changing drastically with stroke.

3.1.2 Linear Compressor Damping

Similar to the stiffness, the damping associated with the dynamics of a linear

compressor has two components. One is again associated with the gas compression

and the other is associated with friction. The models employed are detailed in Section

2.5. The total effective damping coefficient of the dynamic system as a function of

the piston position is shown in Figure 3.6 for a typical set of operating conditions. In

addition, the frictional component of the piston damping is also shown.

The nonlinear behavior of the effective damping coefficient has been observed

to not cause model instability. Starting at Top Dead Center (TDC) the expansion

process begins and the effective damping tends to decrease. As the suction valve

opens to begin the suction process the change is cylinder pressure is small so the

trend in effective damping tends to follow the frictional damping trend. The damping

tends toward a minimum at the piston equilibrium position. At the equilibrium

position, where the piston is under no net influence from the mechanical springs

there is no side loading, and therefore, no frictional damping occurs. As the piston

moves toward Bottom Dead Center (BDC) during the suction process the effective

damping increases as the frictional damping increases. As the piston moves from
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Figure 3.6. A typical effective damping coefficient of compressor pis-
ton as a function of piston position.

BDC toward TDC during the compression process the effective damping decreases

due to a decrease in frictional damping but remains higher than during the suction

process. During the discharge process the effective damping increases further due to

the cylinder over-pressurizing which is caused by the dynamics of the discharge valve.

As the piston approaches TDC and the cylinder pressure is reduced the effective

damping is also reduced.

3.2 Control Considerations

The combination of the stiffness and damping behavior described in the previous

section generate a highly nonlinear dynamic system described by the equations of

motion explained in Section 2.5. A characteristic of some nonlinear systems is that



31

it is possible to obtain unexpected responses that are not possible in a linear system.

Such an attribute is a sudden change in amplitude, called a jump (Rao, 2004). Other

characteristics include bifurcations of the steady-state solution. This means that the

system behavior at steady-state not only depends on the initial conditions but also on

the conditions along the path to the solution (i.e. during the transient). A majority of

the sub-models presented in the comprehensive linear compressor model are models

of steady-state phenomena and therefore are not accurate in a transient response.

Therefore, the (transient) path to solution of the comprehensive linear compressor

model may not accurately represent the path to solution. Thus, to ensure model

accuracy this dependence on the path to solution must be removed.

A key model output from the comprehensive compressor model is the power re-

quired to drive the linear compressor. To accurately calculate this value, the frequency

at which the compressor will resonate is needed. To find the resonant frequency, one

would typically sweep through frequencies until a maximum amplitude is determined.

However, the nonlinearities of this system dictate that the resonant frequency changes

based on the stroke and the stroke obtained for a fixed power input changes based on

the frequency applied. Therefore,

xp = f(ω, Fdrive). (3.3)

This coupling generates a path dependence on the final stroke and applied power

which needs to be removed to ensure model accuracy. Therefore, the resonant fre-

quency will be decoupled in this relationship so that the compressor output stroke is

only dependent on the input driving force from the linear motor.

3.2.1 Calculating the Resonant Frequency

The resonant frequency of the linear compressor depends on the mechanical springs

selected in the design as well as the operating conditions. To calculate the resonant

frequency of a linear compressor, the stiffness associated with both the mechanical
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springs and the operating conditions must be estimated. The stiffness of the me-

chanical springs is typically reported by the manufacturer. The stiffness associated

with the operating conditions is the stiffness from gas compression. Using these stiff-

ness values, an estimate of the resonant frequency of oscillation is obtained from the

following expression:

ωres = ωn

√

1− 2ζ2 (3.4)

where the damping ratio is defined as follows (Rao, 2004)

ζ =
ceff

2Mmovωn

(3.5)

and ωnis given by,

ωn =

√

keff
Mmov

. (3.6)

The effective stiffness is defined as:

keff = kmech + kgas = kmech +
(PCV,1 − PCV,2)Ap

dxp

(3.7)

and the effective damping as:

ceff =
Ecycle

ωresxsπ
=

Wf

ωresxsπ
+

Wgas

ωresxsπ
(3.8)

with work due to friction and work done on the gas defined as:

Wgas = −
∫

PCV,1dV

Wf = 4f

∫ xs

0

N(xp)dx.

(3.9)

Equation 3.4 describes the resonant frequency of a one-dimensional system. The

model presented previously in Chapter 2 utilizes a two degree of freedom system to

describe the piston motion. These two degrees of freedom are the desired piston
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translation and the undesired rotation of the piston within the cylinder. However, it

has been observed that the resonant frequency of the linear compressor is predicted

accurately using a one degree of freedom approach (Pollak et al., 1979; Cadman and

Cohen, 1969a, b). In addition, Equations 3.4-3.9 are linearized based on the desired

input stroke. This approach estimates the damping and stiffness of the system when

the stroke is at a desired condition.

3.2.2 Stroke Control

A consequence of the free-piston design of the linear compressor is that the stroke

of the compressor changes with power input and operating conditions. A reciprocat-

ing compressor, on the other hand, has a stroke that is fixed by the kinematics of the

device and remains constant regardless of operating conditions or power input. The

desired piston stroke is one of the necessary specifications in the design of a linear

compressor. Therefore, the utility of the linear compressor model developed in Chap-

ter 2 is enhanced here by allowing for the desired stroke to be specified. Since the

piston driving force is an input to the two-degree-of-freedom piston vibration model

used to determine piston behavior, a numerical algorithm is used to solve for the

piston stroke by adjusting the piston driving force. The stroke is controlled to within

0.1 µm for each geometric configuration examined.

The numerical algorithm utilized to control the linear compressor stroke is known

as Brent’s method (Brent, 1971). This algorithm adjusts the force input to the piston

iteratively until the desired stroke is obtained. Brent’s method uses a combination

of the Secant and Bisection methods for finding the roots. The algorithm depicted

in Figure 3.7 presents the modified overall compressor model algorithm. The method

requires two different guessed input values of force to begin. For each input value the

same calculation algorithm is used. Using the resonant frequency model presented

in Section 3.2.1, the compressor resonant frequency is calculated in the first step.

Using a guess for force input, the model is solved in the manner previously described
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in Chapter 2. The calculated stroke is then compared with the input value and an

updated value calculated using Brent’s method. This calculated force is then entered

into the model, which iterates until the desired stroke is achieved.

3.2.3 Compressor Model Operation

This chapter presented a model for calculating the resonant frequency. In ad-

dition, a numerical algorithm is presented which allows stroke as an input to the

comprehensive linear compressor model. Using these two additions, the overall com-

pressor model exhibits added robustness for practical operation of the comprehensive

linear compressor model. Figure 3.7 depicts the modified linear compressor model

algorithm with the resonant frequency calculation and power adjustment algorithm

added.
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Figure 3.7. Linear compressor model with resonant frequency calcu-
lation and force adjustment algorithm added.
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CHAPTER 4. PROTOTYPE-COMPRESSOR PERFORMANCE AND MODEL

VALIDATION.

4.1 Miniature-Scale Linear Compressor Prototype

At the time this study was initiated there were no commercially available linear

compressors to test. In addition, most investigations that utilized prototype compres-

sors restricted themselves to much larger scale applications (Lee et al., 2004, 2008;

Unger, 1999). Thus, a custom designed linear compressor for electronics cooling ap-

plication was built. This design was introduced previously in Figure 1.3 and further

details of the design are outlined in Appendix A. Since the initiation of this work a

linear compressor became commercially available in a domestic refrigerator/freezer;

this compressor is examined in Chapter 6. The remainder of this chapter focuses on

the testing and model validation of the prototype compressor built specifically for

this work.

4.2 Miniature-Scale Compressor Load Stand

The prototype linear compressor was tested on a compressor load stand specifically

built for testing miniature-scale compressors. The compressor load stand is based on

a hot-gas bypass design; a schematic is shown in Figure 4.1. This type of load stand

has been used successfully in previous studies to conduct compressor performance

tests (Sathe et al., 2008; Hubacher et al., 2002). The load stand cycle state points

are shown in a pressure enthalpy diagram in Figure 4.2. The compressor operates

between state points 1 and 2. From state point 2, the gas is expanded across a set

of valves to an intermediate pressure at state point 3. The flow from state point 3 is

divided into two flow paths. In one path, the refrigerant flows through the condenser

and is cooled to a saturated liquid at state point 4. It is then isenthalpically expanded
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to the compressor suction pressure at state point 5. In the hot-gas bypass flow path,

the refrigerant is expanded from the intermediate pressure to the compressor suction

pressure at state point 6. The flows at state points 5 and 6 are mixed to provide the

compressor suction state at state point 1. By controlling the ratio of these two flows

the inlet pressure and temperature can be controlled. The discharge pressure of the

compressor is controlled by adjusting the valve between state points 2 and 3.

Condenser

Compressor

P01 T01

Filter

Overpressure Relief Valve

Charge Port

Parallel Flow
Controls

T08

Ambient

P05

T05

M01

P02

T02

P04 T04

Parallel Flow
Controls

Parallel Flow
Controls

T06

T09

V I

T07

T10 P06

Overpressure
Shutoff

P03 T03

Heater

Figure 4.1. Schematic diagram of miniature-compressor hot gas bypass load stand.

The compressor was tested under a range of operating conditions, which simulate

an electronics cooling application. At each specific set of compressor inlet conditions,

the compressor was operated until a steady state condition was achieved, at which

point data was collected. This process was then repeated for subsequent compressor

inlet conditions, which are tabulated in Table 4.1. It is noted that the performance

testing of a linear compressor is significantly different from that of conventional posi-

tive displacement compressors. During the performance testing of conventional com-
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Figure 4.2. Pressure-enthalpy plot of compressor load stand operation
for refrigerant R-134a.

pressors, the stroke and frequency of the piston are naturally held constant due to the

kinematics of the device. However, a linear compressor requires that the frequency

be adjusted to maintain operation at resonance. The power input and operating fre-

quency are varied in these tests so as to maintain similar stroke values throughout

the testing. The state points achieved in the experiments are summarized in Table

4.1.

The volumetric efficiency shown in Table 4.1 is defined as follows:

ηvol =
ṁ

ρ1xpfresAp

. (4.1)
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Table 4.1. Summary of experimental data.

Psuc Tsuc Pdis Tdis xs ṁ f Ẇin ηvol ηo,is

kPa K kPa K cm g s−1 Hz W − −
557 296.8 641 300.4 0.5784 0.335 44.1 24.7 0.405 0.057
561 297.0 702 299.8 0.5756 0.143 44.1 24.0 0.173 0.040
559 298.1 709 301.1 0.5951 0.120 44.1 23.6 0.141 0.028
534 295.4 587 300.3 0.6445 0.461 44.6 17.5 0.505 0.037
537 295.3 619 300.6 0.6695 0.380 44.6 17.1 0.398 0.048
537 295.3 651 300.2 0.6682 0.267 44.6 22.0 0.280 0.046

This definition accounts for volumetric losses as well as a dependence on the piston

dynamics. The overall isentropic efficiency of the device, also listed in Table 4.1, is

defined as follows:

ηo,is =
ṁ(h2,s − h1)

Ẇin

(4.2)

where Ẇin is the power input to the compressor and is calculated as follows:

Ẇin = (Fdriveẋp)rms + Q̇motor. (4.3)

The definition for overall isentropic efficiency accounts for all the losses in the com-

pressor, and as a result, is used as an overall performance metric for compressor

performance.

4.2.1 Experimental Uncertainty

A variety of measurements were obtained in the experiments including temper-

ature and pressure at the suction and discharge ports of the compressor, mass flow

rate of refrigerant, piston stroke, frequency, and input power. The measurements of

pressure, temperature, and stroke have absolute uncertainties of 4.6 kPa, 0.5 C, and

25.40 µm, respectively. The Coriolis mass flow meter has relative uncertainty values
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between 0.350 and 1.25 %, depending on the quantity of mass flow measured. The

frequency and input power have absolute uncertainty values which varied from 2.07

x 10−4 to 5.10 x 10−4Hz and 0.188 and 0.532 W , respectively, which are calculated

using a 99.95% confidence interval. The uncertainty in the reported efficiency values

is calculated using an uncertainty propagation analysis (Fox et al., 2004). The vol-

umetric and overall isentropic efficiencies have absolute uncertainty value ranges of

0.107 to 0.229 and 0.105 to 0.190, respectively.

4.3 Validation of Model Predictions

The experimental results are compared to the predictions from the model. The

model performance is quite sensitive to several parameters: the leakage gap between

the piston and cylinder, g, the eccentricity of the piston, ǫ, and the linear motor

efficiency, ηmotor. Since these parameters are difficult to measure, best estimates

were used and adjusted within reasonable ranges to provide the best fit with the

experimental data. The leakage gap was chosen based on the design dimensions to

be in the range of 1 to 23µm. The initial guess of eccentricity was set to the radius

of the compression spring used in the prototype compressor, which took values in the

range of 9.2 to 11.4mm. The motor efficiency was estimated based on the measured

heat loss from the prototype compressor and was varied between 30% and 50%. The

final parameter values were selected based on the best agreement to the experimental

data. These values are summarized in Table 4.2. The parameters in Table 4.2 along

with experimental values for the suction and discharge pressure, suction temperature,

frequency, and stroke (Table 4.1) were used as inputs to the model. Where the

frequency is calculated in a separate submodel as shown in Section 3.2.1.

4.3.1 Resonant Frequency

Figure 4.3 compares the resonant frequency predicted from this approach and

the experimentally obtained resonant frequencies. The model predicted resonant fre-
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Table 4.2. Linear compressor prototype parameters.

kmech Ap g ηmotor ǫ Vcyl,max

N m−1 cm2 µm − cm cm3

23000 1.217 13 0.4 1.145 3.091

quencies were calculated using the method desribed in Section 3.2.1. The predictions

match the experimental measurements very well, with a Mean Absolute Error (MAE)

of 0.5%.
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Figure 4.3. Comparison of experimental and simulated resonant fre-
quencies (measurement error within marker width).

These values are then used as inputs along with the experimentally determined

stroke and operating conditions to the comprehensive compressor model which cal-

culates the massflow and power required to drive the device.
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4.3.2 Massflow Rate, Volumetric, and Overall Isentropic Efficiency

Figure 4.4 shows a comparison of the experimental massflow rate to the model

predicted values. The data are generally predicted well with one outlier point and a

MAE of 16.8 %. The predicted volumetric efficiency, shown in Figure 4.5, displays

similar trends to the mass flow rate. In the performance testing of conventional com-

pressors the volumetric efficiency is simply a dimensionless mass flow rate. However,

for a linear compressor, the volumetric efficiency depends not only on the mass flow

rate but also the frequency, as seen in Equation (4.1). This accounts for additional

discrepancies seen in the volumetric efficiency agreement. Figure 4.6 shows the exper-

imentally determined overall isentropic efficiency compared with the model predicted

values. All but one point fall within 0.03 of the predicted overall efficiency.
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Figure 4.4. Comparison of experimental and simulated mass flow rates
(measurement error within marker width).
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Figure 4.5. Comparison of experimental and simulated volumetric efficiencies.

Figure 4.7 shows the deviation of the experimental efficiencies from the model

predicted efficiencies (i.e. ηexp - ηmodel) compared with experimental power input.

This shows that as the power input increases the model performance tends to decrease.

This indicates that there is a loss found in the experimental prototype that the model

does not account for. However, the prototype compressor displays much room for

improvement and this trend could likely be related to the less-than-ideal design. Thus,

it is difficult to ascertain from this trend if there some key phenomenon the model

does not account for. Therefore, further model validation is needed to determine if the

model needs additional modification. This additional model validation is presented

in Chapter 6.
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Figure 4.6. Comparison of experimental and simulated overall isentropic efficiencies.

4.4 Conclusions

The overall isentropic efficiency of the prototype compressor is significantly lower

than for typical commercially available compressors. However, the purpose of the

prototype built in this work was merely to validate the model and not to obtain

optimized performance. Since no commercial prototype was available which could

be tested for this work, the compressor was made in-house, and could admittedly

be significantly improved. However, the operating principles underlying the model

and the prototype are identical, and therefore, the experiments serve the purpose of

validating model predictions. It is expected that the model can form the basis for

more optimized prototypes to be designed. The model developed in this work can be

applied in the analysis of any linear compressor application.
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Figure 4.7. Deviation of model predicted results with experimental
result (ηexp − ηmodel) for volumetric and overall isentropic efficiencies
compared with experimental power input.

The agreement with experiment of the value of the resonant predicted by the

model is evidence that the one-dimensional approach to calculate the resonant fre-

quency accurately predicts the performance of the device. The mass flow rates show

larger discrepancies which suggests that either the valve model or the leakage model

needs further improvement. In other compressor models these flow paths are handled

using semi-empirical models for good agreement with the performance of a particular

compressor (Mathison et al., 2008; Kim and Groll, 2007; Navarro et al., 2007). The

models presented here, in contrast, are based on first principles in an effort to add

flexibility to the model for use in parametric studies.

Additionally, the sensitivity to small changes in the values of the key parameters

identified in this work (i.e., leakage gap, eccentricity, and motor efficiency) may also

explain the errors. It was found that given a particular set of operating conditions, a
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5% change in the value of eccentricity could lead to a 24% change in overall isentropic

efficiency. Each of the identified parameters is difficult to quantify with a high degree

of accuracy. Therefore, it may be concluded that there is potentially a significant

amount of uncertainty due to the selection of these parameters, which can explain a

portion of the error in matching experimental data.

This theory was confirmed with additional modifications to the prototype linear

compressor. As detailed in Appendix A, additional modifications to the prototype

compressor were performed after model validation had been completed. The purpose

of these efforts was to determine how sensitive the prototype compressor is to changes

in the key parameters. Using the changes outlined in Section A.6, the modified

compressor performance is compared with previous experimental data, as given in

Table 4.3.

Table 4.3. Comparison of performance of revision 01 to revision 02
linear compressor.

Comp. Psuc Tsuc Pdis xp ṁ f Ẇin ηvol ηo,is

[−] kPa K kPa cm g s−1 Hz W − −
Rev 01 561 297.0 702 0.5756 0.143 44.1 24.0 0.173 0.040
Rev 02 581 294.0 681 0.5800 0.910 44.0 24.0 0.891 0.107

The revision 02 prototype compressor incorporated small changes to reduce the

dead volume, flow restrictions, friction losses, and leakage gap. These changes were

enough to increase the overall isentropic efficiency by over 100% compared with a sim-

ilar operating point from the previous revision, shown in Table 4.3. The prototype

compressor would still require significant effort to raise efficiency values to be com-

parable with a commercial compressor. However, this has shown that the prototype

compressor configuration is highly sensitive to changes in geometric parameters.
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CHAPTER 5. SENSITIVITY STUDIES

A loss analysis is presented which quantifies the frictional and leakage losses within

the linear compressor. Using this analysis, sensitivity studies conducted using the

comprehensive linear compressor model are presented here for three studies. The

first is a leakage and friction study, which examines the sensitivity to changes in the

leakage gap g, as well as spring eccentricity ǫ. The second study considers changes in

the piston geometry and scaling of the compressor, specifically the piston diameter at

various displacement volumes. The third considers the impact of changing the stroke

within a compressor with a fixed cylinder size by adjusting the compressor dead

volume. The additional geometric parameters are shown in Figure 5.1. The ranges of

parameters investigated are first discussed, followed by the results of the studies, and

finally the discussion of the results. Additional interesting results are also discussed

such as piston drift and capacity control. Finally, a comparison to a traditional

reciprocating compressor is presented which highlights the major differences between

the two technologies.

5.1 Loss Analysis

While the overall isentropic efficiency yields the total losses, a separate estimation

of major loss components provides useful insight into the compressor operation. Leak-

age and friction are typically two sources of major loss within a positive displacement

compressor and are quantified here.

The frictional losses in the compressor are determined as the scalar product of the

frictional force and the piston velocity. These two quantities oscillate about a mean

value of zero. Therefore, to estimate the mean power dissipated via friction over a

compression cycle requires the use of the root mean square (rms):
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Figure 5.1. Schematic diagram of linear compressor geometric param-
eters of interest for sensitivity study.

Ẇfriction = (fN(x))rms(ẋp)rms (5.1)

In a linear compressor, the leakage losses represent mass that has been pushed

into the compressor shell; the same amount of mass also returns to the compression

chamber due to mass being conserved. The net loss represents the work required to

move this mass of gas both into and back out of the compressor shell, and represents a

loss in available energy. Therefore, to estimate the leakage loss, an exergy analysis is

used. Using the compressor control volumes shown in Figure 1.2, the amount of exergy
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destroyed in moving the leakage mass into the compressor shell and subsequently back

into the compression volume is:

Ėd,leak = Ẇleak = Tambṁleak(scv,2 − scv,1) +

(
Tamb

Tshell

)

ṁleak(hcv,2 − hcv,1). (5.2)

5.2 Model Sensitivity to Geometric Parameters

The results from the model validation in Chapter 4 highlighted four parameters

that significantly impact the overall performance metrics of the compressor: motor

efficiency ηmotor , dry friction coefficient f , spring eccentricity ǫ, and leakage gap g.

For simplicity, changes to ηmotor are not considered here, as changes in this param-

eter would provide little insight into compressor design; the higher the linear motor

efficiency, the better is the compressor overall performance. Thus, the efficiency is

fixed at 90% for the rest of this work. The operating conditions are set for all studies

at 20 oC, 40 oC, and 5 oC for evaporating, condensing, and superheat temperatures,

respectively.

5.2.1 Leakage and Friction

The dry friction coefficient f and spring eccentricity both relate to friction between

the piston and cylinder and only the spring eccentricity is examined in this study,

besides the leakage gap g. The ranges of the values used in the study attempt to

represent an extreme set of conditions. For eccentricity, this range spans from 0.1 cm

to 0.9 cm, where the upper limit represents an extreme situation. The leakage gap

ranged from 1 µm to 23 µm, which spans a realistic range of values for compressor

leakage gaps (Kim and Groll, 2007; Jovane, 2007). The stroke is fixed at 2.54 cm

(1 in) for these studies.
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The leakage mass flow rate as a function of leakage gap at different eccentricity

values is shown in Figure 5.2. The leakage flow rate increases as the leakage gap

increases and does not display a dependency on piston eccentricity. An increase in

leakage mass flow rate results in a decrease in the volumetric efficiency of the device;

this is shown in Figure 5.3, which presents the compressor volumetric efficiency for

different eccentricities as a function of leakage gap.
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Figure 5.2. Leakage mass flow rate as a function of leakage gap width
at different spring eccentricities.

This decrease in efficiency corresponds to a decrease in mass flow rate from the

compressor as a result of increased leakage. Both the leakage mass flow rate and the

volumetric efficiency show a negligible dependence on eccentricity. It may be con-

cluded that the flow parameters are not affected significantly by changes in frictional

characteristics within the compressor but are highly sensitive to changes in leakage

gap width.
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Figure 5.3. Compressor volumetric efficiency as a function of leakage
gap width at different spring eccentricities.

The overall compressor performance is presented in Figure 5.4, in terms of the

overall isentropic efficiency at different leakage gap and eccentricity values. As the

eccentricity decreases, the overall isentropic efficiency increases proportionally. This

is a result of increased frictional losses at higher eccentricity values. The compressor

performance is also reduced at higher leakage gap widths, since the compressor mass

flow rate decreases with larger leakage gaps.

Figure 5.5 shows the net frictional losses as a function of leakage gap width for each

of the three eccentricity values considered. The frictional losses are seen to be largely

independent of the leakage gap width, with a slight increase in loss as the leakage

gap is reduced. However, the frictional losses are strongly dependent on eccentricity.

Figure 5.6 shows that leakage losses, on the other hand, increase as the leakage gap

increases, with little dependence on eccentricity.
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Figure 5.4. Overall isentropic efficiency as a function of leakage gap
width at different spring eccentricities.

These results show the high level of sensitivity of the linear compressor perfor-

mance to both the leakage gap between the piston and cylinder and the eccentricity of

the spring. Reducing the leakage gap and the eccentricity of the applied spring force

would improve the compressor performance. The lower limit on both these param-

eters is dictated by manufacturing constraints. It is also noted that at the smallest

leakage gap widths, a stronger coupling would exist between leakage and friction that

is not accounted for by the dry friction model utilized in the current work.

5.2.2 Piston Geometry and Compressor Scaling

The geometry of a compressor piston can have a large impact on the overall perfor-

mance of the device (Kim and Groll, 2007; Rigola et al., 2005). The impact of scaling
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Figure 5.5. Frictional losses for various leakage gap widths at three eccentricities.

of the linear compressor is also of interest to the goal of miniaturizing the compression

technology. To explore the impact of scaling, three compressor displacement volumes

of 2, 3, and 6 cm3 are examined. For each displaced volume the piston diameter is

varied from 0.8 to 1.7 cm. Fixing the compressor displacement volume and varying

the piston diameter requires modification of the compressor stroke. Therefore, the

stroke-to-diameter ratio is investigated for three displacement volumes.

The volumetric efficiency of the linear compressor is low at small values of stroke-

to-diameter ratio, but increases asymptotically as the value of this ratio is increased,

as illustrated in Figure 5.7. This behavior is largely unaffected by the choice of

displacement volumes. This behavior is the result of a higher dead volume relative to

the displaced volume as the piston diameter increases. Figure 5.1 illustrates the dead

volume of the linear compressor at TDC that is generated by the small gap between
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Figure 5.6. Leakage losses as a function of leakage gap at three eccentricities.

the piston and valve head xdead. This gap is fixed at 3 mm for all the sensitivity

studies considered here. Therefore, as the stroke-to-diameter ratio decreases, the

dead volume increases in relation to the piston surface area. This increase in dead

volume results in a reduction in volumetric performance.

The effects of displaced volume and stroke-to-bore ratio on the frictional and

leakage losses of the linear compressor are shown in Figure 5.8 and Figure 5.9. The

frictional losses in the linear compressor increase at a super-linear (i.e. greater than

linear increase) rate with an increase in stroke-to-diameter ratio. An increase in

displacement volume leads to increased frictional losses. As the stroke-to-diameter

ratio increases, the mean piston velocity increases as a result of the increase in stroke.

In addition, the frictional force generated by the contact between the piston and

cylinder increases. Thus, as seen from Equation (5.1) where two of the three factors
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Figure 5.7. Volumetric efficiency as a function of stroke-to-diameter
ratio for three displacement volumes.

increase, the frictional losses increase at a super-linear rate as the compressor stroke-

to-diameter ratio increases.

The leakage losses show a different behavior with the stroke-to-diameter ratio:

they decrease slightly until a stroke-to-diameter ratio of between 3 and 4, and then

increase rapidly as this ratio is increased further. As with the frictional losses, the

leakage losses increase with an increase in the displacement volume.

The leakage losses display two distinct trends as shown in Figure 5.9, separated at

a stroke-to-diameter ratio of between 3 and 4. As this ratio takes increasing smaller

values than 3, the leakage losses slightly increase, whereas the losses increase sharply

as this ratio increases beyond a value of 4. This behavior is a result of two competing

factors: the change in piston resonant frequency, which changes the time period

over which leakage can occur, and the overall leakage area. Figure 5.10 shows the
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Figure 5.8. Frictional losses of a linear compressor as a function of
the stroke-to-diameter ratio for three displacement volumes.

compressor piston resonant frequency as a function of the stroke-to-diameter ratio.

As the stroke-to-bore ratio increases, the resonant frequency decreases. Since the

resonant frequency of the piston is related to the piston oscillation period by:

fres =
1

Tp

. (5.3)

An increase in stroke-to-bore ratio increases the piston oscillation period. An increase

in the piston period generates a larger time period over which leakage can occur.

Leakage within the compressor is also proportional to the area within the leakage

gap:

ṁleak = ρVAleak. (5.4)
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Figure 5.9. Curve fit of leakage losses of a linear compressor as a
function of the stroke-to-diameter ratio for three displacement vol-
umes with model data included as points.

The leakage area is determined by the piston diameter, with larger piston diameters

corresponding to larger leakage areas. When the stroke-to-diameter ratio is small,

piston period is also small, but the leakage area is large. When the stroke-to-diameter

ratio is large, on the other hand, the piston period is large but the leakage area is small.

This trade-off is largely dominated by piston period but does exhibit an optimum at

a stroke-to-diameter ratio of between 3 and 4.

In contrast to the volumetric efficiency, the overall isentropic efficiency decreases

with an increase in stroke-to-diameter ratio, as illustrated in Figure 5.11. In addition,

the performance improves with a decrease in displacement volume.

Based on the results presented above for the volumetric performance, leakage and

friction losses, the overall isentropic performance would also be expected to exhibit
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Figure 5.10. Compressor piston resonant frequency as a function of
the stroke-to-diameter ratio for three displacement volumes.

a trade-off between volumetric efficiency and frictional and leakage losses. Figure

5.11 shows a degradation in overall isentropic efficiency with an increase in stroke-

to-diameter ratio due to increased friction and leakage losses. The degradation in

volumetric efficiency seen in Figure 5.7 at small stroke-to-diameter ratios does not

seem to manifest as a decrease in the overall isentropic efficiency under these condi-

tions. The volumetric efficiency decreases due to an increase in dead volume, but the

overall compressor performance seems to be unaffected by such an increase in dead

volume. This peculiar behavior may be attributed to the unique free-piston design of

the linear compressor. In a typical positive displacement compressor, the gas trapped

in the dead volume is re-expanded during the suction stroke and the energy required

to compress this volume is lost. In a free-piston design, the gas trapped in the dead

volume is re-expanded during the suction stroke as well. However, in a linear com-
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Figure 5.11. Overall isentropic efficiency as a function of the stroke-
to-diameter ratio for three displacement volumes.

pressor the spring-mass-damper system of the free piston has the unique ability to

almost fully recapture the energy required to compress the gas trapped in the dead

volume. This ability to recapture the energy back into the piston mechanism during

re-expansion translates into a net reduction in power consumption at the cost of a

lower mass flow rate.

The overall isentropic efficiency trends also show that as the displaced volume

is decreased the overall performance tends to increase. This suggests that as the

compressor is scaled down for lower capacity applications the performance would

tend to increase. This trend is a result of the net frictional losses decreasing as

the displaced volume decreases; which shows the ability of the linear compressor to

scale effectively to miniature-scale for electronics cooling applications. However, it is
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acknowledged that this does not represent a comprehensive survey of the impacts of

scaling as the miniaturization of the linear motor needs to be explored.

5.2.3 Dead Volume/Stroke Control

To simulate a variation in compressor capacity the compressor model is operated

with varying amounts of dead volume. This is used to simulate a compressor with a

variable stroke. It is acknowledged that a linear compressor with a fixed cylinder size

would change capacity by reducing the compressor stroke. However, since varying

the stroke will also change the calculated resonant frequency it becomes difficult to

directly compare the compressor performance metrics from one stroke input to the

next, as they depend on the stroke and operating frequency. Thus, an increasing

compressor dead volume is used to represent a decreasing compressor stroke. The

same piston diameter and stroke is used as in the spring eccentricity and leakage gap

studies of 1.24 cm and 2.54 cm respectively. This leads to a fixed displaced/swept

volume for the compressor. A fixed value of spring eccentricity, motor efficiency,

and leakage gap are 0.5 cm, 0.9, and 3 µm, respectively. The dead volume in the

compressor is varied from 10% of displaced volume to 120% of displaced volume. In

addition, to explore any influence of friction the dry friction coefficient, f , was varied

between 0.1 and 0.3.

Figure 5.12 shows the volumetric efficiency as a function of compressor dead vol-

ume. As the dead volume increases the volumetric efficiency decreases linearly. With

0.3 cm3 dead volume the compressor operates at about 90% volumetric efficiency and

at 3.6 cm3 dead volume the compressor operates at about 5% volumetric efficiency.

The three separate dry friction coefficients cannot be distinguished in Figure 5.12 as

the volumetric efficiency is very weakly dependent on friction.

The overall isentropic efficiency is also explored as shown in Figure 5.13. At a

dead volume of 0.3 cm3 at each dry friction coefficient the efficiency is maximized.

The overall isentropic efficiency decreases slightly until a dead volume of roughly 2.5
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Figure 5.12. Volumetric efficiency as function of compressor dead
volume for three dry friction coefficients.

cm3 where the overall isentropic efficiency degrades rapidly. It can also be noted that

as the dry friction coefficient decreases the overall performance increases.

This study yielded results which show that a linear compressor behaves different

from a typical positive displacement compressor. Figure 5.12 shows that as the dead

volume increases the volumetric efficiency decreases. This is a result of a decay in

the amount of massflow provided by the compressor as the dead volume increases.

The cause of this relates to the change in volume required to compress a fixed mass

of gas. This can be seen by examining an idealized compression process, modeled by

a polytropic process:

PV n = const. (5.5)
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If the compressor is attempting to operate between two pressures P1 and P2 then

the following can be written:

P2

P1

=

(
V1

V2

)n

(5.6)

then introducing a definition for the volumes that includes the dead volume, and

moving the polytropic exponent to the other side yields,

(
P2

P1

)(1/n)
=

πr2pxBDC + Vdead

πr2pxTDC + Vdead

. (5.7)

The volume ratio which defines the ratio required to generate P2 starting with P1,

defined as,
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Vr =
ApxBDC

ApxTDC

=
xBDC

xTDC

(5.8)

because the piston area is fixed. Combining Equations (5.7) and (5.8) and solving for

the volume ratio one obtains:

Vr =

(
P2

P1

)(1/n)
+

Vdead

πr2pxTDC

[(
P2

P1

)(1/n)
− 1

]

. (5.9)

This expression shows that as the dead volume increases from zero (dead volume

cannot be less than zero) that the volume ratio required to obtain a certain pressure

rise increases proportionally. Therefore, for a fixed volume and pressure ratio as the

dead volume increases the massflow obtained will decrease proportionally.

Therefore, one would expect that the overall isentropic efficiency to follow a similar

trend. However, as seen in Figure 5.13 the trend is not linear. As the dead volume

increases from 0.3 cm3 to about 2.5 cm3 the overall efficiency shows only minor

degradation. However, Figure 5.12 shows that the massflow is drastically reduced

with the same change in dead volume. Thus, it can be concluded that the compressor

produces less massflow rate at the higher dead volume but also requires less power.

This behavior can then be exploited if the system level performance is considered, as

presented in the following section.

5.3 Capacity Control

A reduction in massflow translates to a reduction in refrigeration capacity. By

analyzing the refrigeration system for electronics cooling as shown in Figure 5.14 the

system cooling capacity can be calculated as follows:

Q̇cool = ṁ(h1 − h4). (5.10)
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Figure 5.14. Pressure enthalpy diagram of typical R134a miniature-
scale refrigeration cycle for electronics cooling.

If the system operates under fixed environmental conditions the enthalpies enter-

ing and exiting the system evaporator (h4 and h1) will remain constant, where h4 is

calculated using the following relationship:

h4 = h3 = h(T = Tsat −∆Tsub, P2) (5.11)

where ∆Tsub is assumed to be 10 ◦C. This means that the system cooling capacity

is proportional to the massflow generated by the compressor. The power required to

drive the compressor is calculated using the comprehensive linear compressor model,

and the system Coefficient of Performance (COP ) is defined as:

COP =
Q̇cool

Ẇin

. (5.12)
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For relative comparison to a reversible refrigeration cycle the COP of a Carnot re-

frigeration cycle is utilized.

COPcarnot =
Tevap

Tcond − Tevap

. (5.13)

Using the Carnot COP the second law effectiveness of the refrigeration cycle is defined

as follows:

εcarnot =
COP

COPcarnot

. (5.14)

Using the results from Section 5.2.3 as an input with a dry friction coefficient of

0.1 a variable capacity system can be simulated using the variable massflow simulated

by increasing the compressor dead volume. Figure 5.15 shows the predicted system

COP and second law effectiveness εcarnot as a function of the cooling capacity.
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Figure 5.15. Coefficient of Performance and second law effectiveness
of a R134a refrigeration cycle operating at a typical electronics cool-
ing condition with 10 ◦C condenser subcooling with variable capacity
predicted by linear compressor model.
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At the smallest cooling capacity the linear compressor is producing the smallest

massflow rate, which translates to the largest dead volumes in Figures 5.12 and 5.13.

As the cooling capacity increases, the dead volume decreases and subsequently the

massflow increases. In addition, the overall efficiency of the compressor also increases

as the dead volume decreases which generates a better system COP . Figure 5.15

shows that an electronics cooling system can provide a reasonably high system COP

over a wide range of cooling capacities. This simulated compressor operates relatively

well from roughly 200 W to over 600 W which would provide a sufficient amount

of variation to maintain consistent cooling to a future consumer electronic device

based on the predictions from the International Roadmap of Semiconductors (2011

ed.). This is another useful feature of the linear compressor for an electronics cooling

application.

5.4 Piston Drift

A unique behavior observed from the sensitivity studies is the tendency for the

piston to shift its equilibrium, or center of oscillation, during operation. In each

initiation of the model the piston begins at rest at an equilibrium position xe,1, this

is shown in the upper schematic diagram in Figure 5.16. During operation the piston

will tend to shift away from the valves to a new equilibrium location, xe,2. Therefore,

we define the drift of the piston as:

Drift = xe,1 − xe,2. (5.15)

The piston drift depends on several factors, one being the amount of gas in the

cylinder and another being the size of the piston. Figure 5.17 shows model results

from Sections 5.2.2 and 5.2.3 and the amount of drift the model predicted. The dead

volume, or amount of gas in the cylinder, appears to show some relationship to drift

as the drift tends to increase as the dead volume increases. However, these changes
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Figure 5.16. Schematic diagram of linear compressor showing the
equilibrium position of the compressor piston at two different condi-
tions.

are relatively small compared with the changes due to the piston size in the geometric

studies.

The piston drift as a function of the stroke-to-diameter ratio shows a strong func-

tional dependence. At low stroke-to-diameter ratios the piston diameter tends to be

large, and the amount of drift is also large. At large stroke-to-diameter ratios the
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Figure 5.17. Amount of drift as a function of dead volume (left) and
stroke to diameter ratio (right).

piston diameter decreases and drift also decreases. Therefore, it is likely that the drift

depends on the piston diameter as a larger piston diameter corresponds to a larger

amount of drift. When the piston diameter is large the force acting on the piston due

to pressure in the cylinder is also large. Assuming that the net pressure differential

across the piston does not change drastically for a variety of piston diameters, this

generates a higher net force on the piston. The higher net force generates a higher

amount of drift of the compressor piston.

While the piston drift was not a focus of characterization in this study, it is an

important behavior to consider as a piston with a relatively large piston area will

behave with more severe drift. If the drift amount begins to approach the same order

of magnitude as the stroke, then piston stability over a wide operating band will be

compromised.
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5.5 Comparison of a Linear Compressor to Reciprocating Compressor Behavior

The unique behavior of a linear compressor shown in the previous sections serves

as the motivation to compare a linear compressor to a more well-known compressor

technology such as a reciprocating compressor. A reciprocating compressor provides

a good benchmark for comparison to a linear compressor because of the unique ability

to directly compare the compression mechanism of the two devices. Fundamentally,

a linear and reciprocating compressor are very similar technologies as they are both

piston-cylinder devices. However, due to the kinematics of a reciprocating compressor

the displaced volume is dictated by the design of the compressor and is not a function

of the operating conditions or power input. Figure 5.18 shows a kinematic diagram

of a reciprocating compressor driven with a torque T and rotational speed ω.

From this, and assuming the compressor components act as rigid bodies, an ex-

pression for the motion of the piston as a function of the crank angle may be written

as:

xp = L1 cos(β1) +
√

L2
2 − L2

1 sin
2(β1). (5.16)

Differentiating this expression twice one obtains an expression for the acceleration of

the piston may be attained:

ẍp = −L1ω
2 cos(β1)−

L2
1ω

2 cos(2β1)
√

L2
2 − L2

1 sin
2(β1)

− L4
1ω

2 cos(2β1)

2 3
√

L2
2 − L2

1 sin
2(β1)

. (5.17)

Additionally, an expression for the equation of motion of a reciprocating compressor

can be constructed using the free body diagram given in Figure 5.18:

Mmovẍp
︸ ︷︷ ︸

Intertia

+ fF2 sin(β2)
︸ ︷︷ ︸

Damping

+ kgasxp
︸ ︷︷ ︸

Stiffness

= F2 cos(β2) (5.18)

and noting that,
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Figure 5.18. Schematic diagram of reciprocating compressor mecha-
nism and free body diagram of compressor piston assuming dry fric-
tion contact between piston and cylinder wall.

kgasxp = PcvAP . (5.19)

This equation shows that a reciprocating compressor displays a similar equation of

motion compared with the linear compressor. The reciprocating compressor also has

inertial, damping, and stiffness terms associated with it. However, unlike a linear

compressor a reciprocating compressor has a stiffness that is only associated with

the gas compression and is thus much smaller than for a linear compressor (i.e.

klinear >> krecip). The result of this small stiffness term makes it very difficult
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to operate a reciprocating compressor at a resonant frequency as it would require

operation at a slower speed than A/C rotary motor technology typically operates at

(30 - 60 Hz). In addition, the leakage in a compressor is adversely impacted by the

result of slowing operational speed which is another reason why operating at lower

speeds is typically avoided.

Equation (5.18) is further expanded to determine the required torque from the

crank, realizing that β2 can be written in terms of β1 as follows:

tan β2 =

(
L1/L2

)
sin β1

√

1− [(L1/L2
) sin β1]

2
. (5.20)

Then the torque required for piston movement can be calculated by solving the equa-

tion of motion described in Equation (5.18) for F2 and using geometry to solve for

the torque at the crank:

T = (1 + µ) [(Mmovẍp + kgasxp)xp tan β2] . (5.21)

The power required to drive the reciprocating compressor is then given as:

Ẇin,recip = Tω. (5.22)

Using these calculations a direct comparison between a reciprocating and a lin-

ear compressor can be made. With respect to leakage, a linear compressor behaves

similar to a reciprocating compressor and are not considered in this comparison. The

frictional losses, are also not considered here and the same friction coefficient, f of

0.1, is used for the analysis of the reciprocating compressor and linear compressor.

Therefore, the sensitivity studies presented in Sections 5.2.1 and 5.2.2 are not re-

produced here with reference to reciprocating compressor performance as no notable

comparison can be made. However, changes with respect to dead volume, or capacity

control, are presented as this displays one of the significant differences between a

reciprocating compressor and a linear compressor.
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The variation in dead volume for the reciprocating compressor analysis matches

that of a linear compressor. It was observed that the volumetric efficiency follows the

same trend for both compressors. Therefore, the trends predicted in Figure 5.12 are

the same for both compressors as each will tend to lose mass flow as dead volume

increases for the reasons explained in Section 5.2.3. However, when comparing the

overall isentropic efficiency, as shown in Figure 5.19 one can see that as the dead

volume increases the overall isentropic efficiency of a reciprocating compressor tends

to decrease linearly as with the volumetric efficiency.
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Figure 5.19. Comparison of overall isentropic efficiency as a function
of compressor dead volume for a linear compressor compared with a
reciprocating compressor.
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The reason for the difference is noted in the equations of motion of the two com-

pressors shown in Equations (2.19) and (5.18), where the stiffness term in the linear

compressor is much larger due to the mechanical springs. The stiffness in a mechanical

system is analogous to a capacitance in an electrical system, and provides a mecha-

nism for a mechanical system to store energy. Therefore, the linear compressor has

a higher ability to store energy, or mechanical capacitance. This proves useful when

the compressor operates with a variable stroke (or with variable dead volume) as the

linear compressor can recapture energy imparted to the gas. The overall isentropic

efficiency of the reciprocating compressor decreases linearly with dead volume. This

is a result of the power required to drive the compressor mechanism remaining rela-

tively constant, but the net massflow delivered decreasing, as dead volume increases.

Conversely, the linear compressor still shows the same reduction in mass flow, but as

a result of the high amount of mechanical capacitance, it is able to recapture some of

the power typically lost during gas re-expansion and thus operate at a lower power

input at smaller capacity levels (i.e., partial load).

5.6 An Improved Design of a Miniature-Scale Linear Compressor for Electronics

Cooling

Based on the results obtained in this work, an improved linear compressor design

is formulated for an electronics cooling application. A compressor for such an applica-

tion should be compact, as package size in electronic equipment is often a constraint.

The performance of the previous prototype design analyzed in Chapter 4 and detailed

in Appendix A can be readily improved, at a lower total compressor package size. The

modified design presented here provides an improved overall efficiency and reduced

package size.

From the leakage and friction sensitivity studies it was concluded that both the

leakage (leakage gap g) and frictional parameters (spring eccentricity ǫ, and dry fric-

tion coefficient f) should be minimized. However, practical limitations prohibit the
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reduction of these parameters to zero. Therefore, a realistic set of values was selected

based on input from compressor manufacturers and previous studies on compressor

modeling (Dagilis and Vaitkus, 2009; Kim et al., 2009). A leakage gap width of

4 µm was selected as a lower limit on a clearance fit for a mass produced product.

A dry friction coefficient of 0.2 represents a reasonable and low value for an engi-

neering polymer (e.g. PEEK, PTFE, or Rulon) and steel. A value for the spring

eccentricity of 0.5 cm also appears to be realistically attainable; lower values may be

manufacturable and would correspondingly alter the design. Table 5.1 summarizes

these values as well as additional design parameters for the linear compressor.

Table 5.1. Key design parameters of the improved linear compressor
design compared with the prototype design.

kmech f Dp g fres ǫ

N mm−1 − cm µm Hz cm
Modified Design 30.6 0.2 1.35 4 60 0.5

Prototype Design 23 0.35 1.217 13 44.5 1.145

Similar to the design presented in Chapter 4, the improved linear compressor

design utilizes an off-the-shelf motor from HW2 Technologies. First, a cooling capacity

of 200 W was selected to represent a desktop computer cooling application. The

comprehensive compressor model was then run using the design parameters listed in

Table 5.1 with various stroke-to-diameter ratios necessary to achieve the required 200

W of cooling. The required stroke-to-diameter ratio and the corresponding continuous

driving force dictate the choice of an appropriate H2W Technologies motor (P/N

NCM02-17-035-2F). The modeling results from the present work show an increase in

compressor performance with a decrease in the stroke-to-diameter ratio. However, the

force required to operate the compressor piston increases with a decrease in this ratio.

An increase in force requires a larger linear motor, which translates into a larger overall

package size. Thus, there is a trade-off between package size and performance. For the

current design, a stroke-to-diameter ratio of 0.4 leads to an acceptable overall package
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size. The proposed design of the improved miniature linear compressor is shown in

Figure 5.20. The overall performance of the compressor as well as the corresponding

refrigeration system performance are listed in Table 5.2. While the predicted cooling

capacity of the linear compressor prototype is lower than with the previous design

from Chapter 4, the capacity-to-volume ratio has increased significantly. Therefore,

this design lends itself to greater miniaturization of linear compressors.
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Figure 5.20. Improved linear compressor design with predicted cooling
capacity of 200 W.

5.7 Conclusions

The sensitivity of the performance of a linear compressor to changes in its geomet-

ric parameters is analyzed, leading to insights into the design methodology of linear
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Table 5.2. Predicted performance of the improved linear compressor
design compared with the prototype design.

Vd
x/D ηvol ηo,is

cm3 − − −
Modified Design 2 0.4 0.96 0.86

Prototype Design 3.09 2 0.4 0.08

compressors. These insights allow for a further refinement of the design prototype

presented in Chapter 4. In addition, a loss analysis is presented which quantifies the

work lost due to friction and leakage.

The sensitivity studies conducted show that the linear compressor is highly sen-

sitive to changes in the leakage gap between the piston and cylinder as well as the

spring eccentricity; both parameters should be minimized for optimal performance.

Therefore, it is important to quantify and control these parameters in any compressor

design that is mass-produced to maximize performance.

This chapter also illustrates the ability of the linear compressor to be readily

scaled to smaller capacities. Other types of positive-displacement compressors suffer

from performance limitations upon miniaturization due to manufacturing tolerances.

The small number of moving parts in the proposed linear compressor design, along

with its insensitivity to dead volume, make it an ideal technology for electronics

cooling applications. The ability to handle larger amounts of dead volume without

performance degradation could also allow this technology to be used to control the

capacity of the refrigeration system. Additional interesting behavior called piston

drift is noted as a phenomenon that should be avoided to maximize design robustness.

Also, the linear compressor is compared to a reciprocating compressor. This study

lead to the discovery that a linear compressor has the advantage of efficient capacity

control compared with a reciprocating compressor.

The results from the sensitivity analysis are used to inform the scalable design

procedure for a linear compressor. An improved linear compressor design for elec-
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tronics cooling is presented with an overall package size of 50.3 mm diameter by 102

mm length and a predicted refrigeration capacity of 200 W .
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CHAPTER 6. MODELING OF A COMMERCIAL LINEAR COMPRESSOR

At the commencement of this study there were no commercially available linear com-

pressors for testing purposes. However, recently one has become available from LG in

a domestic refrigerator/freezer. The refrigerator/freezer was purchased (LGC25776SW)

to test its linear compressor. This refrigerator also provides the additional feature

of capacity control which means the compressor remains operational for longer when

the refrigerator cycles on. This feature will be utilized later in the chapter when

estimating the compressor stroke. This chapter details modifications made to the

comprehensive linear compressor model presented in Chapter 2 as well as the experi-

mental testing of the commercial linear compressor. Finally, the modified comprehen-

sive linear compressor model results are compared with the experimental results from

the commercial linear compressor. The chapter begins by examining the compressor

design and operating mechanism.

6.1 Description of Commercial Linear Compressor

The commercial linear compressor is a hermetic compressor used to operate a

domestic refrigerator/freezer. The operating mechanism is the same as presented in

previous chapters with refinements for cost and/or performance benefit. Figure 6.1

shows a full schematic diagram of the commercial linear compressor. This diagram

highlights the major components of the commercial linear compressor including the

linear motor, piston, suction muffler, discharge valve, and discharge muffler. Figure

6.2 shows a detailed view of the rear of the compressor with the shell removed and

highlights the location of the suction muffler, mechanical compression springs, and

mechanical spring retainers.



79

������

��	
������
���	���

�����������������

�����������������

��������������

������
��	�������

�������

�
����

�
����

�����

�����

���������
�������

���������"��#�
$�������%

���������"��#�
$���	�����%

���������������

�
�����
��������

Figure 6.1. Schematic diagram of a commercial linear compressor
(LG) highlighting the major components of the design and flow of
refrigerant through the compressor.

The linear compressor operates with a low-side shell, meaning the hermetic shell

is pressurized at the suction pressure. The suction gas from the refrigerator/freezer

evaporator empties directly into the compressor shell. This generates some gas move-

ment within the shell which keeps the motor cool. The suction gas travels from the

shell of the compressor into the suction muffler, then into the center of the piston. As

shown in Figure 6.1, the suction gas travels from the center of the piston and exits at
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Figure 6.2. Rear assembly of commercial (LG) linear compressor,
with hermetic shell removed, showing the array of mechanical springs
and the entrance to the compressor suction muffler.

the end of the piston where it passes through the suction ports via the suction reed

valve.

Figure 6.3 shows the piston within the compressor cylinder. The suction reed valve

is clearly shown as well as outlines for the three suction ports. As gas passes through

the suction ports and past the valves it travels into the compression chamber, shown

in Figure 6.1. Figure 6.3 presents a view looking into the compression chamber.

Once compressed, gas pushes the discharge valve out of the way and enters a series

of two discharge mufflers. Figure 6.4 shows where the gas exits the cylinder and enters

the discharge muffler past the discharge valve. In this figure, the discharge assembly
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Figure 6.3. View of commercial linear compressor piston within the
cylinder showing the suction valve.

has been removed from the cylinder head to display the discharge valve and piston

cylinder. The gas then travels from the first discharge muffler into a second and finally

into a discharge tube. This discharge tube takes a serpentine path from the second

discharge muffler toward the rear of the compressor and exits the compressor shell

near the suction line entrance. Figure 6.4 also shows part of the linear motor assembly.

The darker pieces on the motor in the figure are the linear motor laminations which

cover the copper coils. These laminations, which help generate the electromagnetic

field, come in close proximity to the permanent magnet assembly shown attached to

the piston in Figure 6.1.
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Figure 6.4. Overall view of the commercial linear compressor with
the discharge valve and muffler assembly removed.

6.1.1 Measurement of Compressor Geometry and Other Comprehensive Compressor

Model Inputs

During dis-assembly many key dimensions of the commercial linear compressor

were gathered. These included the dimensions of the compressor piston, cylinder,

and valves. Additionally, the masses of the compression springs, piston assembly,

and discharge valve were measured. Table 6.1 shows the results of the measurements

with reference to Figure 6.5 which shows the compressor piston with key dimensions

highlighted. The linear dimensions were collected using a Mitutoyo 500-341 digital

caliper and mass measurements were made using a Acculab SV-30 digital scale.

The mechanical spring rate could not be measured directly; thus an experimen-

tal method for measuring the mechanical spring rate of the compression springs was

developed. Figure 6.6 shows the test apparatus which is composed of one of the
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(b) Front view of compressor piston.

Figure 6.5. Schematic diagrams of commercial linear compressor pis-
ton with key geometric dimensions highlighted.

compressor spring retainer plates from the commercial linear compressor with 4 com-

pression springs attached and pressed against a steel tabletop.

Lead weights were incrementally added to the apparatus to add force to the com-

pression springs. At each incremental amount of load the height between the appara-

tus and the steel table was measured. Figure 6.7 shows the results of this experiment

as a plot showing applied load to the springs as a function of the change in height.
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Table 6.1. List of measured quantities from the commercial linear
compressor referencing the nomenclature in Figure 6.5

Measurement V alue Unit

Dp 2.6505(1.0435) cm (in)
Lp 7.9629(3.135) cm (in)
Lp,h 1.4478(0.5700) cm (in)
Lp,f 0.6375(0.2510) cm (in)
Dp,2 2.6378(1.0385) cm (in)
Dp,3 2.6518(1.0440) cm (in)
Dshaft 2.6212(1.0320) cm (in)
Ds,v 0.5207(0.2050) cm (in)
Dd,v 2.9489(1.1610) cm (in)
Ls,v 1.8491(0.7280) cm (in)
hs,v 0.1778(7.0) mm (thou)

Mpiston 0.632(1.39) kg (lbm)
Msprings 0.164(0.362) kg (lbm)
Md,v 4(0.009) g (lbm)
kmech 58.66 (335) N/mm

(
lbf/in

)

g 1(0.04) µm (thou)

��

����

�

Figure 6.6. Test apparatus used to measure stiffness of mechanical
springs in commercial linear compressor.

This figure shows that as the load is increased, the change in height of the springs

decreases linearly. The slope of this curve describes the stiffness of the 4 compression
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Figure 6.7. Load as a function of the change of displacement for four
compression springs from the commercial linear compressor.

springs (29.33 N/mm). However, the commercial linear compressor utilized 2 opposing

sets of 4 compression springs for a total of 8 compression springs in parallel, which

means the total stiffness of the commercial linear compressor is double the value

measured by considering only four springs (58.99 N/mm).

During dis-assembly of the compressor, it was also determined that the compressor

utilized 160 mL of a synthetic refrigerant oil, which was drained from the compressor

oil sump and measured for volume. While the type of oil is unknown, a typical

pairing with R134a refrigerant is a POE oil of viscosity grade (ISO-VG) of ISO 32

or 68. Therefore, POE ISO 68 oil is assumed to be the lubricating medium in the

remainder of this study.
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6.2 Linear Compressor Model Modifications

The comprehensive model developed in Chapter 2 required some minor modifi-

cations to better represent the commercial linear compressor tested. In particular,

since the commercial compressor utilized oil for lubrication a modification to the fric-

tion sub-model within the vibration sub-model is required. The geometry parameters

measured in the previous section are also quite different compared with the prototype

compressor, so these input parameters had to be modified. The latter set of changes

did not require the modification of any of the governing equations.

6.2.1 Thin Film Friction Model

The friction modeling approach utilized is based on the shear force generated

between two flat plates sliding past each other with a thin oil film between them. Be-

ginning with the Navier-Stokes equations (i.e., momentum equations) and assuming

that the motion of the piston dominates the expression such that dP
dx

= 0, a velocity

profile of the oil film between the piston and cylinder can be modeled as:

Vo = ẋp

(
z

g

)

(6.1)

where a constant leakage gap, g is assumed and z is the vertical distance between the

piston and cylinder. An expression for the viscous shear stress between the piston

and cylinder is then obtained as:

τzx|z=g =

(

µo
∂Vo

∂z

)

z=g

=
µoẋp

g
. (6.2)

The force required to move the piston through the cylinder due to shear stress is given

by:

Fshear =

A∫

0

τzx|z=g dA =
µoẋp,avgAp

g
. (6.3)
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The frictional power is then calculated as:

Ẇfriction,o = Fshearẋp,avg. (6.4)

Using the same technique as in Section 2.5 the damping associated with the friction

of the oil film is recast in terms of an effective damping as follows:

cfriction,o =
4Fshear

πωxp

. (6.5)

Oil viscosity changes in inverse proportionality to temperature with a negligible

dependence on pressure (Kim, 2005). Kauzlarich (1998) developed expressions for

density ρ, and kinematic viscosity µρ, for five classes of lubricants. These lubricant

families were paraffines, maphthenics, PFPE, diesters, and polyol esters (i.e., POE

lubricants). For POE lubricants the relationships are as follows:

µoρo =

{

0.0400 exp

[
473.9

To + 123.7

]}

V G{0.2097 exp[ 458.4
To+240.5 ]}. (6.6)

where the oil density ρ is equal to,

ρo = (0.8753− 0.00062To)V G0.0374. (6.7)

V G is the ISO-VG number, ρo is the oil density in kg/m3 , To is the oil temperature in

◦C and µo is the oil viscosity in cP . These expressions have an accuracy of ±5% at

reference temperatures of 40◦C and 100◦C at atmospheric pressure.

6.2.2 Model Components

After modification, the comprehensive linear compressor was split into three com-

ponents. First, the resonant frequency model is utilized to calculate the stroke of

the linear compressor. Next, assuming a sinusoidal piston motion using this calcu-

lated stroke the mass flow and leakage is calculated using the compression process
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equations. Finally, to calculate the power required to operate the compressor the

information from the first two steps is passed to the vibration sub-model.

The necessity for treatment in three components stems from some of the dif-

ferences in operating conditions and geometry of the commercial linear compressor

compared with the prototype compressor developed for electronics cooling. Recall

from Equation (2.21) that the gas stiffness during the compression process is propor-

tional to the difference in pressure across the piston as well as the piston area. The

commercial linear compressor operates with much higher pressure differences across

the piston and has a larger piston area. As a result, the gas stiffness in the commercial

linear compressor is significantly higher than that in the prototype compressor. In

fact, the gas stiffness is large enough to be of the same order of magnitude as the

mechanical stiffness. This causes numerical instability in the model, as the highly

non-linear nature of the gas stiffness and damping, as described in Section 3.1.1 and

3.1.2, generates even more extreme changes in piston dynamics as a function of stroke.

In addition, the coupling between the compression process equations and the vibra-

tion model presents an additional level of nonlinearity that is amplified due to the

differences between the prototype and commercial linear compressor. For example,

as the stroke increases from rest, the mean pressure in the piston increases and thus

the piston drift, as described in Section 5.4, increases. As the drift increases the

dead volume increases, which reduces the mean cylinder pressure and the drift. This

coupling behavior poses a challenge to model convergence for many operating points

and impossible for others. To avoid this, the vibration model is decoupled from the

comprehensive compressor model. While this limits the ability of the model to char-

acterize peculiar performance behavior, such as drift, it does not impact the ability

of the modeling approach to predict overall performance metrics.
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6.2.3 Stroke Calculation

The first step in the comprehensive compressor model presented in Chapter 2 and

modified in Chapter 3 involves the calculation of the resonant frequency based on

the input stroke to the device and a linearization of the stiffness and damping in the

linear compressor piston. The operating stroke of the commercial linear compressor

could not be measured, as this would have required opening the hermetic shell and

likely destroying the compressor. However, the frequency delivered to the device was

measured at each operating point to be 60 Hz. The model presented in Section 3.2.1

to calculate resonant frequency depends on the stroke input and the operating condi-

tions. Since the experimentally obtained operating conditions are known along with

the driving frequency, this model can be used in reverse to estimate the compressor

stroke. This assumes that the commercial linear compressor is controlled in such a

way as to ensure that the compressor operates at or close to a resonant frequency at

all operating conditions.

Using Equation (3.4) and inputs from Equations (3.5) through (3.9) a secant-

method numerical routine is used to calculate the required stroke by first guessing

stroke values and adjusting the guess of the next step until the appropriate resonant

frequency is calculated. Figure 6.8 shows the calculated stroke using the method

described as a function of compressor pressure ratio.

Comparing the calculated results to the experimental mass flow measurements,

some observations can be made. Generally, as the pressure ratio decreases the com-

pressor responds with a lower mass flow rate. However, at a pressure ratio of about 5

and below, the mass flow remained relatively constant or even increased. Therefore,

it may be concluded that there is some change in the feedback control that maintains

the stroke in the refrigerator. Similar results were noticed at the highest recorded

pressure ratios as the mass flow began to decrease as the pressure ratio increased.

Therefore, an assumption is made that the stroke is controlled between two extreme

values, a low value of roughly 0.57 cm and a maximum value of roughly 1.55 cm.
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Figure 6.8. Estimated stroke of the commercial linear compressor as
predicted by resonant frequency model (left) and the experimental
mass flow rate as a function of pressure ratio (right).

6.2.4 Comprehensive Compressor Model

Using the calculated stroke from the previous section the next step in the model

utilizes the comprehensive compressor model. This operates just as outlined in Chap-

ter 2 with one exception, the vibration model is replaced with a simple geometry

model. This model will represent the piston motion as a sinusoidal driving force,

xp = xstroke cos(ωt). (6.8)

This modification to the comprehensive compressor model algorithm, which is shown

in Figure 6.9. The leakage gap, valve, and piston dimensions were utilized as inputs

to this model. This model returns mass flow, leakage, temperature, and pressure as

key output information. This information is then passed into the vibration model.
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Figure 6.9. Modified computational algorithmn of comprehensive lin-
ear compressor model with a simple geometry model.

6.2.5 Vibration Model

Using the inputs passed from the comprehensive compressor model with a simple

geometric model for the piston motion, the vibration model is called. Figure 6.10

shows the overall modified model flowchart. The vibration model is now uncoupled

from the compression process equations. This eliminates the nonlinearities associ-

ated with the coupling of these equations (i.e., drift) which allows for a more robust

operation of the comprehensive model.

Using the vibration model, as before, the force required to drive the piston at the

input stroke is calculated. Using this information the power required to operate the

compressor is calculated as:

Ẇin = (Fdriveẋp)rms + Q̇motor. (6.9)
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Figure 6.10. Model flowchart for comprehensive model of a linear
compressor applied to a commercial linear compressor.

6.3 Modification of Domestic Refrigerator/Freezer for Testing of a Commercial Lin-

ear Compressor

A domestic refrigerator/freezer was purchased for testing of the enclosed commer-

cial linear compressor. This refrigerator/freezer (P/N: LGC25776SW) has a unique
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feature of capacity control. This is accomplished by adjusting the compressor stroke

by varying the input voltage to the device. While the feature is useful for the prod-

uct, it poses additional difficulty for testing the commercial linear compressor as

removing the linear compressor from the refrigerator requires intimate knowledge of

the controllers operating the device. Therefore, the refrigerator/freezer was instead

placed into an environmental chamber. Figure 6.11 shows a schematic diagram of the

modifications to the refrigerator within the environmental chamber.
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Figure 6.11. Schematic diagram of modified domestic refrigera-
tor/freezer used to test a commercial linear compressor in an envi-
ronmental chamber.
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The environmental chamber is used to control the pressure ratio across the com-

pressor by controlling the condenser temperature. A heater was also placed in the

freezer of the refrigerator to act as a fixed load. This served to extend compres-

sor cycles and aid in steady-state data acquisition. The actual refrigeration cycle was

modified with additional sensors including thermocouples at the suction and discharge

of the linear compressor, one to measure ambient conditions and three to measure

surface temperatures on the linear compressor shell. Pressure is measured at the com-

pressor suction and discharge of the linear compressor. Finally, a mass flow meter is

placed in the discharge line between the linear compressor and the condenser coil in

addition to sight glasses on either side of the evaporator coil. Linear compressor and

heater power were measured with power analyzers and the compressor frequency with

an oscilloscope. Table 6.2 gives the product, part numbers, and absolute uncertainty

associated with each measurement used in this experiment.

Table 6.2. Experimental measurement devices used for testing com-
mercial linear compressor and their uncertainty values.

Measurement Device Uncertainty

Temperature T-Type Thermocouple 0.2 K
Pressure Omega Model PX176 4 kPa

Mass Flow Refrigerant MicroMotion Model CMF010 0.35%
Compressor Power Valhallah 2100 Power Analyzer 0.20%

Compressor Frequency Textronix TPS 2024 0.50%
Heater Power Kill A Watt P4400 3.00%

6.3.1 Refrigerator/Freezer Operation

The modified refrigerator/freezer operated in a cyclic fashion. Figure 6.12 shows

the freezer temperature changing with time for a typical set of operating conditions

the freezer heater powered off. This behavior is expected, and would be similar to

any refrigerator/freezer one would purchase.
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Figure 6.12. Freezer temperature over time for a typical operation of
the domestic refrigerator/freezer.

At time equal to zero, the refrigerator/freezer is operating in the initial cool down

period after first being turned on (i.e, pull down). The freezer temperature pulls down

to about -19 ◦C and then a discontinuity occurs which represents a change in the

capacity of the compressor. This change in capacity represents an increase in stroke

and subsequent increase in mass flow rate. The increase in mass flow rate allows the

temperature of the freezer to be pulled down further until it reaches roughly -27◦C.

As it begins to stabilize at the lowest temperature, the compressor reduces stroke (and

capacity) again and the freezer temperature jumps back to roughly -23 ◦C. Finally,

when temperature is nearly steady at this condition the compressor is shut down

when the freezer temperature jumps to up to roughly -18 ◦C. The refrigerator/freezer

controller then detects that this is too warm and the compressor turns back on and the

freezer begins to cool again. This cycle then continues with the freezer temperature



96

’settling in’ at various temperatures as intermediate steps. Utilizing the heater in the

freezer the period of these cycles could be somewhat extended to allow the compressor

to achieve a performance closer to steady state.

6.3.2 Testing Conditions

The compressor was tested using three heater power levels and ambient tempera-

tures ranging from 6 ◦C to 39 ◦C. Tables 6.3 and 6.4 show the results of 10 sets data

points collected from the modified refrigerator/freezer.

Table 6.3. Measured temperatures from testing of the commercial
linear compressor.

Run Tsuc Tdis Tref Tfreeze Tshell,1 Tshell,2 Tshell,3 Tamb

− ◦C ◦C ◦C ◦C ◦C ◦C ◦C ◦C

1 8.08 26.51 4.79 -4.42 16.78 19.79 18.23 6.45
2 5.80 33.36 4.68 -6.09 21.80 25.87 25.14 12.90
3 9.03 29.73 2.61 -8.66 19.74 23.49 22.48 10.16
4 -0.13 29.33 1.94 -11.68 18.55 22.84 21.88 10.21
5 17.84 61.84 1.25 -4.97 41.59 48.30 48.50 29.51
6 18.52 66.37 2.85 -5.88 44.90 52.14 52.58 33.48
7 27.52 74.99 1.18 -4.81 51.84 59.63 60.17 38.42
8 30.82 82.92 2.45 -5.07 58.12 66.51 67.51 43.32
9 13.24 48.33 1.28 -5.14 31.30 36.77 35.75 19.10
10 -0.93 26.97 1.85 -19.37 18.34 22.26 21.90 10.99

6.3.3 Validation of the Commercial Linear Compressor Model Predictions

The refinement of the commercial linear compressor required special attention to

certain features that were not present in the prototype compressor. This includes

a variation of motor efficiency with operating condition as well as the additional

superheating of the suction gas as it moves from the shell entrance to the compression

chamber. Utilizing these considerations the modified comprehensive linear compressor
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Table 6.4. Additional experimental results from testing of a commer-
cial linear compressor.

Run Psuc Pdis PR ṁ Ẇin V I Ẇheater ηo,is

− kPa kPa − g/s W V A W [−]

1 111.81 463.70 4.15 0.959 62.15 167.80 0.684 151 0.517
2 112.38 564.75 5.03 1.041 62.20 167.80 0.684 151 0.635
3 108.90 500.27 4.59 0.923 55.82 172.60 0.663 150 0.599
4 109.66 499.63 4.56 0.931 56.09 172.47 0.663 99 0.576
5 125.47 910.96 7.26 1.487 112.30 227.28 0.875 150 0.650
6 123.23 1017.05 8.25 1.520 123.12 229.91 0.936 150 0.650
7 123.77 1165.43 9.42 1.570 138.41 253.91 1.032 150 0.658
8 124.02 1315.35 10.61 1.528 152.13 268.41 1.129 150 0.623
9 132.31 667.89 5.05 1.404 87.38 201.03 0.763 150 0.624
10 93.28 490.33 5.26 0.712 47.46 165.66 0.636 51 0.575

model is applied and the predicted results for mass flow, power, and overall isentropic

efficiency are presented.

Motor Efficiency

The commercial linear compressor tested has undergone much refinement and

optimization, which is clear from the construction of the device. The linear motor is

also expected to operate at near optimum efficiency at its Energy Star rated operating

conditions (70 ◦F , with periodic door openings) (Energy Star, 2007).

Therefore, it is assumed that as the environmental temperature increases, the

motor efficiency will decrease as shown by several studies on linear motors applied

to linear compressors (Redlich et al., 1996; Redlich, 1995). As such, the motor is

assumed to be 95% efficient at its rated conditions with an efficiency that decreases

linearly to 60% at 110 ◦F environmental conditions.
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Suction Gas Superheating

An additional consideration for the modeling of the commercial linear compressor

is the heat interactions within the compressor shell. Figure 6.13 shows the serpentine

path taken by the discharge line going from the compressor discharge muffler to the

exit of the compressor shell.

�� ���

�� ���

Figure 6.13. Global view of commercial linear compressor highlighting
the heat transfer from the discharge tube into the compressor shell.

Along this path the discharge line is surrounded by refrigerant vapor at suction

conditions. Figure 6.14 shows the measured discharge, average shell, and suction

temperatures as well as an adjusted suction temperature. The difference between

measured suction and discharge temperature ranges from roughly 20 ◦C to 50 ◦C.

Since both the suction and discharge measurements are taken outside the compressor

shell it can be assumed that the temperature in the discharge line within the com-

pressor is significantly higher and cools slightly due to heat transfer to the incoming

suction gas. This is visualized in Figure 6.13 which shows the transfer of heat from

the discharge line.
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Figure 6.14. Experimental suction, discharge, and shell temperatures
along with the modified suction temperatures as a function of pressure
ratio.

Examining Figure 6.14 it can first be concluded that the actual temperature of

the gas entering the compression chamber is between the measured inlet temperature

Tsuc and the measured discharge temperature Tdis. In addition, the average shell tem-

perature Tshell, is also between the suction and discharge. Since the shell temperature

will also likely be slightly warmer than the suction gas entering the compressor, a

rough assumption was made that the suction gas entering the compression chamber

Tsuc,adj is given by:

Tsuc,adj = Tshell − 10◦C. (6.10)

While this approach is simplistic and relies on experimental data, the goal of

the study is to validate the comprehensive modeling approach against a commer-
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cially available linear compressor. In contrast, if the goal is to accurately predict

the performance of the commercial linear compressor further rigor would be needed

to incorporate additional sub-models for the heat interaction within the compressor

shell.

Validation Results

Figure 6.15 shows a plot comparing the simulated mass flow rate compared with

the experimental mass flow rate. The Mean Absolute Error (MAE) for these results is

4.9% with all points falling within ± 8% of the experimental value. The lowest mass

flow rates correspond with the data points at lower pressure ratios and have mass

flow rates which are generally underpredicted. In contrast, the mass flow rates at

the highest pressure ratios tend to be overpredicted. Figure 6.16 shows a plot of the

simulated input power compared with the experimental input power. The MAE of this

fit is 6.1% with all points falling within roughly 18%. Unlike the mass flow rate fit the

power input does not display any distinct trends as most points are scattered about

the parity line. Figure 6.17 shows a plot of the simulated overall isentropic efficiency,

as defined in Equation (4.2), compared with experimentally obtained values. The

MAE of these results is 5.2% with all points falling within ± 12%. The outlier points

in this diagram represent points where the error from the previous fits overlapped.

In other words, the point with the over predicted overall isentropic efficiency has an

under predicted power input and an over predicted mass flow rate.

6.4 Commercial Linear Compressor Summary

A description, model modifications, and experimental validation of a commercial

linear compressor is presented in this chapter. This chapter highlighted the unique

capacity control operation of the commercial linear compressor. The comprehensive

linear compressor model was modified and utilized to analyze the commercial linear

compressor. These modifications are: the addition of a thin-film friction model for



101

Experimental ṁ [g/s]
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Figure 6.15. Simulated compared against experimental mass flow rate
for a commercial linear compressor (measurement error within marker
width).

the friction interaction between the piston and cylinder and a restructuring of the

model algorithm in an effort to improve model robustness.

The domestic refrigerator/freezer that contained the commercial linear compressor

was utilized as a test platform for the commercial linear compressor. This test plat-

form was placed in an environmental chamber and the compressor loaded by changing

the environmental temperature. The test results were compared with model predic-

tions and it was found that the mass flow and compressor input power matched the

experimental results within 4.9 and 6.1% MAE, respectively. The mass flow displayed

a trend which tended to under predict the mass flow at lower pressure ratios and over

predict at higher. The compressor input power is predicted less accurately but with-
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out a specific trend. The overall isentropic efficiency is predicted to within 5.2% and

shows a reasonable distribution.

This study has shown that a comprehensive approach can indeed be used for

predicting the performance of a commercial linear compressor. In combination with

the previous validation of the prototype linear compressor in Chapter 4, this shows

that the general approach for modeling linear compressors is strong as relatively few

modifications to the model presented in Chapter 2 were needed to represent the

commercial linear compressor.
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CHAPTER 7. CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

Linear compressor technology is reviewed with a particular focus on an electronics

cooling application. The need for active cooling solutions for electronics to handle

the increasing heat demands serves as motivation for the development of vapor com-

pression refrigeration for electronics cooling employing linear compressors.

A comprehensive model of a miniature-scale linear compressor is presented. This

model includes a limited number of assumptions which provides potential for this ap-

proach to be applied to any positive displacement device. It also includes sub-models

for piston dynamics, valves, leakage, and heat transfer. The nonlinear dynamics of

the linear compressor piston presented a unique set of challenges. These challenges

necessitated revisions to the comprehensive modeling approach, specific to a linear

compressor, which allowed for a more robust overall model. These revisions included

the ability of the compressor frequency to change between iterations as well as the

decoupling of the vibration model from the compression process equations.

The modeling approach was validated using two separate linear compressors. One

linear compressor was custom-built for this work and designed for an electronics cool-

ing application. The other is a commercially available linear compressor used in a

domestic refrigerator/freezer. While the two compressors were designed for very dif-

ferent applications, the same modeling techniques were applied successfully to predict

the performance of both linear compressors. This provides confirmation for the tech-

niques applied specifically to the linear compressors, but also additional confirmation

for the validity of the general comprehensive modeling approach.

This model was exercised to determine the important geometric parameters when

designing a linear compressor. It was discovered that the linear compressor is highly
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sensitive to the leakage gap between the piston and cylinder and moderately sensitive

to the changes in frictional parameters such as spring eccentricity. Changes to the

piston geometry show that as the displaced volume of the compressor decreases,

the performance tends to improve. This means that linear compressor technology

would scale well to smaller scales, which is appealing for electronics cooling. The

linear compressor also displays some interesting characteristics that set it apart from

other compressor technologies. One of its more useful characteristics is its ability

for providing capacity control. Compared with a reciprocating compressor a linear

compressor has a much stronger ability to control capacity by varying its piston stroke.

It has also been shown that doing so results in very little degradation in performance

over a wide range of cooling capacities for a given compressor.

A revised linear compressor design is presented to meet the increasing cooling

needs for high power electronics. This design represents a collection of lessons learnt

that resulted in a design that is efficient, small, and powerful. This shows that the

linear compressor provides a promising solution for electronics cooling applications.

However, implementation in real applications needs further commercial development.

7.2 Recommendations

Several areas related to linear compressors, compressor modeling, and electronics

cooling should be investigated further, as discussed below.

Linear compressors require the following investigations:

• An investigation of appropriate spring types to minimize compressor piston

side-loading.

• Further investigation into the performance benefits of energy recovery within

linear compressors.

• An investigation into a double-sided compressor/expander which utilizes the

energy recovery mechanism in a linear compressor.
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• An investigation into the control strategy of a linear compressor and how it can

be done to minimize parasitic power draw.

The comprehensive compressor modeling approach requires specific attention with

investigations in the following areas:

• An investigation into improvements of mass flow and leakage modeling which

incorporate multiple fluid phases/types.

• Numerical techniques for improving computational speed.

Finally, with respect to electronics cooling the following areas should be further

investigated:

• A reduced system-level package size of a vapor compression refrigeration system

for electronics cooling.

• An application-based study to determine the appropriate compressor technology

for a variety of electronics cooling applications.

• Further investigation into the impact of oil on microchannel heat transfer per-

formance.
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Appendix A: Prototype Linear Compressor

No linear compressors are commercially available in the capacity and pressure

ranges desired for electronics cooling. Therefore, a prototype compressor was custom-

designed and built for the purpose of conducting experiments that could serve to val-

idate the model developed in this work. The aim was the development of a prototype

that would operate in a vapor compression refrigeration system which has a cooling

capacity of at least 400W . This represents a high performance desktop PC total heat

rejection. Additional requirements of the design are that the compressor needs to

operate oil-free and should minimize the total volume occupied by the device. The

design of the prototype is described in this chapter and final design drawings are

shown in Appendix B.

A.1 Prototype Design Model

In an effort to determine what size components are needed for the linear compres-

sor prototype a simple model was developed. This model incorporates a single degree

of freedom piston dynamics model which was used to estimate the power and spring

rate required to operate the prototype compressor. This model was coupled with

an idealized vapor compression refrigeration system model to determine the required

flow rate of the prototype compressor.

The idealized vapor compression refrigeration model used an evaporation temper-

ature of 20◦C, condensing temperature of 40◦C, and a fixed compressor superheat

of 5 K. Using these assumptions and R-134 refrigerant properties from Tillner-Roth

and Baehr (1994), the required volume flow rate of refrigerant required to obtain

400 W of total cooling was determined to be 6.95 L/m.

Realizing that the volume flow rate is defined as,

V̇ = xpfresAp (A.1)
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the prototype design model is needed to estimate both the stroke and frequency of

operation. The stroke was to be determined by motor selection and the frequency by

spring selection. Thus, the piston area was selected to ensure a proper flow rate is

achieved. This selection continued iteratively using a variety of springs and motors

until a suitable overall size, piston aspect ratio, and operating frequency were obtained

from the selected components.

A.2 Component and Material Selection

In order to develop the most robust design possible, an effort was made to purchase

as many off-the-shelf (i.e. pre-engineered) components as possible. This included the

motor and compression springs. In addition to specific components, material selection

for the piston-cylinder interface and valve reeds were considered of equally critical

importance.

Linear Motor

Linear motors have matured significantly in recent years, mainly within the trans-

portation industry (Hellinger and Mnich, 2009). These changes have specifically tar-

geted large-scale applications such as mass transit, or theme park rides. This trend is

partially a result of advances in permanent magnet motors. Permanent magnet mo-

tors are brush-less and thus, a lower reliability concern than other varieties of motors.

A reliable linear motor has expanded the applications from larger-scale transporta-

tion applications to smaller devices such as the linear compressor developed in this

work (Redlich, 1995; Redlich et al., 1996).

A plate type linear motor, typically used in mass transit, would provide a design

challenge which is unnecessary for a hermetic compressor application. For this reason

a tubular style linear motor was selected. A tubular-style linear motor consists of a

permanent magnet moving core surrounded by a stator with a single coil winding.

The excitation of the coil with an electric potential this generates a force onto the



114

permanent magnet as described by the Lorentz-force law from electro-magnetics. The

operation of a linear motor is shown by Kim and Murphy (2004) in Figure A.1. The

motor selected for the prototype design is manufactured by H2W Technologies Inc.,

and is shown in Figure A.2. This motor was selected as it met the requirement for

rated force needed to operate a compressor with a rated cooling capacity of at least

400 W . Additionally, this motor comes pre-assembled with two linear bearings to

support the drive shaft.

Figure A.1. Linear motor operation from Kim and Murphy (2004).
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Figure A.2. Linear motor drawing.

Compression Springs

To achieve the desired resonant frequency anticipated from the design model

a series of compression springs were selected based on spring rate of each spring.

The spring rate desired required two springs (part numbers MCQ11507-MW and

MCW20701-MW). These springs are manufactured by Murphy and Reed Spring Com-

pany.
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Piston-Cylinder Materials

The requirement for the compressor to operate without lubrication requires special

consideration when selecting the piston and cylinder materials. Raw Teflon (PTFE)

was selected as the piston material to contact the piston wall because of the relatively

low friction coefficient. In addition, Teflon tends to wear and develop a fine powder of

Teflon particles which act as a type of dry lubrication. The cylinder surface needs to

have significantly different hardness to ensure the piston and cylinder do not damage

themselves. A T6 aluminum alloy was selected as it was readily available and provided

an easy material to machine. The aluminum compliments the PTFE surface as it is

much harder which helps reduce overall wear.

Valve Reed Material

While the valve body and plenum only required strength, the valve reeds required

strength and a predictable amount of elasticity. This is necessary because the elas-

ticity dictates the dynamic motion of the valve reeds, which has an impact on the

overall performance of the compressor. The material selected is a spring steel manu-

factured in sheets, which is specifically designed for planar-type springs. The spring

steel selected is a blue-tempered 0.017 in thick stock.

O-ring Materials

In order to ensure that the compressor would be the most robust machine possible,

it was designed with seals that could handle any fluid or lubricant. These seals are

PTFE coated silicone o-rings which have the following advantages. The first, is the

increased flexibility due to the silicone material. This flexibility allows for increased

sealing ability with minimal gland pressure. The second advantage is the increased

range of fluid compatibility afforded by the PTFE coating.
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A.3 Valve Design

The design of the valves include an overlapping reed design. The suction and

discharge reeds are orthogonal to each other in orientation with the discharge port

traveling through the suction reed. This orientation was utilized in an attempt to

place the suction and discharge ports as close to the center of the cylinder as possible.

The suction and discharge reeds are attached on opposite sides of a valve body

which sits flush into the cylinder. This valve body is then attached to the compressor

body using a valve plenum and screws. The size of the ports are sized to ensure that

the Mach number of the incoming or outgoing fluid remains at approximately 0.2 or

lower. In addition to the port size, another consideration is flow through the opening

between port and reed. To ensure there would be sufficient flow through this opening

an estimation of the valve opening height was performed. This analysis also allowed

for a determination of a proper discharge stopper height.

While the majority of the valve assembly was manufactured using traditional

manufacturing techniques the valve reeds required special treatment due to the thin

gage of the material. The process used is known as Electric Discharge Machining

(EDM).

A.4 Prototype Design, Revision 00

The final design of the first revision of the linear compressor prototype is shown in

Figure A.3. The motor and compression springs were the key purchased components.

As a result, these components dictated a majority of the overall component orienta-

tion. The motor served as a central hub of assembly and the compression springs are

not of sufficient diameter to fit outside of the motor, which forced their placement on

one side of the motor.
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Compression Spring Orientation

In an effort to keep the compressor design as simple as possible both sets of

compression springs were positioned on the compression chamber side of the motor.

A piston assembly was manufactured and attached on one side of the motor shaft

which included a plate for the springs to seat themselves on. To maintain contact

with this place the springs had to be assembled partially compressed. In this way,

at top and bottom dead center each set of opposing springs still maintains contact

with some amount of force on the plate. This eliminates any movement of the springs

within the compressor during operation.

Piston Assembly

The first revision of piston assembly utilized a two-piece design with two PTFE

piston rings. The rear piston is a solid piece of 1040 steel alloy which connects

directly to the motor shaft with a threaded coupling. This piece is machined with an

extra wide plate, seen between the two sets of springs in Figure A.3, for seating the

compression springs as mentioned in Section A.4. This shaft continues toward the

compression chamber and ends with a flange for seating the piston rings as well as

a female thread for attaching the front of the piston. The piston rings are slid onto

the rear of the piston and attached with a front piston face which is screwed into the

rear piston using a counter-sunk machine screw.

O-ring Gland Design

O-rings offer significant advantages over other sealing techniques but require sig-

nificantly more precise manufacturing techniques when designing a device to use them.

In an effort to reduce potential sealing problems the number of sealed joints was min-

imized. The linear compressor prototype retains only six o-ring sealed joints in the
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Figure A.3. Linear compressor prototype Revision 00.

device. Four of these sealing joints are located within the valve assembly, and two

additional are located along the body of the compressor.

To ensure correct sealing of the o-rings, the o-ring glands must be properly sized.

This is done using the data from Tables A.1 and A.2 for static radial and axial seals,

respectively. The dimensions in Tables A.1 and A.2 reference Figures A.4 to A.6.

Figure A.4. Typical o-ring dimensions allorings.com (2011).
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(a) Close-up of axial gland.

(b) Global view of axial gland.

Figure A.5. Axial sealing gland dimensions allorings.com (2011).
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(a) Close-up of radial gland.

(b) Global view of radial gland.

Figure A.6. Radial sealing gland dimensions allorings.com (2011).

Design Challenges

The first iteration of the prototype, seen in Figure A.3, presented a series of design

challenges. These challenges resulted in the need to re-design specific components of

the compressor, particularly the piston assembly.

When first operated the compressor was found to resonate at approximately 68Hz.

This value was significantly higher than the design model prediction of 30Hz. In addi-

tion, the stroke achieved by the device was found to be only a fraction (approximately

5-10%) of the design stroke. Finally, the noise from the device was observed to be sig-

nificantly louder than expected. The latter two observations prompted a disassembly

of the compressor to investigate potential internal damage.

When the compressor prototype was disassembled, it was discovered that both

the piston and cylinder had been severely damaged. As seen in Figures A.7 and A.8
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the cylinder bore had been scored from the piston movement. The magnitude of this

scoring was considered severe as a significant effort was required to separate piston

from cylinder after operation. The piston also displayed similar damage as shown in

Figure A.9. The PTFE piston rings on the piston displayed worn to the point that

the steel of the piston had directly contacted the cylinder. The steel and aluminum

had subsequently rubbed together which caused a destruction of both surfaces. This

iteration of the prototype design prompted a redesign effort to address the destruction

of the piston and cylinder.

Figure A.7. Damage to compressor cylinder, view from inside com-
pressor, Revision 00.
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Figure A.8. Damage to compressor cylinder, view from outside com-
pressor, Revision 00.

A.5 Prototype Design, Revision 01

Piston Redesign

To address the destruction of the piston and cylinder, the piston assembly was

redesigned. The root cause of the contact and wear of the piston and cylinder surfaces

was determined to be caused excessive side loading of the piston on the cylinder wall

caused by spring eccentricities. The excessive loading was theorized to have caused

the PTFE rings to deteriorate rapidly. Without any rings the steel and aluminum

contacted each other directly and as the hardness of each material is similar, the

un-lubricated contact caused damage to each surface. To resolve this issue a revised
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Figure A.9. Damage to compressor piston, Revision 00.

piston design was developed to ensure that aluminum and steel contact could be

avoided. This modification involved a piston manufactured entirely out of PTFE.

While this did not address the root of the problem it would eliminate the two surfaces

from destroying each other. The updated piston design is shown in Figure A.10.

Design Challenges

Upon rebuilding the prototype compressor the device operated with a large reduc-

tion in noise but still failed to achieve full design stroke. It was hypothesized that the

side loading caused by the compression springs was still causing excessive dry friction

between the piston and cylinder. In an attempt to reduce this, the larger diameter



127

Figure A.10. Modified piston assembly with a complete PTFE piston, Revision 01.

outer springs were removed. The outer springs are stiffer and also produce a larger

moment arm from the eccentricities. This modification can be seen in Figure A.11.

With the larger spring removed and the redesigned piston assembly the compres-

sor was able to operate for a significant amount of time and produce some useful

output. This allowed for data collection which will be explained in more detail in

Chapter 4. However, this iteration of the design still performed relatively poor. It

is hypothesized that the poor performance is based on significant side loading due to

spring eccentricities. While this friction did not destroy the compressor as it did in

the first iteration of the design, a break down of the PTFE piston was noted.

After final testing the compressor was taken apart for examination. and wear on

the piston was noted as large quantities of black dust. This dust had collected on
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Figure A.11. Global section view of prototype compressor with revised
piston design, Revision 01.

the inside of the cylinder, the piston, valves and left trace amounts throughout the

inside of the compressor. This is seen in Figures A.12 to A.14. This dust is believed

to be from a breakdown of the PTFE piston and is a sign that the friction between

the piston and cylinder is still significant.

A.6 Design Revision 02

After completion of model validation and further testing of a commercial linear

compressor (Chapter 6) additional modifications were made to the prototype linear

compressor. The design changes are summarized below:

• The compressor was charged with POE 32 oil for lubrication and sealing pur-

poses.

• The valves were modified to allow for less restricted gas flow into and out of the

compressor.

• A squeeze ring was placed inside the PTFE piston sleeve to allow a degree of

control over the leakage gap as shown in Figure A.15. By tightening the piston



129

Figure A.12. Typical dust from compressor operation on valves and
body, Revision 01.

screw this engaged this squeeze ring and deformed the piston by expanding

it radially. The slightly increased the piston diameter and thus decreases the

leakage gap.

• A spacer was placed behind the piston sleeve to reduce the dead volume in the

compressor during operation as seen in Figures A.16, and A.17. This spacer

directly reduced the amount of dead volume in the machine during normal op-

eration.
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Figure A.13. Typical dust from compressor operation on piston and
cylinder, Revision 01.

A.7 Design Conclusions

The final design of the linear compressor prototype yielded enough data to assist

validating the model. An additional design modification was attempted and displayed

how sensitive the linear compressor prototype is to design modifications. This high-

lighted the potential for improvement of this device. However, as noted in previous

sections the current design is still flawed in many ways and would require significant

modifications to operate at comparable efficiency to a commercial compressor. One

modification would simply be finding springs with smaller potential for side loading.

The side loading of the piston caused by the spring eccentricities is the root cause for

the lack of performance and thus, should be addressed in iterations moving forward.
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Figure A.14. Close-up view of typical dust from compressor operation
on piston, Revision 01.



132

Figure A.15. Piston squeeze ring resting inside PTFE piston sleeve, Revision 02.
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Figure A.16. Piston spacer on the bottom of assembled piston, Revision 02.
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Figure A.17. Piston nut and screw installed, untightened, showing
full piston assembly, Revision 02.
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Appendix B: Compressor Prototype Drawings
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Appendix C: Comprehensive Model Code

The main linear compressor simulation code is presented here. The program

initiates with a call to the main program function called centralprogram. This script is

given below with details for all user written functions given in the subsequent sections

in the chapter. Figure C.1 shows the logic of the main script file and correlates the

submodels presented in Chapters 2 and 3 with the subfunction files presented in this

appendix.

The model initiates with the user places the required input values into an Excel

spreadsheet titled inputs.xls. This spreadsheet is also used to calculate the resonant

frequency as detailed in Chapter 3. These input values are then passed into cen-

tralprogram.m where the simulation is initiated. Each function developed for this

work is presented here. However, two functions used in this work are not standard

MATLAB
R©

functions but originated from other MATLAB
R©

users. These functions

are called crossing.m and find cross.m. While they are not detailed in this chapter

they are available free of charge with a BSD license on the MATLAB
R©
file exchange.

Additionally, built-in MATLAB
R©
functions are not detailed in this chapter.

The equation of state used in the model calculations for R134a is given by Tillner-

Roth and Baehr (1994). This equation is written into a series of subfunctions that

are called when the function EOS.m is called from within the main model script cen-

tralprogram.m. Figure C.2 shows the logic built into EOS.m. The user is required to

input temperature and either pressure or density as the second independent intensive

property. The routine then returns the requested intensive property (Cv, Cp, u, h, s,

ρ or P ). The equation of state given by Tillner-Roth and Baehr (1994) is written in

both MATLAB
R©
and C and the user is presented with an option to use either the C

or MATLAB
R©

version. The advantage to the version written in C is computational

speed. While the syntax is slightly different between C and MATLAB the equation

of state is identical, therefore, only the MATLAB
R©
subfunctions are presented. Ad-

ditionally, the user can decide to use ideal gas relationships to calculate properties by
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Figure C.1. Linear compressor model flowchart showing which func-
tion corresponds to each sub-model.
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assuming constant specific heats. The advantage to this method is also speed as it

represents the least computationally intensive option and is useful during debugging.
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C.1 Function centralprogram

1 %Main Model Program
2 %Cra i g Bradshaw
3 %I n i t i a l R e v i s i o n : June 2009
4 %F i n a l R e v i s i o n : March 2012
5 %He r r i c k Labs , cbradsha@purdue . edu
6
7 t r y
8
9 c l c
10 c l e a r a l l
11 c l o s e a l l
12
13 %% I n i t i a l i z a t i o n s
14
15 p c f l a g=g e t f l a g ( ) ;
16
17 i f p c f l a g == 0
18
19 %How long do I need to run t h i s s imu l a t i o n f o r ? Obta ined from

f i r s t two
20 %numbers on the i n p u t s . x l s f i l e .
21 num s i ze=x l s r e a d ( ’ i n p u t s . x l s ’ , ’A3 : A4 ’ ) ;
22 a n a l y l e n g t h=(num s i ze (2 )−num s i ze (1 ) )+1;
23
24 %Open Exce l Ac t i v e x S e r v e r to use x l s r e a d / w r i t e f o r p r e l im s t u f f
25 Exce l = a c t x s e r v e r ( ’ Ex c e l . A p p l i c a t i o n ’ ) ;
26 F i l e=s t r c a t (pwd , ’ \ d a t a l o g . x l s ’ ) ;
27 i f ˜ e x i s t ( F i l e , ’ f i l e ’ )
28 ExcelWorkbook = Exce l . workbooks . Add ;
29 ExcelWorkbook . SaveAs ( F i l e , 1 ) ;
30 ExcelWorkbook . C l o s e ( f a l s e ) ;
31 end
32 i n voke ( Exc e l . Workbooks , ’Open ’ , F i l e ) ;
33
34 %Now us i n g mod i f i e d x l s r e a d / w r i t e to work on d a t a l o g . x l s
35 [ num , tx t , raw]= x l s r e a d 1 ( ’ d a t a l o g . x l s ’ ) ;
36 [ rows , c o l ]= s i z e ( raw ) ;
37
38 %Adding a note to the batch l o g so I know what I was do ing
39 batch on=inpu t ( ’ I s t h i s a batch f i l e ? 1 f o r yes , 0 f o r no ’ ) ;
40 i f ba tch on==1
41 ba t ch no t e=i npu t ( ’ P l e a s e i n pu t a s t r i n g to d e s c r i b e why you

a r e runn i ng t h i s batch . ’ ) ;
42 ba t ch no t e=c e l l s t r ( ba t ch no t e ) ;
43 ba t ch r ange=s t r c a t ( ’A ’ , num2str ( rows+2) , ’ :A ’ , num2str ( rows+2) )

;
44 x l s w r i t e 1 ( ’ d a t a l o g . x l s ’ , ba tch note , ba t ch r ange ) ;
45 end
46
47 %Shu t t i ng down a c t i v e x s e r v e r to e x c e l
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48 i n voke ( Exc e l . ActiveWorkbook , ’ Save ’ ) ;
49 Exce l . Quit
50 Exce l . d e l e t e
51 c l e a r Exc e l
52
53 e l s e i f p c f l a g == 1
54
55 i n p u t d a t a = x l s r e a d ( ’ i n p u t s . x l s ’ ) ;
56
57 %How long do I need to run t h i s s imu l a t i o n f o r ? Obta ined from

f i r s t two
58 %numbers on the i n p u t s . x l s f i l e .
59 a n a l y l e n g t h = ( i n p u t d a t a (2 , 1 ) − i n p u t d a t a (1 , 1 ) )+1;
60
61 e l s e
62 e r r o r ( ’ I n v a l i d p c f l a g . P l e a s e use e i t h e r 0 or 1 . ’ ) ;
63 c l e a r a l l
64
65 end
66
67 %tu rn annoy ing warn ing o f f
68 warn ing ( ’ o f f ’ , ’MATLAB: P r i n t : Sav ingToDi f fe rentName ’ )
69
70 %%%%%%%%%%%%%
71 % For l oop used f o r batch ope r a t i on , l i n e by l i n e from i npu t f i l e , z
72 % loop
73 %%%%%%%%%%%%%
74
75 f o r z =1:1 : a n a l y l e n g t h
76
77 i f p c f l a g == 0
78
79 %p u l l i n g i n pu t data from i n p u t s . x l s
80 range=s t r c a t ( ’B ’ , num2str ( z+2) , ’ : ’ , ’BV ’ , num2str ( z+2) ) ;
81 [ num inputs , t x t i n p u t s ]= x l s r e a d ( ’ i n p u t s . x l s ’ , range ) ;
82
83 %c r e a t i n g my v a r i a b l e s t r u c t u r e
84 [ p]= c r e a t e s t r u c t ( num inputs , t x t i n p u t s ) ;
85
86 %name tha t I use to g en e r a t e a save f o l d e r
87 p . save name=s t r c a t ( p . save name , ’ ’ , num2str ( z ) ) ;
88
89 %Open Exce l Ac t i v e x S e r v e r to use x l s r e a d / w r i t e f o r the

r ema inde r o f
90 %the a n a l y s i s
91 Exce l = a c t x s e r v e r ( ’ Ex c e l . A p p l i c a t i o n ’ ) ;
92 F i l e=s t r c a t (pwd , ’ \ d a t a l o g . x l s ’ ) ;
93 i f ˜ e x i s t ( F i l e , ’ f i l e ’ )
94 ExcelWorkbook = Exce l . workbooks . Add ;
95 ExcelWorkbook . SaveAs ( F i l e , 1 ) ;
96 ExcelWorkbook . C l o s e ( f a l s e ) ;
97 end
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98 i n voke ( Exc e l . Workbooks , ’Open ’ , F i l e ) ;
99

100 %Open data l o g
101 [ num , tx t , raw]= x l s r e a d 1 ( ’ d a t a l o g . x l s ’ ) ;
102 [ rows , c o l ]= s i z e ( raw ) ;
103
104 e l s e i f p c f l a g == 1
105
106 i f z == 1
107 t x t i n p u t s {8} = ’ Eu l e r ’ ;
108 t x t i n p u t s {56} = inpu t ( ’Name f o r Study : ’ ) ;
109 d name = s t r c a t ( t x t i n p u t s {56} , ’ . t x t ’ ) ;
110 d i a r y ( d name )
111 end
112
113 %num inputs = i n pu t d a t a ( z +2 ,2:61) ;
114 num inputs = i n pu t d a t a ( z , 2 : 7 4 ) ;
115
116 %Crea te s t r u c t u r e o f c on s t an t v a r i a b l e s
117 [ p]= c r e a t e s t r u c t ( num inputs , t x t i n p u t s ) ;
118
119 %name tha t I use to g en e r a t e a save f o l d e r
120 p . save name=s t r c a t ( p . save name , ’ ’ , num2str ( z ) ) ;
121
122 end
123
124 %Time/Volume C a l c u l a t i o n s
125 e r r o r =0.00001; %1e−4
126 f l i s t=p . f b e g i n : p . f i n c r emen t : p . f e nd ;
127 w d l i s t= f l i s t ∗2∗ p i ;
128 p . x s t r o k e i n i t i a l = p . x s t r o k e ;
129
130 %%%%%%%%%
131 % Loop used f o r f r e qu en c y sweeps , l l oop
132 %%%%%%%%%
133
134 p . r e s o n a n t l o o p = 0 ; %i n i t i a l i z e v a r i a b l e t ha t t e l l s

f r e qu en c y sweep l oop i f we have r eached the maximum f r equ en c y .
135 l =1; %loop v a r i a b l e f o r the f o l l o w i n g l oop .
136
137 wh i l e p . r e s onan t l o op <1 && l<=l eng t h ( w d l i s t )
138 %f o r l =1:1 : l e n g t h ( w d l i s t )
139
140 c l o s e a l l
141 p . w d=w d l i s t ( l ) ;
142 p . Pe r i od=1/ f l i s t ( l ) ; %Time o f one c y c l e
143 p . t s t e p =1/( f l i s t ( l ) ∗p . n ) ; %t ime s t ep i n seconds
144 p . t r a n s i e n t =0;
145 t a d j u s t f o r c e =0;
146
147 %%%%%%%%%%%%%%%%%%%%%%%%%%%
148 %Brent s Method e s t im a t i o n s
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149 %%%%%%%%%%%%%%%%%%%%%%%%%%%
150
151 a = 1 ; %loop i t e r a t i o n v a r i a b l e
152 i f i s n an ( num inputs (72) ) && i s n an ( num inputs (73) )
153 p . P bren t (1 ) = 10 ; %lowe r power gue s s
154 p . P bren t (2 ) = 15 ; %second l owe r power gue s s
155 e l s e i f ( i s n an ( num inputs (72) ) | | i s n a n ( num inputs (73) ) )
156 e r r o r ( ’One Bren t s method i npu t but not the othe r , p l e a s e

i n pu t two gue s s v a l u e s ’ ) ;
157 e l s e
158 p . P bren t (1 ) = num inputs (72) ;
159 p . P bren t (2 ) = num inputs (73) ;
160 end
161
162 e r r o r b r e n t s = 0 .00000005 ; %0.05 mic rons
163 e r r o r s t r o k e = 1 ;
164
165 wh i l e e r r o r s t r o k e > e r r o r b r e n t s %a loop , b r e n t s method to

back out power f o r f u l l s t r o k e
166
167 %I n i t i a l z e r e s i d u a l s and conve rgence l oop i t e r a t i o n coun t e r
168 k=1;
169 dT loop=1;
170 d r ho l o op =1;
171 dT cv2 loop=1;
172 d r h o c v 2 l o op =1;
173 dT loop k=1;
174 d r h o l o op k =1;
175 dT cv2 l oop k =1;
176 d r h o c v 2 l o o p k =1;
177 d x p i s t o n =1;
178 i f p . b r en t == 1
179 p . P e l e c t r i c = p . P bren t ( a ) ;
180 end
181
182 %% I n i t a l i z e Vec to r s
183 %These a r e the v e c t o r s t ha t a r e i t e r a t e d on and a r e thus not

i n c l u d e d i n
184 %the pa ramete r s s t r u c t u r e , i l oop v a r i a b l e s
185 P=z e r o s (1 , p . n p e r i o d ∗p . n ) ;
186 dT=z e r o s (1 , p . n p e r i o d ∗p . n ) ;
187 h=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
188 V=ze r o s (1 , p . n p e r i o d ∗p . n−1) ;
189 dV=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
190 dm=ze r o s (1 , p . n p e r i o d ∗p . n−1) ;
191 dm in=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
192 dm out=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
193 drho=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
194 m=ze r o s (1 , p . n p e r i o d ∗p . n−1) ;
195 rho=z e r o s (1 , p . n p e r i o d ∗p . n ) ;
196 x p i s t o n=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
197 x d o t p i s t o n=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
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198 Cv=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
199 i t e r=z e r o s (1 , p . n p e r i o d ∗p . n ) ;
200 dP dT v=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
201 Ma=ze r o s (1 , p . n p e r i o d ∗p . n−1) ;
202 dT check=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
203 T=ze r o s (1 , p . n p e r i o d ∗p . n ) ;
204 x v a l v e=z e r o s (1 , p . n p e r i o d ∗p . n ) ;
205 x d o t v a l v e=z e r o s (1 , p . n p e r i o d ∗p . n ) ;
206 dm l e a k i n=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
207 dm leak out=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
208 dm out va l v e=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
209 dV cv2=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
210 V cv2=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
211 Ma cv2=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
212 h cv2=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
213 Cv cv2=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
214 dP dT v cv2=z e r o s (1 , p . n p e r i o d ∗p . n ) ;
215 P cv2=z e r o s (1 , p . n p e r i o d ∗p . n ) ;
216 d rho cv2=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
217 rho cv2=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
218 dT cv2=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
219 T cv2=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
220 F d r i v e=z e r o s (1 , p . n p e r i o d ∗p . n ) ;
221 Q motor=z e r o s (1 , p . n p e r i o d ∗p . n ) ;
222 th e t a=z e r o s (1 , p . n p e r i o d ∗p . n ) ;
223 t h e t a d o t=z e r o s (1 , p . n p e r i o d ∗p . n ) ;
224 dP=z e r o s (1 , p . n p e r i o d ∗p . n ) ;
225 dx=z e r o s (1 , p . n p e r i o d ∗p . n ) ;
226 t h e t a d o t d o t=z e r o s (1 , p . n p e r i o d ∗p . n ) ;
227 Q=ze r o s (1 , p . n p e r i o d ∗p . n ) ;
228 Q cv2=z e r o s (1 , p . n p e r i o d ∗p . n ) ;
229 m cv2=z e r o s (1 , p . n p e r i o d ∗p . n ) ;
230 c e f f = z e r o s (1 , p . n p e r i o d ∗p . n ) ;
231 c f r i c t i o n = z e r o s (1 , p . n p e r i o d ∗p . n ) ;
232 c ga s = z e r o s (1 , p . n p e r i o d ∗p . n ) ;
233 x d o t d o t p i s t o n = z e r o s (1 , p . n p e r i o d ∗p . n ) ;
234 F gas = z e r o s (1 , p . n p e r i o d ∗p . n ) ;
235 % I n i t i a l i z e conve rgence l oop v a r i a b l e s , k l oop
236 x p i s t on m=0;
237 T w = ze r o s (1 , p . l o o p e r r o r ) ;
238 x s t r o k e s a v e = z e r o s (1 , p . l o o p e r r o r ) ;
239 l oop = z e r o s (1 , p . l o o p e r r o r ) ;
240 m dot = z e r o s (1 , p . l o o p e r r o r ) ;
241 m do t l e a k i n = z e r o s (1 , p . l o o p e r r o r ) ;
242 m do t l e a k ou t = z e r o s (1 , p . l o o p e r r o r ) ;
243 W dot = z e r o s (1 , p . l o o p e r r o r ) ;
244 e t a o = z e r o s (1 , p . l o o p e r r o r ) ;
245 e t a v o l = z e r o s (1 , p . l o o p e r r o r ) ;
246 Q dot = z e r o s (1 , p . l o o p e r r o r ) ;
247 Q dot cv2 = z e r o s (1 , p . l o o p e r r o r ) ;
248 m dot in = z e r o s (1 , p . l o o p e r r o r ) ;
249 l oop =1; %loop coun t e r v a r i a b l e , re− i n i t i a l i z e
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250 p . dP max=p . P d−p . P i ;
251 P e l e c t r i c t emp = p . P e l e c t r i c ; %save i npu t v a l u e
252 e r r o r r e s = 1 ; %i n i t i a l i z e e r r o r r e s
253 e r r o r c o u n t e r = 0 ; %count number o f t imes ge t below

t o l e r a n c e
254 %%%%%%%%%%%%
255 %% wh i l e l oop to e n f o r c e convergence , k l oop
256 %%%%%%%%%%%%
257
258 wh i l e e r r o r c o u n t e r < 2
259
260 W dot in ( k ) = p . P e l e c t r i c ;
261
262 %% I n i t a l C y l i n d e r Cond i t i o n s
263 i f k==1
264 i =1; %i n i t i a l i z e i l oop coun t e r
265 T( i )=p . T i ; %i n i t i a l t empe ra tu r e
266 rho ( i )=p . r h o i ; %i n i t i a l d e n s i t y
267 P( i )=EOS(T( i ) , rho ( i ) , ’ p r e s s u r e ’ , ’ rho ’ ) ; %c a l c u l a t e

i n i t i a l p r e s s u r e
268 T cv2 (1 )=p . T i ; %i n i t i a l t emperatu re , CV2
269 rho cv2 (1 )=p . r h o i ;

%i n i t i a l
d e n s i t y , CV2

270 %P cv2 (1 )=P(1) ;
271 P cv2 (1 )=(p . P d + p . P i ) /2 ; %i n i t i a l p r e s s u r e , CV2
272 %rho cv2 (1 ) = EOS( T cv2 (1 ) , P cv2 (1 ) , ’ rho ’ , ’ P ’ ) ;
273 x p i s t o n (1 )=p . x p i s t o n i ; %i n i t i a l p i s t o n p o s i t i o n ,

d e f a u l t i s (max s t r o k e /2)
274 x d o t p i s t o n (1 )=p . x d o t p i s t o n i ; %i n i t i a l p i s t o n

v e l o c i t y , d e f a u l t i s 0
275 V(1)=(p . x p i s t o n i ) ∗p . Ap+p . V dead va l v e ; %i n i t i a l

volume
276 dV(1)=−p . x d o t p i s t o n i ∗p . Ap ; %i n i t i a l change i n

volume
277 th e t a (1 )=p . t h e t a i ; %i n i t i a l p i s t o n r o t a t i o n
278 t h e t a d o t (1 )=p . t h e t a d o t i ; %i n i t i a l change i n

p i s t o n r o t a t i o n
279 p . x d o t a v e =1; %%%%%%IMPORTANT, AVERAGE SPEED
280 dP (1) =0; %Change i n p r e s s u r e
281 dx (1 ) =1; %Change i n s t r o k e
282 T w( k )=p . T w i ; %i n i t i a l compres so r lump

tempe ra tu r e ( wa l l temp )
283 x s t r o k e s a v e ( k )=p . x s t r o k e i n i t i a l ; %saved v a l u e o f

s t r o k e
284 p . x s t r o k e = p . x s t r o k e i n i t i a l ; %gues s s t r o k e
285 p . dP max = p . P d−p . P i ;
286 t =0;
287 p . dV = 0 ; %i n i t i a l i z e dV
288 p . P cu r r e n t = P( i ) ;
289 e l s e
290
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291 %%%%%%%%%%%%%%%%%%%%%%%%%%%%
292 %Update v a l u e s f o r i t e r a t i o n s beyond f i r s t
293 %%%%%%%%%%%%%%%%%%%%%%%%%%%
294 T e r r o r = T;
295 r h o e r r o r = rho ;
296 T e r r o r c v 2 = T;
297 r h o e r r o r c v 2 = rho ;
298 x s t r o k e e r r o r = p . x s t r o k e ;
299 T(1)=X n 1 (1) ; %Temperatures and p r e s s u r e s equa l to

the end v a l u e s o f the p r e v i o u s i t e r a t i o n
300 rho (1 )=X n 1 (2) ;
301 P(1)=EOS( T(1) , rho (1 ) , ’ p r e s s u r e ’ , ’ rho ’ ) ;
302 T cv2 (1 )=X n 1 (3) ;
303 rho cv2 (1 )=X n 1 (4) ;
304 P cv2 (1 )=EOS( T cv2 (1 ) , r ho cv2 (1 ) , ’ p r e s s u r e ’ , ’ rho ’ )

;
305 p . x s t r o k e=max( x p i s t on m )−min ( x p i s t on m ) ;

%max s t r oke , c u r r e n t v a l u e
306 p . x d o t a v e =0.707∗max( x d o t p i s t o n ) ;

%%%%%%IMPORTANT, AVERAGE
SPEED, RMS va l u e o f speed

307 x s t r o k e s a v e ( k )=p . x s t r o k e ;
% s t r o k e v a r i a b l e

saved to s e e p r o g r e s s i o n
308 x p i s t o n (1 )=x p i s t o n ( i ) ;
309 x d o t p i s t o n (1 )=x d o t p i s t o n ( i ) ;
310 V(1)=V( i ) ;
311 dV(1)=dV( i ) ;
312 th e t a (1 )=the t a ( i ) ;
313 t h e t a d o t (1 )=t h e t a d o t ( i ) ;
314 t=t ( i ) ;
315 dP (1)=dP( i ) ;
316 dx (1 )=dx ( i ) ; %r e s e t s r ema in i ng v a r i a b l e s to the

v a l u e s o f the p r e v i o u s k l oop
317 i =1; %r e s e t s i n n e r l oop v a r i a b l e
318 end
319
320 %% I n i t a l i z e i n n e r l oop v a r i a b l e s
321 t c r o s s =0; %number o f t imes p i s t o n

c r o s s e s z e r o
322 p . t f o r c e a d j u s t =0; %ad jus tment i n the t ime v e c t o r to

account f o r v a r i a b l e f r e qu en c y r e s pon s e
323 x p i s t on m=0; %i n i t i a l i z e x p i s t o n
324 F d r i v e =0; %i n i t a l i z e d r i v i n g f o r c e

v e c t o r
325 F d r i v e c l e a n =0;
326
327 %%%%%%%%%%
328 %% Main Loop f o r c a l c u l a t i o n s , i l oop
329 %%%%%%%%%%
330 wh i l e s i z e ( t c r o s s )<p . n p e r i o d ∗2−1
331
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332 %% Motor Model
333 i f i s empty ( p . t f o r c e a d j u s t ) == 1
334 p . t f o r c e a d j u s t =0;
335 end
336
337 i f i == 1 %on l y want to per fo rm th e s e

c a l c u l a t i o n s on f i r s t t ime through
338 p . P motor=p . e ta moto r ∗p . P e l e c t r i c ;

%power a c t u a l l y d e l i v e r e d to
p i s t o n

339 p . Q motor=p . P e l e c t r i c −p . P motor ;
%Heat t r a n s f e r from motor

340
341 %Conve r t s power i n pu t to f o r c e output by motor ,
342 %based on motor l i t e r a t u r e
343 p . k m = 4 . 6831 ;
344
345 p . F d r i v e max=s q r t ( p . P motor ) ∗( p . k m) ;

%Maximum Motor f o r c e , i n
Newtons .

346 end
347
348 F d r i v e c l e a n ( i )=p . F d r i v e max ∗( cos ( p . w d ∗( t ( i )−p .

t f o r c e a d j u s t )+p i ) ) ; %Dr i v i n g
f o r c e v . Time , Newtons

349 p . dP p i s t on = P( i ) − P cv2 ( i ) ;
350 F d r i v e ( i )=F d r i v e c l e a n ( i ) − p . dP p i s t on ∗p . Ap∗1000 ;
351
352 %% V i b r a t i o n Model and Volume and P i s t on P o s i t i o n
353 p . dP p i s t on = P( i ) − P cv2 ( i ) ;
354 [ dV( i +1) ,V( i +1) , x p i s t o n ( i +1) , x d o t p i s t o n ( i +1) ,

t h e t a ( i +1) , t h e t a d o t ( i +1) , x p i s t on m ( i +1) ,
t h e t a d o t d o t ( i +1) , p ] = v i b r a t i o n ( t ( i ) ,dP( i ) ,
dx ( i ) , x p i s t o n ( i ) , x d o t p i s t o n ( i ) , t h e t a ( i ) ,
t h e t a d o t ( i ) , x p i s t on m ( i ) , t h e t a d o t d o t ( i ) , p ) ;

355
356 c e f f ( i ) = p . c e f f ;
357 c f r i c t i o n ( i ) = p . c f r i c t i o n ;
358 c ga s ( i ) = p . c ga s ;
359 x d o t d o t p i s t o n ( i ) = p . x d o t d o t p i s t o n ;
360 k e f f ( i ) = p . k e f f ;
361 F gas ( i ) = (P( i ) − P cv2 ( i ) ) ∗p . Ap ;
362 F wa l l ( i ) = p . F wa l l ;
363 p . dV = V( i +1) − V( i ) ;
364 p . P cu r r e n t = P( i ) ;
365
366 %% Volume f o r Second Con t r o l Volume
367 dV cv2 ( i )=dV( i ) ;
368 V cv2 ( i )=p . V cv2 i−V( i ) ;
369
370 %% Massf low ( Va lve Model )
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371 [ x v a l v e ( i +1) , x d o t v a l v e ( i +1) , dm valve , Ma( i ) ] =
va l v e d ynam i c s (P( i ) , rho ( i ) ,T( i ) , x v a l v e ( i ) ,
x d o t v a l v e ( i ) , p ) ;

372
373 %% Leakage F l ow r a t e s ( Leakage Model )
374 [ dm l e a k i n ( i ) , dm leak out ( i ) ,Ma cv2 ( i ) ] = l e akag e (

P( i ) , P cv2 ( i ) , x d o t p i s t o n ( i ) ,T( i ) , rho ( i ) , T cv2 (
i ) , x p i s t o n ( i ) , p ) ;

375
376 %% Tota l f l o w r a t e s ( Massf low Summations )
377 i f dm valve<0 %f l ow IN
378 dm in ( i )=abs ( dm va lve )+dm l e ak i n ( i ) ;
379 dm out ( i )=dm leak out ( i ) ;
380 dm( i )=dm in ( i )−dm out ( i ) ;
381 dm out va l v e ( i )=0;
382 e l s e i f dm valve>0 %f l ow OUT
383 dm in ( i )=dm l e ak i n ( i ) ;
384 dm out ( i )=dm va lve+dm leak out ( i ) ;
385 dm( i )=dm in ( i )−dm out ( i ) ;
386 dm out va l v e ( i )=dm va lve ;
387 e l s e
388 dm in ( i )=dm l e ak i n ( i ) ;
389 dm( i )=dm l e ak i n ( i )−dm leak out ( i ) ;
390 dm out ( i )=dm leak out ( i ) ;
391 dm out va l v e ( i )=0;
392 end
393
394 %% In s t a n t a n e ou s Heat T r an s f e r i n c o n t r o l vo lumes
395 [ Q( i ) ] = Ins HT ( T( i ) , rho ( i ) ,T w( k ) ,V( i ) ,dV( i ) ,

x p i s t o n ( i ) , x d o t p i s t o n ( i ) , p ) ;
396 [ Q cv2 ( i ) ] = Ins HT cv2 ( T cv2 ( i ) , r ho cv2 ( i ) ,T w( k

) , V cv2 ( i ) , dV cv2 ( i ) , x d o t p i s t o n ( i ) , p . Q motor , p
) ;

397
398 %% Mass o f the gas i n each c o n t r o l volume
399 m( i )=rho ( i ) ∗V( i ) ;
400 m cv2 ( i )=rho cv2 ( i ) ∗V cv2 ( i ) ;
401
402 %% F l u i d P r o p e r t i e s f o r app rox imat i on
403 i f k==1 %on l y need to compute t h i s v a l u e once

f o r each batch l i n e
404 p . h i n=EOS(p . T i , p . r h o i , ’ e n t h a l p y ’ , ’ rho ’ ) ;
405 end
406 h out=EOS(T( i ) , rho ( i ) , ’ e n t h a l p y ’ , ’ rho ’ ) ;
407 h ( i )=h out ;
408 dP dT v ( i )= dP dT (T( i ) , rho ( i ) ) ;
409 Cv ( i )=EOS(T( i ) , rho ( i ) , ’ Cv ’ , ’ rho ’ ) ;
410 h cv2 ( i )=EOS( T cv2 ( i ) , r ho cv2 ( i ) , ’ e n t h a l p y ’ , ’ rho ’ ) ;
411 dP dT v cv2 ( i )=dP dT ( T cv2 ( i ) , r ho cv2 ( i ) ) ;
412 Cv cv2 ( i )=EOS( T cv2 ( i ) , r ho cv2 ( i ) , ’ Cv ’ , ’ rho ’ ) ;
413
414 i f s t rcmp (p . method , ’RK4 ’ )==1
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415 %% RK4 Approx imat ions
416
417 e r r o r ( ’RK4 not a v a i l a b l e i n t h i s v e r s i o n ’ ) ;
418
419 e l s e i f s t rcmp (p . method , ’ Eu l e r ’ )==1
420 %% Simple Eu l e r Approx imat ion
421 %%%%%
422 %1 s t Con t r o l Volume , P i s t on C y l i n d e r
423 %%%%%
424 dT( i )=(Q( i )+T( i ) ∗dP dT v ( i ) ∗(1/1000) ∗ ( (1/ rho ( i ) )

∗dm( i )−dV( i ) )−h ( i ) ∗dm( i )+dm in ( i ) ∗p . h in−
dm out ( i ) ∗h ( i ) ) /(m( i ) ∗Cv( i ) ) ;

425 drho ( i )=(dm( i )−rho ( i ) ∗dV( i ) ) /V( i ) ;
426
427 T( i +1)=T( i )+p . t s t e p ∗dT( i ) ;
428 rho ( i +1)=rho ( i )+p . t s t e p ∗ drho ( i ) ;
429 %%%%%%
430 %2nd Con t r o l Volume
431 %%%%%%
432 dm cv2=dm leak out ( i )−dm l e a k i n ( i ) ;
433 dm in cv2=dm leak out ( i ) ;
434 dm out cv2=dm l e ak i n ( i ) ;
435
436 dT cv2 ( i )=(Q cv2 ( i )+T cv2 ( i ) ∗ dP dT v cv2 ( i )

∗(1/1000) ∗ ( (1/ rho cv2 ( i ) ) ∗dm cv2−dV cv2 ( i ) )−
h cv2 ( i ) ∗dm cv2+dm in cv2 ∗h ( i )−dm out cv2 ∗
h cv2 ( i ) ) /(m cv2 ( i ) ∗Cv cv2 ( i ) ) ;

437 d rho cv2 ( i )=(dm cv2−r ho cv2 ( i ) ∗dV cv2 ( i ) ) /V cv2 (
i ) ;

438
439 T cv2 ( i +1)=T cv2 ( i )+p . t s t e p ∗dT cv2 ( i ) ;
440 rho cv2 ( i +1)=rho cv2 ( i )+p . t s t e p ∗ d rho cv2 ( i ) ;
441
442 e l s e
443 i=f l o o r ( p . Pe r i od /p . t s t e p )−1;
444 d i s p ( ’Method e r r o r , p l e a s e s e l e c t a c o r r e c t ODE

So l u t i o n Method ’ )
445 end
446
447 %%%%%%%%%%%%%%%%%%
448 %% Ca l c u l a t e nex t s t e p f o r p r e s s u r e
449 %%%%%%%%%%%%%%%%%%
450 P( i +1)=EOS(T( i +1) , rho ( i +1) , ’ p r e s s u r e ’ , ’ rho ’ ) ;
451 P cv2 ( i +1)=EOS( T cv2 ( i +1) , r ho cv2 ( i +1) , ’ p r e s s u r e ’ , ’

rho ’ ) ;
452
453 %%%%%%%%%%%%%
454 %% Misc o th e r p r o p e r t i e s
455 %%%%%%%%%%%%
456 dP( i +1)=P( i +1)−P( i ) ; %Change i n

p r e s s u r e
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457 dx ( i +1)=x p i s t o n ( i +1)−x p i s t o n ( i ) ; %change i n
p i s t o n p o s i t i o n

458
459 %%%%%%%%%%%%
460 %% Loop Adjustments
461 %%%%%%%%%%%%
462 %Sec t i o n de t e rm in e s when the p i s t o n c r o s s e s back
463 %through the midpo int , s i g n i f y i n g one c y c l e .
464 i f k>1
465 i f i>1
466 t c r o s s=f i n d c r o s s ( t ’ , x p i s t on m ( 1 : end−1)

’ , 0 ) ;
467 end
468 e l s e
469 i f i>1
470 t c r o s s=f i n d c r o s s ( t ’ , x p i s t on m ( 1 : end−1)

’ , 0 ) ;
471 end
472 end
473 t ( i +1)=t ( i )+p . t s t e p ;

%i n i t i a l l y
f r e qu en c y has to f l o a t , t r a n s i e n t f r e qu en c y i s
d i f f e r e n t than d r i v i n g f r e qu en c y .

474 i=i +1;
475
476 i f l e n g t h ( t )>=p . n∗p . n p e r i o d ∗1 .5
477 t c r o s s=ones (2∗p . n p e r i o d ) ;
478 d i s p ( ’ Convergence Er ro r , p i s t o n d id not c r o s s

z e r o tw i c e ’ )
479 end
480 end %End o f Whi le l oop check i ng t c r o s s , i l oop
481
482 %%%%%%%%%%%%%%%
483 %% Adjustments f o r Time
484 %%%%%%%%%%%%%%%
485 i=i −1; %s t ep i back one f o r

s a n i t y
486 t=t ( 1 : end−1) ; %s t ep t ime v e c t o r back one
487 temp ( k )=max( t c r o s s )−max( f i n d c r o s s ( t ’ , F d r i v e c l e a n ’ , 0 )

) ;
488 p . t f o r c e a d j u s t=p . t f o r c e a d j u s t+temp ( k ) ;

%when t f o r c e a d j u s t i s g r e a t e r
than 3 , s top i l oop

489 t change ( k )=p . t f o r c e a d j u s t ;
490 p . Pe r i od=t ( end )−t ( 1 ) ;

%f l o a t i n g
p e r i o d

491
492 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
493 %% Est imate Massf low , Power Input , Heat Trans f e r , and

E f f i c i e n c i e s
494 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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495 %Mass f l ow s c a l c u l a t e d u s i n g nume r i c a l i n t e g r a t i o n
496 m dot ( k )=( t r a p z ( dm out va l v e ) ∗( t (2 )−t ( 1 ) ) ) /p . Pe r i od ;
497 m do t l e a k ou t ( k )=( t r a p z ( dm leak out ) ∗( t (2 )−t ( 1 ) ) ) /p .

Pe r i od ;
498 m do t l e a k i n ( k )=( t r a p z ( dm l e a k i n ) ∗( t (2 )−t ( 1 ) ) ) /p .

Pe r i od ;
499 m dot in ( k ) = ( t r a p z ( dm in ) ∗( t (2 ) − t ( 1 ) ) ) /p . Pe r i od ;
500
501 %W dot c a l c u l a t e d assuming max( h ) i s s i m i l a r to h avg
502 %( p rope r c a l c u l a t i o n o f h avg done a f t e r the l oop i s

over ,
503 %t h i s v a l u e i s j u s t f o r d i a g n o s t i c pu rpo s e s )
504 W dot ( k )=m dot ( k ) ∗(max( h )−p . h i n ) ;
505
506 %E f f i c i e n c y e s t ima t i o n s , d i a g n o s t i c v a l u e s
507 e t a o ( k )=(m dot ( k ) ∗( p . h 2 s−p . h i n ) ∗1000) /( p . P e l e c t r i c

∗2) ; %W dot i s i n kW
508 e t a v o l ( k )=(m dot ( k ) ) /( p . r h o i ∗ f l i s t ( l ) ∗(max( x p i s t on m

)−min ( x p i s t on m ) ) ∗p . Ap) ;
509
510 %Power consumed by f r i c t i o n
511 W do t f r i c t i o n = p . f f r i c t i o n ∗ F wa l l ∗2∗p . x s t r o k e ∗ f l i s t

( l ) ;
512 W do t f r i c t i o n a v e=mean ( W do t f r i c t i o n ) /1000 ;
513
514 %Heat T r an s f e r e s t ima t i o n s , n ume r i c a l l y i n t e g r a t e d .
515 Q dot ( k )=(( t r a p z (Q) ∗( t (2 )−t ( 1 ) ) ) /p . Pe r i od ) ;
516 Q dot cv2 ( k )=( t r a p z ( Q cv2 ) ∗( t (2 )−t ( 1 ) ) ) /p . Pe r i od ;
517
518 %equa t i on i s under−r e l a x e d , a l pha = 1/100;
519 T w( k+1)=(−Q dot ( k )−Q dot cv2 ( k )+W do t f r i c t i o n a v e )

∗1000∗( p . R s h e l l )+p . T amb ;
520 T w( k+1)=315;
521
522 Q do t i n=(−Q dot ( k )−Q dot cv2 ( k )+W do t f r i c t i o n a v e )

∗1000 ;
523 T w te s t ( k )=Q dot i n ∗p . R s h e l l+p . T amb ;
524
525 %D i a gno s t i c v a l u e s
526 m change ( k ) = m( end ) − m(1) ;
527 m change cv2 ( k ) = m cv2 ( end ) − m cv2 (1 ) ;
528 dE( k ) = −Q dot ( k ) + m dot ( k ) ∗max( h ) − (2∗p . P e l e c t r i c

/1000) − m dot in ( k ) ∗p . h i n ;
529 r e s o n a n t f r e q ( k ) = s q r t ( p . k e f f /p .M mov) /2/ p i ;
530
531 %% I t e r a t i o n Counter
532 count1=num2str ( k ) ;
533 count2=’ I t e r a t i o n Number ’ ;
534 count=[ count2 count1 ] ;
535 d i s p ( ’ ’ )
536 d i s p ( count )
537 l oop ( k )=k ;



167

538
539 %%%%%%%%%%%%%%
540 %% Re s i d u a l s
541 %%%%%%%%%%%%%%
542 % Er r o r c a l c u l a t i o n s
543 %%%%%%%%%%%%%%%%%
544 i f k>1
545 r e s T ( k ) = 1−abs (mean (T( 1 : l e n g t h ( t )−1) . / T e r r o r ( 1 :

l e n g t h ( t )−1) ) ) ;
546 r e s r h o ( k ) = 1−abs (mean ( rho ( 1 : l e n g t h ( t )−1) . /

r h o e r r o r ( 1 : l e n g t h ( t )−1) ) ) ;
547 r e s T c v2 ( k ) = 1−abs (mean ( T cv2 ( 1 : l e n g t h ( t )−1) . /

T e r r o r c v 2 ( 1 : l e n g t h ( t )−1) ) ) ;
548 r e s r h o c v 2 ( k ) = 1−abs (mean ( rho cv2 ( 1 : l e n g t h ( t )−1) . /

r h o e r r o r c v 2 ( 1 : l e n g t h ( t )−1) ) ) ;
549 r e s x ( k ) = 1−abs ( x s t r o k e s a v e ( k ) / x s t r o k e e r r o r ) ;
550 e r r o r r e s = [ abs ( r e s T ( k ) ) , abs ( r e s r h o ( k ) ) , abs (

r e s x ( k ) ) ] ;
551 e r r o r r e s = max( e r r o r r e s ) ;
552
553 %ad j u s t e r r o r coun t e r . . . l o o k i n g f o r two below , then

end
554 i f e r r o r r e s < e r r o r
555 e r r o r c o u n t e r = e r r o r c o u n t e r + 1 ;
556 end
557
558 CV1 res=s t r c a t ( ’CV1 Res . : | ’ , ’ DT | ’ , num2str ( r e s T ( k

) ) , ’ Drho | ’ , num2str ( r e s r h o ( k ) ) , ’ dx | ’ , num2str
( r e s x ( k ) ) ) ;

559 CV2 res=s t r c a t ( ’CV2 Res . : | ’ , ’ DT | ’ , num2str (
r e s T c v2 ( k ) ) , ’ Drho | ’ , num2str ( r e s r h o c v 2 ( k ) ) )
;

560 a dd i n f o=s t r c a t ( ’ L i n e : ’ , num2str ( z ) , ’ | x s t r o k e : ’ ,
num2str ( p . x s t r o k e ) , ’ | a : ’ , num2str ( a ) , ’ |
P e l e c t r i c : ’ , num2str ( p . P e l e c t r i c ) ) ;

561 d i s p ( CV1 res )
562 d i s p ( CV2 res )
563 d i s p ( a d d i n f o )
564 end
565
566 %E r r o r Loop Counter
567 i f k>=p . l o o p e r r o r
568 e r r o r r e s = 0 ;
569 e r r o r c o u n t e r = 2 ;
570 count=’ Convergence Er ro r , too many i t e r a t i o n s ’ ;
571 d i s p ( count )
572 end
573
574 i f k>p . l o o p e r r o r+5
575 e l s e
576 X n=[T( i ) , rho ( i ) , T cv2 ( i ) , r ho cv2 ( i ) , x s t r o k e s a v e ( k

) ] ;
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577 F n=[dT( i ) , drho ( i ) , dT cv2 ( i ) , d rho cv2 ( i ) ,
x d o t p i s t o n ( i ) ] ;

578 J=0;
579 DELTAX n=0;
580 X n 1=X n+DELTAX n ;
581 end
582
583 i t e r ( k )=k ;
584 k=k+1;
585 p . dP max=max(P)−p . P i ; %Max change i n p r e s s u r e

ove r c y c l e r e l a t i v e to c y l i n d e r
586
587 i f k == 150
588 e r r o r = e r r o r + 0 . 00005 ;
589 e l s e i f k == 200
590 e r r o r = e r r o r + 0 . 00005 ;
591 end
592
593 %% Adjustments to power to t r y and ma in ta i n a c o r r e c t

s t r o k e
594 %I f s t r o k e i s o u t s i d e o f the range o f 0 .001 and 0.0254 m

e i t h e r
595 %add or s u b s t r a c t 1W of power i n pu t to t r y and get i t

i n t o the
596 %app r o p r i a t e range
597 i f k > 6
598 i f p . x s t r o k e < 0 .0001
599 p . P e l e c t r i c = p . P e l e c t r i c +1;
600 d i s p ( ’ I n c r e a s e P e l e c t r i c =’ )
601 d i s p ( p . P e l e c t r i c )
602 end
603 end
604 end %End o f k wh i l e l oop
605
606 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
607 %% Brent s Method : Attempt ing to f i n d the c o r r e c t power i n pu t

to
608 %% ob ta i n f u l l s t r o k e
609 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
610 [ p , e r r o r s t r o k e , a ] = b r e n t s (p , a , e r r o r b r e n t s ) ;
611 i f p . b r en t == 1
612 P e l e c t r i c s a v e ( l ) = p . P bren t ( a ) ;
613 p . P e l e c t r i c = p . P bren t ( a ) ;
614 i f a == 35
615 e r r o r b r e n t s = 0 .0000005 ; %0 .5 micron
616 e l s e i f a == 40
617 e r r o r b r e n t s = 0 .000001 ; % 1 micron
618 e l s e i f a == 50
619 e r r o r b r e n t s = 0 .000005 ; % 5 mic rons
620 e l s e i f a==59
621 e r r o r b r e n t s = 0 . 00001 ; %10 mic rons
622 %Find l o c a t i o n o f minimum e r r o r , re−run u s i n g tha t
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623 e r=abs ( p . x s t r o k e b r e n t−p . x s t r o k e r e f ) ;
624 e r m in=min ( e r ) ;
625 i n d e r=f i n d ( e r==er m in ) ;
626 p . P e l e c t r i c=p . P bren t ( i n d e r ) ;
627 P e l e c t r i c s a v e ( l )=p . P bren t ( i n d e r ) ;
628 e l s e i f a==60
629 e r r o r b r e n t s = 1 ;
630 %o v e rw r i t e what brent ’ s method c a l c u l a t e s
631 p . P e l e c t r i c = p . P bren t ( a−1) ;
632 P e l e c t r i c s a v e ( l )=p . P bren t ( a−1) ;
633 e l s e i f a>100
634 e r r o r b r e n t s= 1 ;
635 end
636 end
637 end %end a loop
638 %%%%%%%%%%%%%%
639 %% Post−A l l o c a t i o n , a d j u s t f o r p r ope r l e n g t h
640 %%%%%%%%%%%%%%
641 P=P( 1 : l e n g t h ( t ) ) ;
642 dT=dT ( 1 : l e n g t h ( t ) ) ;
643 h=h ( 1 : l e n g t h ( t ) ) ;
644 V=V( 1 : l e n g t h ( t ) ) ;
645 dV=dV ( 1 : l e n g t h ( t ) ) ;
646 dm=dm( 1 : l e n g t h ( t ) ) ;
647 dm in=dm in ( 1 : l e n g t h ( t ) ) ;
648 dm out=dm out ( 1 : l e n g t h ( t ) ) ;
649 drho=drho ( 1 : l e n g t h ( t ) ) ;
650 m=m(1 : l e n g t h ( t ) ) ;
651 rho=rho ( 1 : l e n g t h ( t ) ) ;
652 x p i s t o n=x p i s t o n ( 1 : l e n g t h ( t ) ) ;
653 x d o t p i s t o n=x d o t p i s t o n ( 1 : l e n g t h ( t ) ) ;
654 Cv=Cv ( 1 : l e n g t h ( t ) ) ;
655 dP dT v=dP dT v ( 1 : l e n g t h ( t ) ) ;
656 Ma=Ma( 1 : l e n g t h ( t ) ) ;
657 T=T( 1 : l e n g t h ( t ) ) ;
658 x v a l v e=x v a l v e ( 1 : l e n g t h ( t ) ) ;
659 x d o t v a l v e=x d o t v a l v e ( 1 : l e n g t h ( t ) ) ;
660 dm l e a k i n=dm l e ak i n ( 1 : l e n g t h ( t ) ) ;
661 dm leak out=dm leak out ( 1 : l e n g t h ( t ) ) ;
662 dm out va l v e=dm out va l v e ( 1 : l e n g t h ( t ) ) ;
663 dV cv2=dV cv2 ( 1 : l e n g t h ( t ) ) ;
664 V cv2=V cv2 ( 1 : l e n g t h ( t ) ) ;
665 Ma cv2=Ma cv2 ( 1 : l e n g t h ( t ) ) ;
666 h cv2=h cv2 ( 1 : l e n g t h ( t ) ) ;
667 Cv cv2=Cv cv2 ( 1 : l e n g t h ( t ) ) ;
668 dP dT v cv2=dP dT v cv2 ( 1 : l e n g t h ( t ) ) ;
669 P cv2=P cv2 ( 1 : l e n g t h ( t ) ) ;
670 d rho cv2=drho cv2 ( 1 : l e n g t h ( t ) ) ;
671 rho cv2=rho cv2 ( 1 : l e n g t h ( t ) ) ;
672 dT cv2=dT cv2 ( 1 : l e n g t h ( t ) ) ;
673 T cv2=T cv2 ( 1 : l e n g t h ( t ) ) ;
674 F d r i v e=F d r i v e ( 1 : l e n g t h ( t ) ) ;
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675 Q motor=Q motor ( 1 : l e n g t h ( t ) ) ;
676 th e t a=the t a ( 1 : l e n g t h ( t ) ) ;
677 t h e t a d o t=th e t a d o t ( 1 : l e n g t h ( t ) ) ;
678 x p i s t on m=x p i s t on m ( 1 : l e n g t h ( t ) ) ;
679 dP=dP ( 1 : l e n g t h ( t ) ) ;
680 dx=dx ( 1 : l e n g t h ( t ) ) ;
681 t h e t a d o t d o t=t h e t a d o t d o t ( 1 : l e n g t h ( t ) ) ;
682 Q=Q( 1 : l e n g t h ( t ) ) ;
683 Q cv2=Q cv2 ( 1 : l e n g t h ( t ) ) ;
684 c e f f = c e f f ( 1 : l e n g t h ( t ) ) ;
685 c f r i c t i o n = c f r i c t i o n ( 1 : l e n g t h ( t ) ) ;
686 c ga s = c ga s ( 1 : l e n g t h ( t ) ) ;
687 x d o t d o t p i s t o n = x d o t d o t p i s t o n ( 1 : l e n g t h ( t ) ) ;
688 F gas = F gas ( 1 : l e n g t h ( t ) ) ;
689 F wa l l=F wa l l ( 1 : l e n g t h ( t ) ) ;
690 T w = T w ( 1 : k−1) ;
691 x s t r o k e s a v e = x s t r o k e s a v e ( 1 : k−1) ;
692 l oop = loop ( 1 : k−1) ;
693 m dot = m dot ( 1 : k−1) ;
694 m do t l e a k i n = m do t l e a k i n ( 1 : k−1) ;
695 m do t l e a k ou t = m do t l e a k ou t ( 1 : k−1) ;
696 W dot = W dot ( 1 : k−1) ;
697 e t a o = e t a o ( 1 : k−1) ;
698 e t a v o l = e t a v o l ( 1 : k−1) ;
699 Q dot = Q dot ( 1 : k−1) ;
700 Q dot cv2 = Q dot cv2 ( 1 : k−1) ;
701 m dot in = m dot in ( 1 : k−1) ;
702
703 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
704 %% Est imate Massf low , Power Input , Heat Trans f e r , and

E f f i c i e n c i e s
705 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
706 % Es t ima t i n g e x i t t empe ra tu r e and en tha l p y
707 i f m dot ( k−1) > 0
708 %f i n d i n g key vo lumes
709 V 1=max(V) ; %BDC
710 V 3=min (V) ; %TDC
711 V 4=min ( f i n d c r o s s (V’ , P ’ , p . P i ) ) ; %Suc t i on v a l v e open
712 V 2=max( f i n d c r o s s (V’ , P ’ , p . P d ) ) ; %d i s c h a r g e v a l v e

open
713
714 %Find i n d e x e s o f impo r tan t vo lumes
715 i v 1=f i n d (V == V 1 ) ;
716 i v 3=f i n d (V == V 3 ) ;
717 i v 2 t e s t = c r o s s i n g (V , [ ] , V 2 ) ; %a v e c t o r o f l e n g t h 2
718 i v 4 t e s t = c r o s s i n g (V , [ ] , V 4 ) ; %a v e c t o r o f l e n g t h 2
719
720 % t e s t above to s e e which v a l u e s co r r e spond to the

c o r r e c t
721 % p r e s s u r e
722 f o r i =1:1 : l e n g t h ( i v 2 t e s t )
723 d i f f P 2 ( i ) = abs (P( i v 2 t e s t ( i ) )−p . P d ) ;
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724 d i f f P 4 ( i ) = abs (P( i v 4 t e s t ( i ) )−p . P i ) ;
725 end
726
727 %i n d i c i e s o f the po i n t where the d i f f e r e n c e between the
728 %c r o s s o v e r p r e s s u r e and a c t u a l p r e s s u r e i s a t a minimum
729 i v 2 = i v 2 t e s t ( f i n d ( d i f f P 2 == min ( d i f f P 2 ) ) ) ;
730 i v 4 = i v 4 t e s t ( f i n d ( d i f f P 4 == min ( d i f f P 4 ) ) ) ;
731
732 i f i v 2 < i v 3 %does d i s c h a r g e c r o s s the boundary ?
733 T d = mean (T( i v 2 : i v 3 ) ) ;
734 h 2 = EOS(T d , p . P d , ’ e n t ha l p y ’ , ’P ’ ) ;
735 e l s e %yes
736 T d = mean ( ca t (2 ,T( i v 2 : end ) ,T( 1 : i v 3 ) ) ) ;
737 h 2 = EOS(T d , p . P d , ’ e n t ha l p y ’ , ’P ’ ) ;
738 end
739
740 %e s t ima t e e x i t t empe ra tu r e and en tha l p y
741 i f T d == 0
742 T d = mean ( ca t (2 , f i n d c r o s s (T’ , P ’ , p . P d ) ,max(T) ) ) ;
743 h 2 = EOS(T d , p . P d , ’ e n t ha l p y ’ , ’P ’ ) ;
744 end
745
746 %Boundary work c a l c u l a t i o n s
747 W 2 3 = mean (P( i v 2 : i v 3 ) ) ∗( V 2 − V 3 ) ;
748 W 4 1=mean ( ca t (2 ,P( i v 4 : end ) ,P ( 1 : i v 1 ) ) ) ∗( V 1−V 4 ) ;
749 W 1 2 = mean (mean (P( i v 1 : end ) ) ) ∗( V 1 − V 2 ) ;
750 W 3 4 = mean (P( i v 3 : i v 4 ) ) ∗( V 4 − V 3 ) ;
751
752 %Actua l boundary work o f r e a l compre s s i on p r o c e s s
753 W boundary = W 1 2 + W 2 3 − W 3 4 − W 4 1 ;
754 W dot boundary = W boundary∗ f l i s t ( l ) ;
755
756 %I d e a l i z e d s u c t i o n and d i s c h a r g e p r o c e s s e s
757 W ga s d i s i d e a l = p . P d ∗( V 2 − V 3 ) ;
758 W ga s s u c i d e a l = p . P i ∗( V 1 − V 4 ) ;
759
760 %Hybr id i d e a l i z e d boundary work ( compre s s i on and

expan s i on
761 %are r e a l )
762 W ga s n e t i d e a l = W ga s d i s i d e a l + W 1 2 − W 3 4 −

W gas s u c i d e a l ;
763 W do t n e t i d e a l = W ga s n e t i d e a l ∗ f l i s t ( l ) ;
764
765 %Valve Losses , based on d i f f e r e n c e s between i d e a l v a l v e s

and
766 %r e a l v a l v e s , i n W
767 W do t s u c l o s s = 1000∗(−W 4 1 + W ga s s u c i d e a l ) ∗ f l i s t (

l ) ;
768 W do t d i s l o s s = 1000∗(W 2 3 − W ga s d i s i d e a l ) ∗ f l i s t ( l

) ;
769
770 e l s e



172

771 T d = 0 ;
772 h 2 = 0 ;
773 h 2 c a l c = 0 ;
774 W do t s u c l o s s = 0 ;
775 W do t d i s l o s s = 0 ;
776 end
777
778 %%%%%%%%%%%%%%%%%%%%%%%%%%%%
779 %% Los s e s and power c a l c u l a t i o n s
780 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%
781 %Power i n the p i s t o n sha f t , ene rgy i n t e g r a t e d ove r one

p e r i o d
782 W dot sha f t = 0 .5∗ p .M mov∗ x d o t p i s t o n .ˆ2∗ f l i s t ( l ) ;
783 W dot sha f t a v e = sum( W dot sha f t ) / l e n g t h ( W dot sha f t ) ;
784
785 %Power i n the r o t a t i o n o f p i s t o n sha f t , ene rgy i n t e g r a t e d

ove r
786 %one p e r i o d
787 W do t s h a f t r o t a t i o n = 0.5∗ p . J∗ t h e t a d o t .ˆ2∗ f l i s t ( l ) ;
788 W do t s h a f t r o t a t i o n a v e = sum( W do t s h a f t r o t a t i o n ) / l e n g t h (

W do t s h a f t r o t a t i o n ) ;
789
790 %Power consumed by f r i c t i o n
791 %W do t f r i c t i o n = ( c e f f − c ga s ) ∗p . x max∗ f l i s t ( l ) ˆ2 ;
792 %W do t f r i c t i o n a v e = sum( W do t f r i c t i o n ) / l e n g t h (

W do t f r i c t i o n ) ;
793 W do t f r i c t i o n = p . f f r i c t i o n ∗ F wa l l ∗2∗p . x s t r o k e ∗ f l i s t ( l ) ;
794 W do t f r i c t i o n a v e=mean ( W do t f r i c t i o n ) ;
795
796 %Tota l power consumed by compressor , moving from compre s s i on
797 %chamber to motor
798 W do t t o t a l a v e = W dot sha f t a v e + W do t s h a f t r o t a t i o n a v e

+ W do t f r i c t i o n a v e + p . Q motor ;
799
800 %Maximum power s t o r e d i n the mechan i ca l s p r i n g s
801 W dot stored max = 0.5∗ p . k mech∗p . x s t r o k e ˆ2∗ f l i s t ( l ) ;
802
803 %Net compres so r power i n t o the gas
804 W dot ( k−1)=1000∗m dot ( k−1)∗( h 2−p . h i n ) ; %W dot i s i n W
805
806 %E f f i c i e n c y e s t im a t i o n s
807 e t a o ( k−1)=(m dot ( k−1)∗( p . h 2 s−p . h i n ) ∗1000) /( p . P e l e c t r i c

∗2) ;
808 e t a o t e s t = (m dot ( k−1)∗( p . h 2 s−p . h i n ) ∗1000) /

W do t t o t a l a v e ;
809 e t a i s = (p . h 2 s − p . h i n ) /( h 2 − p . h i n ) ;
810
811 %Net l e a kag e l o s s e s
812 W do t l e a k a g e l o s s = W dot sha f t a v e − W dot ( k−1) − Q dot ( k

−1) − W dot s u c l o s s − W do t d i s l o s s ;
813 W dot l eak = 1000∗mean ( m do t l e a k ou t ( end ) ∗h − m do t l e a k i n

( end ) ∗ h cv2 ) ;
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814
815 %L i n e a r a d d i t i o n s
816 W do t i n l i n e a r = mean ( F d r i v e c l e a n .∗ x d o t p i s t o n ) ;
817 e t a o l i n e a r = (m dot ( k−1)∗( p . h 2 s−p . h i n ) ∗1000) /

W do t i n l i n e a r ;
818
819 %% Other E s t ima t i o n s
820 x mag ( l )=p . x s t r o k e /p . x max ; %#ok<SAGROW>
821 x s t r o k e r e s o n a n t s a v e ( l ) = (max( x p i s t on m )−min ( x p i s t on m )

) ; %#ok<SAGROW>
822 f l i s t r e s o n a n t s a v e ( l ) = f l i s t ( l ) ; %#ok<SAGROW>
823 W gas=((p . gamma∗p . P i ∗(max(V) − p . V dead va l v e ) ) /( p . gamma−1)

) ∗ ( ( ( p . P d/p . P i ) ˆ ( ( p . gamma−1)/p . gamma) )−1) ; %kJ
824 W dot gas = W gas∗ f l i s t ( l ) ∗1000 ;
825
826 %% Ca l c u l a t i n g r e s onan t f r e qu en c y
827 i f l>1
828 c h a n g e i n s t r o k e = x s t r o k e r e s o n a n t s a v e ( l ) −

x s t r o k e r e s o n a n t s a v e ( l −1) ;
829 i f c h a n g e i n s t r o k e < 0
830 numbe r change s t r oke = numbe r change s t r oke +1;
831 end
832 i f numbe r change s t r oke < 3
833 p . r e s o n a n t l o o p = 0 ;
834 f r e s o n a n t c a l c u l a t e d = 0 ;
835 w d r e s o n a n t c a l c u l a t e d = 0 ;
836 e l s e i f numbe r change s t r oke >= 3 % i s s t r o k e d e c r e a s i n g
837 p . r e s o n a n t l o o p = 1 ;
838 i f l e n g t h ( x s t r o k e r e s o n a n t s a v e ) < 5
839 f r e s o n a n t c a l c u l a t e d = 99 ;
840 w d r e s o n a n t c a l c u l a t e d = 99 ;
841 e l s e i f l e n g t h ( x s t r o k e r e s o n a n t s a v e ) <= 15 && l e ng t h (

x s t r o k e r e s o n a n t s a v e ) >=5
842 c o e f f i c i e n t s = p o l y f i t ( f l i s t r e s o n a n t s a v e ,

x s t r o k e r e s o n a n t s a v e , 2 ) ;
843 f r e s o n a n t c a l c u l a t e d = − c o e f f i c i e n t s (2 ) /(2∗

c o e f f i c i e n t s (1 ) ) ;
844 w d r e s o n a n t c a l c u l a t e d = f r e s o n a n t c a l c u l a t e d ∗2∗ p i

;
845 e l s e
846 x s t r o k e r e s o n a n t s a v e = x s t r o k e r e s o n a n t s a v e ( end

−14: end ) ;
847 f l i s t r e s o n a n t s a v e = f l i s t r e s o n a n t s a v e ( end−14:

end ) ;
848 c o e f f i c i e n t s = p o l y f i t ( f l i s t r e s o n a n t s a v e ,

x s t r o k e r e s o n a n t s a v e , 2 ) ;
849 f r e s o n a n t c a l c u l a t e d = − c o e f f i c i e n t s (2 ) /(2∗

c o e f f i c i e n t s (1 ) ) ;
850 w d r e s o n a n t c a l c u l a t e d = f r e s o n a n t c a l c u l a t e d ∗2∗ p i

;
851 end
852 end
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853 e l s e
854 f r e s o n a n t c a l c u l a t e d = 0 ;
855 w d r e s o n a n t c a l c u l a t e d = 0 ;
856 numbe r change s t r oke = 0 ; %i n i t i a l i z e v a r i a b l e
857 p . r e s o n a n t l o o p = 0 ;
858 end
859
860 %% Sav ing Impor tant pa ramete r s
861 i f p c f l a g == 0 %&& p . r e s o n a n t l o o p == 1
862 d=date ;
863 s a v e da t a={d , cha r ( p . save name ) , z , p . w d , f l i s t ( l ) , (max(

x p i s t on m )−min ( x p i s t on m ) ) ,W dot ( k−1) , . . .
864 m dot ( k−1) , m do t l e a k ou t ( k−1) , p . P i , p . P d , p . T i , l e n g t h (

t ) , cha r ( p . method ) ,2∗p . P e l e c t r i c , . . .
865 p . eta motor , p . k mech , p . f f r i c t i o n , p . ecc 1 , x mag ( l ) , p . g ,

e t a o ( k−1) , e t a v o l ( k−1) ,T d , . . .
866 T w(k−1) , k−1,Q dot ( k−1) , Q dot cv2 ( k−1) , p . P d/p . P i , r e s T

( k−1) , r e s r h o ( k−1) , r e s T cv2 ( k−1) , r e s r h o c v 2 ( k−1)
, . . .

867 r e s x ( k−1) , 0 , 0 , p .M mov , ( max( x p i s t on m )−min ( x p i s t on m ) )
, p . P e l e c t r i c , f r e s o n a n t c a l c u l a t e d ,
w d r e s o n a n t c a l c u l a t e d , p . k e f f , e t a i s , . . .

868 e t a o t e s t , W dot sha f t ave , W do t s h a f t r o t a t i o n a v e ,
W do t f r i c t i o n a v e , W dot to t a l a v e , W dot stored max ,
W dot suc l o s s , W do t d i s l o s s , . . .

869 W do t l e a k ag e l o s s , W dot leak , mean ( x p i s t on m ) , p .
V dead va l ve , a , e r r o r s t r o k e , e t a o l i n e a r ,
W do t i n l i n e a r } ;

870
871 range 2=s t r c a t ( ’A ’ , num2str ( l+rows ) , ’ : ’ , ’BG ’ , num2str ( l+rows ) )

;
872 x l s w r i t e 1 ( ’ d a t a l o g . x l s ’ , s ave da ta , r ange 2 )
873 save name = s t r c a t ( ’ wksp ’ , p . save name ) ;
874 save name = char ( save name ) ;
875 save ( save name )
876
877 e l s e i f p c f l a g == 1
878
879 save da ta tmp = {z , p . w d , f l i s t ( l ) , (max( x p i s t on m )−min (

x p i s t on m ) ) ,W dot ( k−1) , . . .
880 m dot ( k−1) , m do t l e a k ou t ( k−1) , p . P i , p . P d , p . T i , l e n g t h (

t ) ,2∗p . P e l e c t r i c , . . .
881 p . eta motor , p . k mech , p . f f r i c t i o n , p . ecc 1 , x mag ( l ) , p . g ,

e t a o ( k−1) , e t a v o l ( k−1) ,T d , . . .
882 T w(k−1) , k−1,Q dot ( k−1) , Q dot cv2 ( k−1) , p . P d/p . P i , r e s T

( k−1) , r e s r h o ( k−1) , r e s T cv2 ( k−1) , r e s r h o c v 2 ( k−1)
, . . .

883 r e s x ( k−1) , 0 , 0 , p .M mov , ( max( x p i s t on m )−min ( x p i s t on m ) )
, p . P e l e c t r i c , f r e s o n a n t c a l c u l a t e d ,
w d r e s o n a n t c a l c u l a t e d , p . k e f f , e t a i s , . . .
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884 e t a o t e s t , W dot sha f t ave , W do t s h a f t r o t a t i o n a v e ,
W do t f r i c t i o n a v e , W dot to t a l a v e , W dot stored max ,
W dot suc l o s s , W do t d i s l o s s , . . .

885 W do t l e a k ag e l o s s , W dot leak , mean ( x p i s t on m ) , p .
V dead va l ve , a , e r r o r s t r o k e , e t a o l i n e a r ,
W do t i n l i n e a r } ;

886
887 s a v e da t a ( z , : ) = c e l l 2ma t ( save da ta tmp ) ;
888 save name = s t r c a t ( ’ d a t a l o g ’ , p . save name ) ;
889 wksp name = s t r c a t ( ’ wksp ’ , p . save name ) ;
890 save name = char ( save name ) ;
891 x l s w r i t e ( save name , s a v e da t a ) ;
892 save ( cha r ( wksp name ) )
893 end
894 k=1;
895 dT loop=1;
896 d r ho l o op =1;
897 dT cv2 loop=1;
898 d r h o c v 2 l o op =1;
899 l=l +1; %Resonant l oop coun t e r update
900
901 end %End o f f r e q sweep wh i l e loop , l v a r i a b l e
902
903 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
904 %% Diagrams
905 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
906 i f p c f l a g == 0
907 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%
908 % P−V Plo t
909 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%
910 f i g u r e (21)
911 %s e t ( gcf , ’ V i s i b l e ’ , ’ o f f ’ )
912 hand l e s . p l o t (21)=p l o t (V,P) ; t i t l e ( ’ P r e s s u r e v . Volume ’ ) ;
913 y l a b e l ( ’ P r e s s u r e ( kPa ) ’ ) ;
914 x l a b e l ( ’ Volume (mˆ3) ’ ) ;
915 hand l e s . f i g u r e (21)=gc f ;
916 hand l e s . a x i s (21)=gca ;
917
918 %%%%%%%%%%%%%%%%%%%%%%%%%%%
919 % D i a gno s t i c P l o t s
920 %%%%%%%%%%%%%%%%%%%%%%%%%%
921 f i g u r e (22)
922 s e t ( gcf , ’ V i s i b l e ’ , ’ o f f ’ )
923 hand l e s . p l o t (22)=p l o t ( Q dot ) ; t i t l e ( ’ Heat T r an s f e r v .

I t e r a t i o n ’ ) ;
924 y l a b e l ( ’ Heat T r an s f e r (kW) ’ ) ;
925 x l a b e l ( ’ I t e r a t i o n ’ ) ;
926 hand l e s . f i g u r e (22)=gc f ;
927 hand l e s . a x i s (22)=gca ;
928
929 f i g u r e (23)
930 s e t ( gcf , ’ V i s i b l e ’ , ’ o f f ’ )
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931 hand l e s . p l o t (23)=p l o t ( Q dot cv2 ) ; t i t l e ( ’ Heat T r an s f e r v .
I t e r a t i o n − CV2 ’ ) ;

932 y l a b e l ( ’ Heat T r an s f e r (kW) ’ ) ;
933 x l a b e l ( ’ I t e r a t i o n ’ ) ;
934 hand l e s . f i g u r e (23)=gc f ;
935 hand l e s . a x i s (23)=gca ;
936
937 f i g u r e (24)
938 s e t ( gcf , ’ V i s i b l e ’ , ’ o f f ’ )
939 hand l e s . p l o t (24)=p l o t (T w) ; t i t l e ( ’ S h e l l Wal l Temp v .

I t e r a t i o n − CV2 ’ ) ;
940 y l a b e l ( ’ Wal l Temp (K) ’ ) ;
941 x l a b e l ( ’ I t e r a t i o n ’ ) ;
942 hand l e s . f i g u r e (24)=gc f ;
943 hand l e s . a x i s (24)=gca ;
944
945 %Main s ubp l o t d iagram
946 f i g u r e (25)
947 %s e t ( gcf , ’ V i s i b l e ’ , ’ o f f ’ )
948 s ubp l o t ( 3 , 3 , 1 ) , p l o t ( t ,T) ; t i t l e ( ’ Temperature v . Time ’ ) ;
949 s ubp l o t ( 3 , 3 , 2 ) , p l o t ( t ,P) ; t i t l e ( ’ P r e s s u r e v . Time ’ ) ;
950 s ubp l o t ( 3 , 3 , 3 ) , p l o t ( t ,dm) ; t i t l e ( ’ Massf low v . Time ’ ) ;
951 s ubp l o t ( 3 , 3 , 4 ) , p l o t ( t ,V) ; t i t l e ( ’ Volume v . Time ’ ) ;
952 s ubp l o t ( 3 , 3 , 5 ) , p l o t ( t ,V) ; t i t l e ( ’ Volume v . Time ’ ) ;
953 s ubp l o t ( 3 , 3 , 6 ) , p l o t ( t , rho ) ; t i t l e ( ’ Den s i t y v . Time ’ ) ;
954 s ubp l o t ( 3 , 3 , 7 ) , p l o t ( t , dV) ; t i t l e ( ’ Change i n Volume v . Time ’ ) ;
955 s ubp l o t ( 3 , 3 , 8 ) , p l o t ( t , x p i s t o n ) ; t i t l e ( ’ D i sp l acement v . Time ’

) ;
956 s ubp l o t ( 3 , 3 , 9 ) , p l o t ( t , drho ) ; t i t l e ( ’ Change i n Rho v . Time ’ ) ;
957
958 f i g u r e (26)
959 %s e t ( gcf , ’ V i s i b l e ’ , ’ o f f ’ )
960 %p l o t ( t , dT check ) ; ho ld on ; p l o t ( t , dT , ’ r ’ ) ; l e g end ( ’

dT c h e c k ’ , ’ dm’ )
961 s ubp l o t ( 2 , 2 , 1 ) , p l o t ( t ,Ma) ; t i t l e ( ’Mach Number v . Time ’ )
962 s ubp l o t ( 2 , 2 , 2 ) , p l o t ( t , x v a l v e ) ; t i t l e ( ’ Va lve L i f t v . Time ’ )
963 s ubp l o t ( 2 , 2 , 3 ) , p l o t ( m do t l e a k ou t ) ; t i t l e ( ’ Leakage Outf low v

. Time ’ )
964 s ubp l o t ( 2 , 2 , 4 ) , p l o t ( m dot ) ; t i t l e ( ’ Massf low v . I t e r a t i o n ’ )
965
966 % CV2 P l o t s
967 f i g u r e (27)
968 %s e t ( gcf , ’ V i s i b l e ’ , ’ o f f ’ )
969 s ubp l o t ( 3 , 3 , 1 ) , p l o t ( t , T cv2 ) ; t i t l e ( ’ Temperature v . Time f o r

CV2 ’ ) ;
970 s ubp l o t ( 3 , 3 , 2 ) , p l o t ( t , P cv2 ) ; t i t l e ( ’ P r e s s u r e v . Time f o r CV2

’ ) ;
971 s ubp l o t ( 3 , 3 , 3 ) , p l o t ( t , dm leak out ) ; t i t l e ( ’ Leakage Massf low

In v . Time f o r CV2 ’ ) ;
972 s ubp l o t ( 3 , 3 , 4 ) , p l o t ( t , V cv2 ) ; t i t l e ( ’ Volume v . Time f o r CV2 ’ )

;
973 s ubp l o t ( 3 , 3 , 5 ) , p l o t ( t , r ho cv2 ) ; t i t l e ( ’ Den s i t y v . Time ’ ) ;
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974 s ubp l o t ( 3 , 3 , 6 ) , p l o t ( t , h cv2 ) ; t i t l e ( ’ Entha lpy v . Time ’ ) ;
975 s ubp l o t ( 3 , 3 , 7 ) , p l o t ( t , dT cv2 ) ; t i t l e ( ’ Change i n Temperature v

. Time f o r CV2 ’ ) ;
976 s ubp l o t ( 3 , 3 , 8 ) , p l o t ( t , Ma cv2 ) ; t i t l e ( ’Mach Number v . Time ’ ) ;
977 s ubp l o t ( 3 , 3 , 9 ) , p l o t ( t , d rho cv2 ) ; t i t l e ( ’ Change i n Rho v . Time

f o r CV2 ’ ) ;
978
979 %% Shu t t i ng down a c t i v e x s e r v e r to e x c e l
980 i n voke ( Exc e l . ActiveWorkbook , ’ Save ’ ) ;
981 Exce l . Quit
982 Exce l . d e l e t e
983 c l e a r Exc e l
984
985 end
986
987 %% othe r s t u f f
988 d i s p ( s t r c a t ( ’ Batch L ine No : ’ , num2str ( z ) ) )
989
990 end %end o f z l oop ( number o f batch l i n e s )
991
992 %tu rn annoy ing warn ing back on
993 warn ing ( ’ on ’ , ’MATLAB: P r i n t : Sav ingToDi f fe rentName ’ )
994 d i s p ( ’ f i n i s h e d ’ )
995 d i a r y
996
997 ca tch ME
998 d i s p ( ’ f i n i s h e d w/ e r r o r ’ )
999 d i s p (ME. message )
1000 d i s p (ME. cause )
1001 d i s p (ME. s t a c k )
1002 d i s p (ME)
1003 d i a r y
1004
1005 i f p c f l a g == 0
1006 %% Shu t t i ng down a c t i v e x s e r v e r to e x c e l
1007 i n voke ( Exc e l . ActiveWorkbook , ’ Save ’ ) ;
1008 Exce l . Quit
1009 Exce l . d e l e t e
1010 c l e a r Exc e l
1011 crash name = s t r c a t ( ’ c r a s h ’ , save name ) ;
1012 save ( crash name )
1013 end
1014
1015 i f p c f l a g == 1
1016 save name = s t r c a t ( ’ d a t a l o g ’ , p . save name ) ;
1017 save name = char ( save name ) ;
1018 crash name = s t r c a t ( ’ c r a s h ’ , save name ) ;
1019 save ( crash name )
1020 i f l>1
1021 x l s w r i t e ( save name , s a v e da t a ) ;
1022 end
1023 end
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1024 %tu rn annoy ing warn ing back on
1025 warn ing ( ’ on ’ , ’MATLAB: P r i n t : Sav ingToDi f fe rentName ’ )
1026
1027 end
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C.2 Function getflag

1 f u n c t i o n [ p c f l a g ]= g e t f l a g ( )
2 %Get the p c f l a g
3
4 p c f l a g = 0 ; %This f i l e i s f o r the pc
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C.3 Function create struct

1 f u n c t i o n [ p]= c r e a t e s t r u c t ( num inputs , t x t i n p u t s )
2 %This f u n c t i o n c r e a t e s a s t r u c t u r e o f i n pu t pa ramete r s t ha t w i l l be used
3 %throughout the program . The t i t l e o f t h i s s t r u c t u r e w i l l be ’ p ’ f o r
4 %paramete r .
5
6 [ T i , r h o i , P i , R , P d , f , x o , t s t e p , gamma , x d , method , n , V cv2 i ,

L p i s ton max , g , D p i s ton , x s t r o k e , V max , w d , V dead va l ve , e ta motor , Ap
, P e l e c t r i c , x max , l e akage on , mass on , v i b r a t i o n o r d e r , v i b r a t i o n o n ,
va l v e dynam i c s on , D cv2 , L cv2 , h e a t t r a n s f e r o n , h 2 s , b rent , T s 2 ] =
g i v e n s ( num inputs , t x t i n p u t s ) ;

7 [ d v a l v e s u c t i o n , d v a l v e d i s c h a r g e , C d , A s u c t i o n v a l v e , A d i s c h a r g e v a l v e
, I d i s c h a r g e , I s u c t i o n , k d i s c h a r g e , k s u c t i o n , m e f f d i s c h a r g e ,
m e f f s u c t i o n , A suc t i on , A d i s cha rge , x t r s u c t i o n , x t r d i s c h a r g e ,
x s top , a s u c t i o n , a d i s c h a r g e , d s u c t i o n , d d i s c h a r g e ] = v a l v e i n p u t s (
num inputs , t x t i n p u t s ) ;

8 [ M mov , J , L 1 , L 2 , k mech , f f r i c t i o n , x p i s t o n i , x d o t p i s t o n i , t h e t a i ,
t h e t a d o t i , x p i s t o n m i , J a , ecc 1 , ecc 2 , L l oad 1 , L l o a d 2 ] =
v i b r a t i o n g i v e n s ( x o , v i b r a t i o n o r d e r , num inputs , t x t i n p u t s ) ;

9 [ a lpha , k r ,A ,B,C , T w i , R s h e l l , T amb , t s h e l l , k a lum ] =
h e a t t r a n s f e r g i v e n s ( T i , num inputs , t x t i n p u t s ) ;

10
11 %%%%%%
12 %From Gene ra l G i vens
13 %%%%%%
14
15 p . T i=T i ;
16 p . r h o i=r h o i ;
17 p . P i=P i ;
18 p .R=R ;
19 p . P d=P d ;
20 p . f=f ;
21 p . x o=x o ;
22 p . t s t e p=t s t e p ;
23 p . gamma=gamma ;
24 p . x d=x d ;
25 p . method=method ;
26 p . n=n ;
27 p . V c v 2 i=V cv2 i ;
28 p . L p i s t on max=L p i s ton max ;
29 p . g=g ;
30 p . D p i s t on=D p i s t on ;
31 p . x s t r o k e=x s t r o k e ;
32 p . x s t r o k e r e f=x s t r o k e ;
33 p . V max=V max ;
34 p . w d=w d ;
35 p . V dead va l v e=V dead va l v e ;
36 p . e ta moto r=eta moto r ;
37 p . Ap=Ap ;
38 p . P e l e c t r i c=P e l e c t r i c ;
39 p . x max=x max ;
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40 p . l e a k ag e on=l e akag e on ;
41 p . mass on=mass on ;
42 p . v i b r a t i o n o r d e r=v i b r a t i o n o r d e r ;
43 p . v i b r a t i o n o n=v i b r a t i o n o n ;
44 p . v a l v e d ynam i c s on=va l v e d ynam i c s on ;
45 p . h e a t t r a n s f e r o n=h e a t t r a n s f e r o n ;
46 p . D cv2=D cv2 ;
47 p . L cv2=L cv2 ;
48 p . h 2 s=h 2 s ;
49 p . b r en t = b r en t ;
50 p . T s 2 = T s 2 ;
51
52
53 %%%%%%%%
54 %From va l v e g i v e n s
55 %%%%%%%%
56
57 p . d v a l v e s u c t i o n=d v a l v e s u c t i o n ;
58 p . d v a l v e d i s c h a r g e=d v a l v e d i s c h a r g e ;
59 p . C d=C d ;
60 p . A s u c t i o n v a l v e=A s u c t i o n v a l v e ;
61 p . A d i s c h a r g e v a l v e=A d i s c h a r g e v a l v e ;
62 p . I d i s c h a r g e=I d i s c h a r g e ;
63 p . I s u c t i o n=I s u c t i o n ;
64 p . k d i s c h a r g e=k d i s c h a r g e ;
65 p . k s u c t i o n=k s u c t i o n ;
66 p . m e f f d i s c h a r g e=m e f f d i s c h a r g e ;
67 p . m e f f s u c t i o n=m e f f s u c t i o n ;
68 p . A su c t i o n=A suc t i o n ;
69 p . A d i s c h a r g e=A d i s c h a r g e ;
70 p . x t r s u c t i o n=x t r s u c t i o n ;
71 p . x t r d i s c h a r g e=x t r d i s c h a r g e ;
72 p . x s t o p=x s t op ;
73 p . a s u c t i o n=a s u c t i o n ;
74 p . a d i s c h a r g e=a d i s c h a r g e ;
75 p . d s u c t i o n=d s u c t i o n ;
76 p . d d i s c h a r g e=d d i s c h a r g e ;
77
78
79 %%%%%%%
80 %From V i b r a t i o n G ivens
81 %%%%%%%
82
83 p .M mov=M mov ;
84 p . J=J ;
85 p . L 1=L 1 ;
86 p . L 2=L 2 ;
87 p . k mech=k mech ;
88 p . f f r i c t i o n=f f r i c t i o n ;
89 p . x p i s t o n i=x p i s t o n i ;
90 p . x d o t p i s t o n i=x d o t p i s t o n i ;
91 p . t h e t a i=t h e t a i ;
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92 p . t h e t a d o t i=t h e t a d o t i ;
93 p . x p i s t o n m i=x p i s t o n m i ;
94 p . J a=J a ;
95 p . e c c 1=ecc 1 ;
96 p . e c c 2=ecc 2 ;
97 p . L l o a d 1=L l o ad 1 ;
98 p . L l o a d 2=L l o ad 2 ;
99

100 %%%%%%%%
101 %Heat T r an s f e r I n p u t s
102 %%%%%%%%
103
104 p . a l pha=a lpha ;
105 p . k r=k r ;
106 p .A=A;
107 p .B=B;
108 p .C=C ;
109 p . T w i=T w i ;
110 p . T w cv2 i=T w i ;
111 p . R s h e l l=R s h e l l ;
112 p . T amb=T amb ;
113 p . t s h e l l=t s h e l l ;
114 p . k alum=k alum ;
115
116
117 %%%%%%
118 % Mi s c e l l a n e o u s i n p u t s
119 %%%%%%
120 p . n p e r i o d=num inputs (54) ;
121 p . l o o p e r r o r=num inputs (55) ;
122 p . save name=t x t i n p u t s (56) ;
123 p . s a v e a l l=num inputs (57) ;
124
125 %%%%%%%%%%%
126 % Frequency Sweep Paramete r s
127 %%%%%%%%%%%
128
129 p . f b e g i n=num inputs (58) ;
130 p . f i n c r emen t=num inputs (59) ;
131 p . f e nd=num inputs (60) ;
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C.4 Function givens

1 f u n c t i o n [ T i , r h o i , P i , R , P d , f , x o , t s t e p , gamma , x d , method , n , V cv2 i ,
L p i s ton max , g , D p i s ton , x s t r o k e , V max , w d , V dead va l ve , e ta motor , Ap
, P e l e c t r i c , x max , l e akage on , mass on , v i b r a t i o n o r d e r , v i b r a t i o n o n ,
va l v e dynam i c s on , D cv2 , L cv2 , h e a t t r a n s f e r o n , h 2 s , b rent , T s 2 ] =
g i v e n s ( num inputs , t x t i n p u t s )

2 %A f u n c t i o n tha t i n t i a l i z e s a l l g i v e n pa ramete r s
3
4 method=t x t i n p u t s (8 ) ;
5
6 %Turn model o p t i o n s on and o f f
7 l e a k ag e on=num inputs (19) ; %Dete rmines i f l e a k ag e model i s

on or not . 1 i t i s open , 0 i s no l e a kag e
8 mass on=num inputs (20) ; %Dete rmines i f v a l v e s open or

not , 0 v a l v e s s t a y c l o s ed , 1 they open no rma l l y
9 v i b r a t i o n o r d e r=num inputs (21) ; %Order o f V i b r a t i o n model , 1=1

s t o rde r , 2=2nd orde r , a l l e l s e i s f i r s t o r d e r
10 v i b r a t i o n o n=num inputs (22) ; %Dete rmines i f v i b r a t i o n model

i s used or not (0 i s o f f , 1 i s on ) I f not the p i s t o n i s assumed to
move i n a s i n e wave .

11 va l v e d ynam i c s on=num inputs (23) ; %Dete rmines i f v a l v e dynamics
a r e on or o f f (1 i s on , 0 i s a d i g i t a l v a l v e )

12 h e a t t r a n s f e r o n =1; %Heat t r a n s f e r i n c y l i n d e r on
(1 ) or o f f ( 2 )

13 b r en t = 1 ; %Turn Brent ’ s method on or o f f
14
15 %I n l e t P r o p e r t i e s
16 T i=num inputs (1 ) ;
17 T i=T i +273.15; %K
18 P i=num inputs (2 ) ;
19 r h o i=EOS( T i , P i , ’ rho ’ , ’P ’ ) ; %kg/mˆ3
20 R=num inputs (3 ) ;
21
22 %Di s cha rge P r e s s u r e
23 P d=num inputs (4 ) ;
24
25 %Inpu t Parameter s
26 f=num inputs (5 ) ;
27 n=num inputs (9 ) ;
28 w d=f ∗2∗ p i ; %Damped n a t u r a l f r equency , assumed to be the

d r i v i n g f r e qu en c y to d r i v e r e sonance .
29 t s t e p =1/( f ∗n ) ; %t ime s t ep i n seconds
30 gamma=num inputs (6 ) ;
31
32 %P i s t on Parameter s
33 D p i s t on=num inputs (13) ;
34 x d=num inputs (7 ) ;
35 x max=num inputs (18) ;
36 x s t r o k e=num inputs (14) ;
37 Ap=( p i ∗D p i s t on ˆ2) /4 ; %P i s t on Area i n mˆ2
38 V max=Ap∗x max ; %Maximum Cy l i n d e r volume , mˆ3
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39 x o=(x max ) /2 ; %P i s t on S t a r t i n g P o s i t i o n
40 V dead va l v e=num inputs (15) ;
41
42 %Con t r o l Volume 2 G ivens
43 V c v2 i=num inputs (10) ;
44 D cv2 =2∗(0.0254) ; %I n t e r n a l Diameter o f CV2
45 L cv2 =10∗(0.0254) ; %Length o f CV2
46 L p i s ton max=num inputs (11) ;
47 g=num inputs (12) ;
48
49 %Motor G i vens
50 e ta moto r=num inputs (16) ;
51 P e l e c t r i c=num inputs (17) ;
52
53 %I s e n t r o p i c R e l a t i o n s , u s i n g EOS
54 s 1=EOS( T i , r h o i , ’ en t r opy ’ , ’ rho ’ )
55
56 %Secant Method to Find Ex i t Temp f o r I s e n t r o p i c Compress ion
57 dT = 1 ; %I n i t a l i z e change i n Temperature
58 T(1) = 320 ; %Guess Va lue s
59 T(2) = 325 ;
60 i =2;
61
62 %Secant Loop
63 wh i l e abs (dT)>1e−6
64 T( i +1)=T( i )−(EOS(T( i ) , P d , ’ en t r opy ’ , ’P ’ )−s 1 ) ∗(T( i )−T( i −1) ) /(EOS(T( i

) , P d , ’ en t r opy ’ , ’P ’ )−EOS(T( i −1) , P d , ’ en t r opy ’ , ’P ’ ) )
65 dT=T( i +1)−T( i ) ;
66 i=i +1;
67 i f i >500
68 e r r o r ( ’ s t u ck i n i n t e r a t i o n s ’ )
69 end
70 end
71
72 %Las t Temperature i n I t e r a t i o n i s Temperature at I s e n t r o p i c I npu t
73 T s 2 = T( i ) ;
74 %Using Temperature and D i s cha rge Pre s su r e , e n t h a l p y i s C a l c u a l t e d
75 h 2 s = EOS( T s 2 , P d , ’ e n t ha l p y ’ , ’P ’ ) ;
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C.5 Function valve inputs

1 f u n c t i o n [ d v a l v e s u c t i o n , d v a l v e d i s c h a r g e , C d , A s u c t i o n v a l v e ,
A d i s c h a r g e v a l v e , I d i s c h a r g e , I s u c t i o n , k d i s c h a r g e , k s u c t i o n ,
m e f f d i s c h a r g e , m e f f s u c t i o n , A suc t i on , A d i s cha rge , x t r s u c t i o n ,
x t r d i s c h a r g e , x s top , a s u c t i o n , a d i s c h a r g e , d s u c t i o n , d d i s c h a r g e ] =
v a l v e i n p u t s ( num inputs , t x t i n p u t s )

2 %i n p u t s to v a l v e model
3
4 %Valve F l appe r Geometry I n f o rma t i o n
5 d v a l v e s u c t i o n= num inputs (24) ; %Suc t i on v a l v e f l a p p e r d i amete r i n

mete r s
6 d v a l v e d i s c h a r g e=num inputs (25) ; %Di s cha rge v a l v e f l a p p e r d i amete r i n

mete r s
7 E=num inputs (26) ; % (Pa) Young ’ s Modulus o f Sp r i ng S t e e l f o r v a l v e s ,

from Marks Std . Handbook
8 h v a l v e=num inputs (27) ;
9 r h o v a l v e=num inputs (28) ; % kg/mˆ3 , d e n s i t y o f r e ed v a l v e ma t e r i a l
10 C d=num inputs (29) ; %Drag c o e f f i c i e n t f o r the v a l v e
11
12 l s u c t i o n v a l v e=num inputs (30) ; %l e n g t h o f s u c t i o n va l v e , mete r s
13 l d i s c h a r g e v a l v e=num inputs (31) ; %l e n g t h o f d i s c h a r g e va l v e , mete r s
14
15 A s u c t i o n v a l v e=num inputs (32) ; % Suc t i on Va lve area ,mˆ2 (From Pro−E

Model )
16 A d i s c h a r g e v a l v e=num inputs (33) ; %Di s cha rge Va lve area ,mˆ2 (From Pro−E

Model )
17
18 a d i s c h a r g e=num inputs (34) ; % Di s t ance from anchor to f o r c e , mete r s (

from PRO E)
19 a s u c t i o n=num inputs (35) ;
20
21 %Valve f l a p p e r s t r e n g t h o f m a t e r i a l s v a l u e s
22 I d i s c h a r g e =( d v a l v e s u c t i o n ∗ h v a l v e ˆ3) /12 ; %Moment o f I n t e r t i a f o r

d i s c h a r g e va l v e ,mˆ4
23 I s u c t i o n =( d v a l v e d i s c h a r g e ∗ h v a l v e ˆ3) /12 ; % Moment o f I n t e r t i a f o r

s u c t i o n va l v e ,mˆ4
24
25 k d i s c h a r g e =(6∗E∗ I d i s c h a r g e ) /( a d i s c h a r g e ˆ2∗(3∗ l d i s c h a r g e v a l v e −

a d i s c h a r g e ) ) ;
26 k s u c t i o n =(6∗E∗ I s u c t i o n ) /( a s u c t i o n ˆ2∗(3∗ l s u c t i o n v a l v e −a s u c t i o n ) ) ;
27
28 m e f f d i s c h a r g e =(1/3)∗ r h o v a l v e ∗ A d i s c h a r g e v a l v e ∗ h v a l v e ;
29 m e f f s u c t i o n =(1/3)∗ r h o v a l v e ∗ A s u c t i o n v a l v e ∗ h v a l v e ;
30
31 w n d i s c h a r g e=s q r t ( k d i s c h a r g e / m e f f d i s c h a r g e ) ;
32 w n su c t i o n=s q r t ( k s u c t i o n / m e f f s u c t i o n ) ;
33
34 %Suc t i on Va lve Port Geometry I n f o rma t i o n
35 d s u c t i o n=num inputs (36) ; %s u c t i o n o v a l d iameter , mete r s
36 A su c t i o n =(( p i ∗ ( ( d s u c t i o n ˆ2) /4) ) +0.12∗0.0254∗ d s u c t i o n ) ; %Suc t i on Port

Area , mˆ2
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37 d h s u c t i o n =(4∗A suc t i o n ) /( p i ∗ d s u c t i o n +2∗ (0 .12∗0 .0254) ) ;
38
39 %Di s cha rge Va lve Port Geometry I n f o rma t i o n
40 d d i s c h a r g e=num inputs (37) ; %d i s c h a r g e d i amete r i n mete r s
41 A d i s c h a r g e=( p i ∗ ( ( d d i s c h a r g e ˆ2) /4) ) ; %Di s cha rge Port area ,mˆ2
42
43 %T r a n s i t i o n a l v a l v e l i f t
44 x t r s u c t i o n =0.25∗( d h s u c t i o n ˆ2/ d v a l v e s u c t i o n ) ; % T r a n s i t i o n a l Va lve

L i f t , mete r s
45 x t r d i s c h a r g e =0.25∗( d d i s c h a r g e ˆ2/ d v a l v e d i s c h a r g e ) ;
46 %Di s cha rge Va lve s t opp e r d i s t a n c e
47 x s t o p=num inputs (38) ; %He ight o f d i s c h a r g e s t opp e r i n mete r s
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C.6 Function vibration givens

1 f u n c t i o n [ M mov , J , L 1 , L 2 , k mech , f f r i c t i o n , x p i s t o n i , x d o t p i s t o n i ,
t h e t a i , t h e t a d o t i , x p i s t o n m i , J a , ecc 1 , ecc 2 , L l oad 1 , L l o a d 2 ]
= v i b r a t i o n g i v e n s ( x o , v i b r a t i o n o r d e r , num inputs , t x t i n p u t s )

2 %I npu t s to v i b r a t i o n model
3
4 L=num inputs (40) ; %Tota l l e n g t h o f p i s t o n
5 L 1=num inputs (41) ; %Di s t ance from CG to f r o n t o f p i s t o n
6 L 2=L−L 1 ; %Di s t ance from CG to back o f p i s t o n
7 R=num inputs (42) ; %Rad ius o f P i s t on Sp r i ng Sea t s
8 M mov=num inputs (39) ; %P i s t on Equ i v a l e n t moving mass , i n kg
9 M pis ton=num inputs (43) ; %Mass o f j u s t the p i s t o n
10 J=((1/12) ∗0 .8∗M piston ∗Lˆ2) +((1/12) ∗0 .2∗M piston ∗ ( 0 . 98∗0 . 0254 ) ˆ2) ;

%Moment o f I n e r t i a from CG ( kg−mˆ2)
11 J a =((1/3) ∗0 .8∗M piston ∗Lˆ2) +((0 .25) ∗0 .2∗M piston ∗Rˆ2) +(0.2∗M piston ∗L 2

ˆ2) ; %Moment o f I n e r t i a from back o f P i s t on ( kg−mˆ2)
12
13 i f v i b r a t i o n o r d e r==2
14 ecc 1=num inputs (50) ;
15 e c c 2=num inputs (51) ;
16 e l s e i f v i b r a t i o n o r d e r==1
17 ecc 1 =0;
18 ecc 2 =0;
19 e l s e
20 ecc 1 =0;
21 ecc 2 =0;
22 end
23
24 L l o ad 1=num inputs (52) ; %Di s t ance between s p r i n g s ea t s , 1

i s f o rwa rd sp r i n g , 2 i s toward motor .
25 L l o ad 2=num inputs (53) ;
26 k mech=num inputs (44) ;
27
28 mod e l e x i s t = e x i s t ( ’ f r i c t i o n m o d e l ’ , ’ f i l e ’ ) ;
29 i f mod e l e x i s t == 2
30 %new f r i c t i o n model
31 f f r i c t i o n=f r i c t i o n m o d e l ( num inputs ) ;
32 e l s e
33 f f r i c t i o n=num inputs (45) ;
34 end
35
36 % % I n i t i a l Cond i t i o n s f o r v i b r a t i o n model
37 x p i s t o n i=x o ;
38 x d o t p i s t o n i=num inputs (46) ;
39 t h e t a i=num inputs (47) ;
40 t h e t a d o t i=num inputs (48) ;
41 x p i s t o n m i=num inputs (49) ;
42
43 end
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C.7 Function heat transfer givens

1
2 f u n c t i o n [ a lpha , k r ,A ,B,C , T w i , R s h e l l , T amb , t s h e l l , k a lum ] =

h e a t t r a n s f e r g i v e n s ( T i , num inputs , t x t i n p u t s )
3 %I npu t s to the heat t r a n s f e r model
4
5 a lpha =0.00000055; %Thermal d i f f u s i v i t y i n mˆ2
6 k alum=160; %Thermal c o n d u c t i v i t y o f aluminum , W/m−K
7 A=0.25;
8 B=0.65;
9 C=0.25; %C o e f f i c i e n t s from c o r r e l a t i o n
10 T w i =22.2+273.15; %I n i t a l w a l l t emperatu re , i n K
11 T amb=22+273.15; %Ambient Temperature
12 k r =15∗10ˆ−3; %Thermal c o n d u c t i v i t y o f r e f r i g e r a n t , W/m−K
13 r h o a i r =1.2 ; %Dens i t y o f a i r , kg/mˆ3
14 V e l a i r =1; %Ve l o c i t y o f a i r f l o w a c r o s s compressor , m/ s
15 D s h e l l =2∗0.0254; %Outer Diameter o f P i s t on Cy l i n d e r , m
16 L s h e l l =10∗0.0254; %Length o f Compressor , m
17 A s h e l l=p i ∗D s h e l l ∗ L s h e l l ; %Su r f a c e a r ea o f compres so r s h e l l , mˆ2
18 k a i r =30e−3; %W/m−K , c o n d u c t i v i t y o f a i r
19 mu a i r =2∗10ˆ−5; %Dynamic V i s c o s i t y o f a i r , kg/m−s
20 n u a i r=mu a i r / r h o a i r ; %Kinemat i c V i s c o s i t y o f a i r , mˆ2/ s
21 a l p h a a i r =2.2160∗10ˆ−5; %Thermal d i f f u s i v i t y o f a i r , mˆ2/ s
22 Pr=n u a i r / a l p h a a i r ; %Prand t l Number o f a i r f l ow
23 R e a i r=( r h o a i r ∗ V e l a i r ∗D s h e l l ) /mu a i r ; %Reyno lds number o f a i r
24 C 2=0.683; %Cons tant s from Table 7 . 2 i n I n c r o p e r a

DeWitt
25 m=0.466;
26 Nu D=C 2∗ Re a i r ˆm∗Pr ˆ(1/3) ;
27 h s h e l l =(Nu D∗ k a i r ) / D s h e l l ; %Heat t r a n s f e r c o e f f i c i e n t f o r

o u t s i d e heat t r a n s f e r
28 R s h e l l =1/( h s h e l l ∗ A s h e l l ) ; %Ov e r a l l t he rma l r e s i s t a n c e from

s h e l l to a i r
29 t s h e l l = 0 . 0 254 ; %Th i ckne s s o f compres so r s h e l l
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C.8 Function vibration

1 f u n c t i o n [ dV ,V, x p i s t o n , x d o t p i s t o n , theta , t h e t a do t , x p i s ton m ,
t h e t a do t do t , p ] = v i b r a t i o n ( t , dP , dx , x p i s t o n 1 , x d o t p i s t o n 1 ,
the ta 1 , t h e t a do t 1 , x p i s t on m 1 , t h e t a d o t d o t 1 , p )

2 %V i b r a t i o n Model Component o f L i n e a r Compressor Model , added v e r . 1 . 4 .
3
4 i f p . v i b r a t i o n o n==1
5
6 V=x p i s t o n 1 ∗p . Ap+p . V dead va l v e ; %P i s t on volume , when

x p i s t o n=0 volume i s dead volume i n v a l v e s .
7 dV=−x d o t p i s t o n 1 ∗p . Ap ; %x p i s t o n and x p i s t on m are

oppo s i t e s , x d o t p i s t o n f o l l o w s x p i s t on m but I want i t to
f o l l ow x p i s t o n , hence the n e g a t i v e .

8 p . t h e t a=th e t a 1 ;
9
10 %L i n e a r i z e d v i b r a t i o n model f l a g
11 l i n e a r = 0 ;
12
13 i f l i n e a r == 1
14 theta tmp = atan ( p . g/p . L 1 ) ;
15 p . F wa l l =(1/p . L 1 ) ∗( p . k mech ∗( p . x s t r o k e r e f −p . e c c 1 ∗ the ta tmp ) ∗

p . e c c 1 ) ;
16 %k gas ad j u s t e d f o r max s t r o k e
17 k ga s =((p . P d−p . P i ) ∗p . Ap∗1000) /p . x s t r o k e r e f ; %Gas s p r i n g

ra t e , l i n e a r e s t ima t e
18 p . V max=p . Ap∗p . x s t r o k e r e f ;
19 W gas=((p . gamma∗p . P i ∗p . V max ) /( p . gamma−1) ) ∗ ( ( p . P d/p . P i ) ˆ ( ( p .

gamma−1)/p . gamma)−1) ; %Work done on gas i n one c y c l e ,
kJ

20 c f r i c t i o n =(4∗p . f f r i c t i o n ∗p . F wa l l ) /( p . w d∗p . x s t r o k e r e f ∗ p i ) ;
%e f f e c t i v e damping due to dry f r i c t i o n i n c y l i n d e r

21 c ga s=(W gas ∗1000) /( p . w d∗p . x s t r o k e r e f ˆ2∗ p i ) ; %e f f e c i t v e
damping due to work done on gas , 1000 to conv e r t work to J ,
(N−s ) /m

22 e l s e
23 i f abs ( t h e t a 1 ) >= atan ( p . g/p . L 1 ) %i f p i s t o n i s i n con t a c t

w i th wa l l , t h e r e i s f r i c t i o n .
24 p . F wa l l =(1/p . L 1 ) ∗( p . k mech∗ abs ( ( abs ( x p i s t on m 1 )−p . e c c 1 ∗

abs ( t h e t a 1 ) ) ) ∗p . e c c 1 ) ; %Newtons
25 e l s e
26 p . F wa l l =0;
27 %keyboard
28 p . F wa l l =(1/p . L 1 ) ∗( p . k mech∗ abs ( ( abs ( x p i s t on m 1 )−p . e c c 1 ∗

abs ( t h e t a 1 ) ) ) ∗p . e c c 1 ) ; %Newtons
29 end
30 p . V max = p . Ap∗p . x s t r o k e ;
31 i f p . dP max>=(p . P d−p . P i )
32 k ga s =((p . P d−p . P i ) ∗p . Ap∗1000) /p . x s t r o k e ; %Gas s p r i n g

ra t e , l i n e a r e s t ima t e
33 W gas = (−p . P cu r r e n t ∗p . dV + 0.5∗ p . dV∗dP) ∗1000 ;
34 e l s e i f p . dP max<(p . P d−p . P i )
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35 k ga s=(p . dP max∗p . Ap∗1000) /p . x s t r o k e ; %Gas s p r i n g ra t e ,
l i n e a r e s t ima t e

36 W gas = (−p . P cu r r e n t ∗p . dV + 0.5∗ p . dV∗dP) ∗1000 ;
37 end
38
39 %Tes t i ng F gas i n s t e a d o f k ga s
40 k ga s = 0 ;
41 c f r i c t i o n =(4∗p . f f r i c t i o n ∗p . F wa l l ) /( p . w d∗p . x s t r o k e ∗ p i ) ;
42 %%e f f e c t i v e damping due to dry f r i c t i o n i n c y l i n d e r
43 c ga s=(W gas ) /( p . w d∗p . x s t r o k e ˆ2∗ p i ) ;
44 %%e f f e c i t v e damping due to work done on gas , 1000 to conv e r t

work to J , (N−s ) /m
45 end
46
47 k e f f=k gas+p . k mech ; %E f f e c t i v e Sp r i ng Rate , gas + mechan i ca l

s p r i n g s
48 p . k e f f=k e f f ;
49 c e f f=c ga s+c f r i c t i o n ; %Tota l e f f e c t i v e damping , (N−s ) /m
50 p . c e f f = c e f f ;
51 p . c f r i c t i o n = c f r i c t i o n ;
52 p . c ga s = c ga s ;
53
54 %%%%%%%%%%%%%%%%%%
55 %% St a r t − d x v i b r a t i o n r ep l a c ement
56 %%%%%%%%%%%%%%%%%%
57
58 %Vector o f T imesteps
59 t combined = [ t , t +0.5∗p . t s t e p , t +0.5∗p . t s t e p , t+p . t s t e p ] ;
60 k m = 4 . 6831 ;
61 F d r i v e max=s q r t ( p . e ta moto r ∗p . P e l e c t r i c ) ∗( k m) ; %Maximum

Motor f o r c e , i n Newtons .
62 F d r i v e=F dr i v e max ∗( cos ( p . w d ∗( t−p . t f o r c e a d j u s t )+p i ) ) ;

%Dr i v i n g f o r c e v . Time
63
64 i f l i n e a r == 0
65 F d r i v e = F d r i v e − p . dP p i s t on ∗p . Ap∗1000 ;
66 end
67
68 %Renaming d i s p l a c emen t s and ang l e s f o r Runge−Kutta C a l c u l a t i o n s
69 x 1 = x p i s t on m 1 ;
70 x 2 = x d o t p i s t o n 1 ;
71 t h e t a 1 c a l c = th e t a 1 ;
72 t h e t a 2 = t h e t a d o t 1 ;
73
74 %Rep l a c i ng d x v i b r a t i o n%
75 %[ F d r i v e , Q motor ] = motor ( p . w d , t combined (1 ) , p . e ta motor , p .

P e l e c t r i c , p . t f o r c e a d j u s t ) ;
76 F d r i v e=F dr i v e max ∗( cos ( p . w d ∗( t combined (1 )−p . t f o r c e a d j u s t )+p i ) )

; %Dr i v i n g f o r c e v . Time
77
78 i f l i n e a r == 0
79 F d r i v e = F d r i v e − p . dP p i s t on ∗p . Ap∗1000 ;
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80 end
81
82 num2=(1/p .M mov) ∗( p . k mech∗p . e c c 1 ∗ t h e t a 1 c a l c+F d r i v e−c e f f ∗ x 2−(

k ga s+p . k mech ) ∗ x 1 ) ;
83 num4=(p . k mech/p . J ) ∗( x 1−p . e c c 1 ∗ t h e t a 1 ) ∗p . e c c 1 ;
84 dx=[ x 2 , num2 , the ta 2 , num4 ] ;
85 k1 = p . t s t e p ∗dx ;
86
87 %Step 2 , update d i s p l a c emen t s and ang l e s
88 x 1 = x 1+0.5∗k1 (1 ) ;
89 x 2 = x 2+0.5∗k1 (2 ) ;
90 t h e t a 1 c a l c = t h e t a 1 c a l c +0.5∗k1 (3 ) ;
91 t h e t a 2 = th e t a 2 +0.5∗k1 (4 ) ;
92
93 %Rep l a c i ng d x v i b r a t i o n%
94 %[ F d r i v e , Q motor ] = motor ( p . w d , t combined (2 ) , p . e ta motor , p .

P e l e c t r i c , p . t f o r c e a d j u s t ) ;
95 F d r i v e=F dr i v e max ∗( cos ( p . w d ∗( t combined (2 )−p . t f o r c e a d j u s t )+p i ) )

;
96
97 i f l i n e a r == 0
98 F d r i v e = F d r i v e − p . dP p i s t on ∗p . Ap∗1000 ;
99 end

100
101 num2=(1/p .M mov) ∗( p . k mech∗p . e c c 1 ∗ t h e t a 1 c a l c+F d r i v e−c e f f ∗ x 2−(

k ga s+p . k mech ) ∗ x 1 ) ;
102 num4=(p . k mech/p . J ) ∗( x 1−p . e c c 1 ∗ t h e t a 1 ) ∗p . e c c 1 ;
103 dx=[ x 2 , num2 , the ta 2 , num4 ] ;
104 k2 = p . t s t e p ∗dx ;
105
106 %Step 3 , update d i s p l a c emen t s and ang l e s
107 x 1 = x 1+0.5∗k2 (1 ) ;
108 x 2 = x 2+0.5∗k2 (2 ) ;
109 t h e t a 1 c a l c = t h e t a 1 c a l c +0.5∗k2 (3 ) ;
110 t h e t a 2 = th e t a 2 +0.5∗k2 (4 ) ;
111
112 %Rep l a c i ng d x v i b r a t i o n%
113 num2=(1/p .M mov) ∗( p . k mech∗p . e c c 1 ∗ t h e t a 1 c a l c+F d r i v e−c e f f ∗ x 2−(

k ga s+p . k mech ) ∗ x 1 ) ;
114 num4=(p . k mech/p . J ) ∗( x 1−p . e c c 1 ∗ t h e t a 1 ) ∗p . e c c 1 ;
115 dx=[ x 2 , num2 , the ta 2 , num4 ] ;
116 k3 = p . t s t e p ∗dx ;
117
118 %Step 4 , update d i s p l a c emen t s and ang l e s
119 x 1 = x 1+k2 (1 ) ;
120 x 2 = x 2+k2 (2 ) ;
121 t h e t a 1 c a l c = t h e t a 1 c a l c+k2 (3 ) ;
122 t h e t a 2 = th e t a 2+k2 (4) ;
123
124 %Rep l a c i ng d x v i b r a t i o n%
125 %[ F d r i v e , Q motor ] = motor ( p . w d , t combined (4 ) , p . e ta motor , p .

P e l e c t r i c , p . t f o r c e a d j u s t ) ;
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126 F d r i v e=F dr i v e max ∗( cos ( p . w d ∗( t combined (4 )−p . t f o r c e a d j u s t )+p i ) )
;

127
128 i f l i n e a r == 0
129 F d r i v e = F d r i v e − p . dP p i s t on ∗p . Ap∗1000 ;
130 end
131
132 num2=(1/p .M mov) ∗( p . k mech∗p . e c c 1 ∗ t h e t a 1 c a l c+F d r i v e−c e f f ∗ x 2−(

k ga s+p . k mech ) ∗ x 1 ) ;
133 num4=(p . k mech/p . J ) ∗( x 1−p . e c c 1 ∗ t h e t a 1 ) ∗p . e c c 1 ;
134 dx=[ x 2 , num2 , the ta 2 , num4 ] ;
135 k4 = p . t s t e p ∗dx ;
136
137 %%%%%%%%%%%%%%%%%%%%%%%%
138 %% End , d x v i b r a t i o n r ep l a c ement
139 %%%%%%%%%%%%%%%%%%%%%%%%%
140
141 d x t o t a l =[ x p i s t on m 1 , x d o t p i s t o n 1 , the ta 1 , t h e t a d o t 1 ]+(1/6) ∗( k1

+2∗k2+2∗k3+k4 ) ;
142
143 x p i s t on m=d x t o t a l ( 1 ) ;
144 x d o t p i s t o n=d x t o t a l ( 2 ) ;
145 th e t a=d x t o t a l ( 3 ) ;
146 t h e t a d o t=d x t o t a l ( 4 ) ;
147 t h e t a d o t d o t=k1 (4 ) ;
148 p . x d o t d o t p i s t o n=k1 (2 ) ;
149 x p i s t o n=−x p i s t on m+p . x o ;
150
151 i f x p i s t o n < 0 %This second c o n d i t i o n does not a l l ow the p i s t o n

to t r a v e l beyond the top o f the c y l i n d e r
152 x p i s t o n = 0 ;
153 x p i s t on m=p . x o ;
154 x d o t p i s t o n =0;
155 end
156
157 i f abs ( t h e t a ) > atan ( p . g/p . L 1 )%R e s t r i c t s the r o t a t i o n to approx 5

deg .
158 i f t h e t a < 0
159 th e t a=−atan ( p . g/p . L 1 ) ;
160 t h e t a d o t =0;
161 e l s e i f t h e t a > 0
162 th e t a=atan ( p . g/p . L 1 ) ;
163 t h e t a d o t =0;
164 end
165 end
166
167 e l s e i f p . v i b r a t i o n o n==0
168
169 x p i s t o n=p . x o ∗( cos ( p . w d∗ t+p i )+1) ;
170 V=p . Ap∗ x p i s t o n+p . V dead va l v e ;
171 dV=−p . Ap∗p . x o ∗p . w d∗ s i n ( p . w d∗ t+p i ) ;
172 x d o t p i s t o n=−p . x o ∗p . w d ∗( s i n ( p . w d∗ t+p i ) ) ;
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173 th e t a =0;
174 t h e t a d o t =0;
175 t h e t a d o t d o t =0;
176 x p i s t on m=x p i s t o n−p . x o ;
177 p . F wa l l =0;
178 p . t h e t a =0;
179 p . k e f f =0;
180 p . c e f f = 0 ;
181 p . c f r i c t i o n = 0 ;
182 p . c ga s = 0 ;
183 p . x d o t d o t p i s t o n =0;
184 end
185
186 end
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C.9 Function valve dynamics

1 f u n c t i o n [ x v a l v e , x d o t v a l v e , dm,Ma ] = va l v e d ynam i c s (P , rho ,T,
x v a l v e 1 , x d o t v a l v e 1 , p )

2 %Valve f l ow model
3
4 P r l i m i t =0.556999; %Son i c l i m i t to the p r e s s u r e r a t i o , f o r R

−134a
5
6 i f p . mass on==1
7 i f p . v a l v e d ynam i c s on==1
8
9 %I f t h e r e i s f l ow r a t e coming i n . . .
10 i f p . P i>P
11 Pr=P/p . P i ;
12
13 i f Pr > P r l i m i t
14 Ma=s q r t ( ( 2/ ( p . gamma−1) ) ∗ ( ( Prˆ((1−p . gamma) /p . gamma) )−1) ) ;
15 i f Ma>1
16 Ma=1;
17 end
18 V=s q r t ( p . gamma∗p .R∗p . T i ∗1000) ∗Ma; %T i because t h i s

f l ow comes from s u c t i o n v a l v e
19 e l s e
20 Ma=1;
21 V=s q r t ( p . gamma∗p .R∗p . T i ∗1000) ∗Ma; %T i because t h i s

f l ow comes from s u c t i o n v a l v e
22 end
23
24 x 1=x v a l v e 1 ;
25 x 2=x d o t v a l v e 1 ;
26
27 i f x v a l v e 1>=p . x t r s u c t i o n
28
29 k1 = p . t s t e p ∗ x RK f lux dom ( x 1 , x 2 , p . r h o i , p .

A s u c t i o n v a l v e , p . k s u c t i o n ,V, p . m e f f s u c t i o n , p . C d ,
p . A su c t i o n ) ;

30 k2 = p . t s t e p ∗ x RK f lux dom ( x 1 +0.5∗k1 (1 ) , x 2 +0.5∗k1 (2 ) ,
p . r h o i , p . A s u c t i o n v a l v e , p . k s u c t i o n ,V, p .
m e f f s u c t i o n , p . C d , p . A su c t i o n ) ;

31 k3 = p . t s t e p ∗ x RK f lux dom ( x 1 +0.5∗k2 (1 ) , x 2 +0.5∗k2 (2 ) ,
p . r h o i , p . A s u c t i o n v a l v e , p . k s u c t i o n ,V, p .
m e f f s u c t i o n , p . C d , p . A su c t i o n ) ;

32 k4 = p . t s t e p ∗ x RK f lux dom ( x 1+k3 (1 ) , x 2+k3 (2 ) , p . r h o i ,
p . A s u c t i o n v a l v e , p . k s u c t i o n ,V, p . m e f f s u c t i o n , p .
C d , p . A su c t i o n ) ;

33
34 x t o t a l =[ x 1 ; x 2 ]+(1/6) ∗( k1+2∗k2+2∗k3+k4 ) ;
35
36 e l s e
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37 k1 = p . t s t e p ∗ x RK pressure dom ( x 1 , x 2 , p . r h o i , p .
A s u c t i o n v a l v e , p . k s u c t i o n ,V, p . m e f f s u c t i o n , p . C d ,
p . P i ,P) ;

38 k2 = p . t s t e p ∗ x RK pressure dom ( x 1 +0.5∗k1 (1 ) , x 2 +0.5∗k1
(2 ) , p . r h o i , p . A s u c t i o n v a l v e , p . k s u c t i o n ,V, p .
m e f f s u c t i o n , p . C d , p . P i ,P) ;

39 k3 = p . t s t e p ∗ x RK pressure dom ( x 1 +0.5∗k1 (1 ) , x 2 +0.5∗k1
(2 ) , p . r h o i , p . A s u c t i o n v a l v e , p . k s u c t i o n ,V, p .
m e f f s u c t i o n , p . C d , p . P i ,P) ;

40 k4 = p . t s t e p ∗ x RK pressure dom ( x 1+k1 (1 ) , x 2+k1 (2 ) , p .
r h o i , p . A s u c t i o n v a l v e , p . k s u c t i o n ,V, p .
m e f f s u c t i o n , p . C d , p . P i ,P) ;

41
42 x t o t a l =[ x 1 ; x 2 ]+(1/6) ∗( k1+2∗k2+2∗k3+k4 ) ;
43
44 end
45
46 i f x t o t a l ( 1 )<0
47 x t o t a l ( 1 ) =0; %This i s the hard s top l im i t , v a l v e

cannot have a n e g a t i v e p o s i t i o n
48 end
49
50 i f x t o t a l ( 1 )==0 % | | x t o t a l ( 1 )==1.4∗ x s t o p
51 x t o t a l ( 2 ) =0;
52 end
53 x v a l v e=x t o t a l ( 1 ) ;
54 x d o t v a l v e=x t o t a l ( 2 ) ;
55
56 x r i g h t =0.5∗p . d s u c t i o n+p . a s u c t i o n ;
57 x l e f t=p . a s u c t i o n −0.5∗p . d s u c t i o n ;
58
59 x a v e s u c t i o n =(1/( x r i g h t−x l e f t ) ) ∗ ( ( ( 3∗ x v a l v e ) /p . a s u c t i o n

ˆ2) ∗( p . a s u c t i o n ˆ3− x l e f t ˆ3)−((3∗ x v a l v e ) /(4∗p . a s u c t i o n
ˆ3) ) ∗( p . a s u c t i o n ˆ4− x l e f t ˆ4) . . .

60 +((9∗ x v a l v e ) /(2∗p . a s u c t i o n ) ) ∗( x r i g h t ˆ2−p . a s u c t i o n ˆ2)
−3∗ x v a l v e ∗( x r i g h t−p . a s u c t i o n ) ) ;

61
62 A por t=p . A su c t i o n ;
63
64 i f p i ∗p . d s u c t i o n ∗ x a v e s u c t i o n < A por t
65 dm=−p . r h o i ∗V∗ p i ∗p . d s u c t i o n ∗ x a v e s u c t i o n ;
66 e l s e
67 dm=−p . r h o i ∗V∗A por t ;
68 end
69
70 %i f t h e r e i s f l ow r a t e coming out . . .
71 e l s e i f P>=p . P d
72 Pr=p . P d/P ;
73 i f Pr > P r l i m i t
74 Ma=s q r t ( ( 2/ ( p . gamma−1) ) ∗ ( ( Prˆ((1−p . gamma) /p . gamma) )−1) ) ;
75 i f Ma>1
76 Ma=1;
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77 end
78 V=s q r t ( p . gamma∗p .R∗T∗1000) ∗Ma;
79 e l s e
80 Ma=1;
81 V=s q r t ( p . gamma∗p .R∗T∗1000) ∗Ma;
82 end
83 x 1=x v a l v e 1 ;
84 x 2=x d o t v a l v e 1 ;
85
86 i f x v a l v e 1>=p . x t r d i s c h a r g e
87
88 k1 = p . t s t e p ∗ x RK f lux dom ( x 1 , x 2 , rho , p .

A d i s c h a r g e v a l v e , p . k d i s c h a r g e ,V, p . m e f f d i s c h a r g e ,
p . C d , p . A d i s c h a r g e ) ;

89 k2 = p . t s t e p ∗ x RK f lux dom ( x 1 +0.5∗k1 (1 ) , x 2 +0.5∗k1 (2 ) ,
rho , p . A d i s c h a r g e v a l v e , p . k d i s c h a r g e ,V, p .
m e f f d i s c h a r g e , p . C d , p . A d i s c h a r g e ) ;

90 k3 = p . t s t e p ∗ x RK f lux dom ( x 1 +0.5∗k2 (1 ) , x 2 +0.5∗k2 (2 ) ,
rho , p . A d i s c h a r g e v a l v e , p . k d i s c h a r g e ,V, p .
m e f f d i s c h a r g e , p . C d , p . A d i s c h a r g e ) ;

91 k4 = p . t s t e p ∗ x RK f lux dom ( x 1+k3 (1 ) , x 2+k3 (2 ) , rho , p .
A d i s c h a r g e v a l v e , p . k d i s c h a r g e ,V, p . m e f f d i s c h a r g e ,
p . C d , p . A d i s c h a r g e ) ;

92
93 x t o t a l =[ x 1 ; x 2 ]+(1/6) ∗( k1+2∗k2+2∗k3+k4 ) ;
94
95 e l s e
96
97 k1 = p . t s t e p ∗ x RK pressure dom ( x 1 , x 2 , rho , p .

A d i s c h a r g e v a l v e , p . k d i s c h a r g e ,V, p . m e f f d i s c h a r g e ,
p . C d ,P , p . P d ) ;

98 k2 = p . t s t e p ∗ x RK pressure dom ( x 1 +0.5∗k1 (1 ) , x 2 +0.5∗k1
(2 ) , rho , p . A d i s c h a r g e v a l v e , p . k d i s c h a r g e ,V, p .
m e f f d i s c h a r g e , p . C d ,P , p . P d ) ;

99 k3 = p . t s t e p ∗ x RK pressure dom ( x 1 +0.5∗k1 (1 ) , x 2 +0.5∗k1
(2 ) , rho , p . A d i s c h a r g e v a l v e , p . k d i s c h a r g e ,V, p .
m e f f d i s c h a r g e , p . C d ,P , p . P d ) ;

100 k4 = p . t s t e p ∗ x RK pressure dom ( x 1+k1 (1 ) , x 2+k1 (2 ) , rho ,
p . A d i s c h a r g e v a l v e , p . k d i s c h a r g e ,V, p .
m e f f d i s c h a r g e , p . C d ,P , p . P d ) ;

101
102 x t o t a l =[ x 1 ; x 2 ]+(1/6) ∗( k1+2∗k2+2∗k3+k4 ) ;
103
104 end
105
106 i f x t o t a l ( 1 )<0
107 x t o t a l ( 1 ) =0; %This i s the hard s top l im i t , v a l v e

cannot have a n e g a t i v e p o s i t i o n
108 end
109 i f x t o t a l ( 1 )>p . x s t o p
110 x t o t a l ( 1 )=p . x s t o p ; %Hard s top l i m i t f o r d i s c h a r g e

v a l v e
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111 end
112
113 i f x t o t a l ( 1 )==0 | | x t o t a l ( 1 )==p . x s t o p
114 x t o t a l ( 2 ) =0;
115 end
116 x v a l v e=x t o t a l ( 1 ) ;
117 x d o t v a l v e=x t o t a l ( 2 ) ;
118
119 x r i g h t =0.5∗p . d d i s c h a r g e+p . a d i s c h a r g e ;
120 x l e f t=p . a d i s c h a r g e −0.5∗p . d d i s c h a r g e ;
121
122 x a v e d i s c h a r g e =(1/( x r i g h t−x l e f t ) ) ∗ ( ( ( 3∗ x v a l v e ) /p .

a d i s c h a r g e ˆ2) ∗( p . a d i s c h a r g e ˆ3− x l e f t ˆ3)−((3∗ x v a l v e )
/(4∗p . a d i s c h a r g e ˆ3) ) ∗( p . a d i s c h a r g e ˆ4− x l e f t ˆ4) . . .

123 +((9∗ x v a l v e ) /(2∗p . a d i s c h a r g e ) ) ∗( x r i g h t ˆ2−p .
a d i s c h a r g e ˆ2)−3∗ x v a l v e ∗( x r i g h t−p . a d i s c h a r g e ) ) ;

124
125 A por t=( p i ∗p . d d i s c h a r g e ˆ2) /4 ;
126
127 i f p i ∗p . d v a l v e d i s c h a r g e ∗ x a v e d i s c h a r g e < A por t
128 dm=rho ∗V∗ p i ∗p . d v a l v e d i s c h a r g e ∗ x a v e d i s c h a r g e ;
129 e l s e
130 dm=rho ∗V∗A por t ;
131 end
132
133 e l s e
134 dm=0;
135 Ma=0;
136 x v a l v e =0;
137 x d o t v a l v e =0;
138 end
139
140 e l s e i f p . v a l v e d ynam i c s on==0
141
142 %I f t h e r e i s f l ow r a t e coming i n . . .
143 i f p . P i>P
144 Pr=P/p . P i ;
145 Ma=s q r t ( ( 2/ ( p . gamma−1) ) ∗ ( ( Prˆ((1−p . gamma) /p . gamma) )−1) ) ;
146 V=s q r t ( p . gamma∗p .R∗( p . T i ) ∗1000) ∗Ma;
147 dm=−p . r h o i ∗V∗p . A su c t i o n ; %n e g a t i v e means f l ow i n ! !
148 x v a l v e =0;
149 x d o t v a l v e =0;
150
151 %i f t h e r e i s f l ow r a t e coming out . . .
152 e l s e i f P>=p . P d
153 Pr=p . P d/P ;
154 Ma=s q r t ( ( 2/ ( p . gamma−1) ) ∗ ( ( Prˆ((1−p . gamma) /p . gamma) )−1) ) ;
155 V=s q r t ( p . gamma∗p .R∗(T) ∗1000) ∗Ma;
156 dm=rho ∗V∗p . A d i s c h a r g e ; %p o s i t i v e means f l ow out ! !
157 x v a l v e =0;
158 x d o t v a l v e =0;
159
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160 e l s e
161 dm=0;
162 Ma=0;
163 x v a l v e =0;
164 x d o t v a l v e =0;
165 end
166 end
167 e l s e i f p . mass on==0
168 x v a l v e =0;
169 dm=0;
170 x d o t v a l v e =0;
171 Ma=0;
172 e l s e
173 x v a l v e =0;
174 dm=0;
175 x d o t v a l v e =0;
176 Ma=0;
177 end
178
179 end
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C.10 Function x RK flux dom

1 f u n c t i o n [ a ] = x RK f lux dom ( x 1 , x 2 , rho , A va lve , k v a l v e ,V, m ef f , C d ,
A por t )

2 %mass f l u x dominant v a l v e p o s i t i o n d e r i v a t i v e s
3
4 a=[ x 2 ; ( rho ∗A por t ∗(V−x 2 )ˆ2− k v a l v e ∗ x 1 +0.5∗C d∗ rho ∗Vˆ2∗A va lve −0.5∗C d

∗ rho ∗ x 2 ˆ2∗ A va l v e ) /m e f f ] ;
5
6 end
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C.11 Function x RK pressure dom

1 f u n c t i o n [ a ] = x RK pressure dom ( x 1 , x 2 , rho , A va lve , k v a l v e ,V, m ef f , C d
, P high , P low )

2 %p r e s s u r e dominant v a l v e p o s i t i o n d e r i v a t i v e s
3
4 a=[ x 2 ;(− k v a l v e ∗ x 1 +0.5∗C d∗ rho ∗Vˆ2∗ A va l v e+A va l v e ∗( P high−P low )

∗1000−0.5∗C d∗ rho ∗ x 2 ˆ2∗ A va l v e ) /m e f f ] ;
5
6 end
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C.12 Function leakage

1 f u n c t i o n [ dm leak i n , dm leak out , Ma cv2 ] = l e akag e ( P , P cv2 ,
x d o t p i s t o n ,T, rho , T cv2 , x p i s t o n , p )

2 %UNTITLED Summary o f t h i s f u n c t i o n goes he r e
3 % De t a i l e d e x p l a n a t i o n goes he r e
4
5 P r l i m i t =0.556999; %Son i c l i m i t to the p r e s s u r e r a t i o , f o r R

−134a
6
7 i f p . l e a k ag e on==1
8
9 %Couette−P o s i l l e Flow , f o r when Ma<0.3
10
11 mu=5.87509602E−07+3.79308232E−08∗T; %app rox imat i on f o r mu between

290 and 390K, i n kg/m−s
12
13 L p i s t o n=p . L p i s ton max−x p i s t o n ;
14
15 dP dx=(P cv2−P) / L p i s t o n ;
16 dP dx = dP dx ∗1000 ; %conv e r t to N/mˆ3
17
18 u ba r=(−x d o t p i s t o n /2)+(p . g ˆ2/(4∗mu) )∗(−dP dx )+(p . g ˆ3/(6∗mu) ) ∗dP dx

;
19
20 A=( p i /4) ∗( p . D p i s t on+2∗p . g ) ˆ2−( p i /4) ∗( p . D p i s t on ˆ2) ;
21
22
23 Ma 1=abs ( u ba r ) / s q r t ( p . gamma∗p .R∗T) ;
24
25 Ma 2=abs ( u ba r ) / s q r t ( p . gamma∗p .R∗T cv2 ) ;
26
27 i f Ma 1>Ma 2
28 Ma cv2=Ma 1 ;
29 e l s e
30 Ma cv2=Ma 2 ;
31 end
32
33 % I s e n t r o p i c c omp r e s s i b l e f l ow when Ma>=0.3
34
35 i f Ma cv2 >= 0.3 %Compre s s i b l e f l ow
36
37 Pr=min (P/P cv2 , P cv2 /P) ; %grab the PR sma l l e r than one
38
39
40 i f P >= P cv2 %f l ow i n t o CV2
41 Ma cv2=s q r t ( ( 2/ ( p . gamma−1) ) ∗ ( ( Prˆ((1−p . gamma) /p . gamma) )−1) ) ;
42 i f Ma cv2>1
43 Ma cv2=1;
44 end
45 u ba r=s q r t ( p . gamma∗p .R∗T∗1000) ∗Ma cv2 ; %T because t h i s

f l ow comes from compre s s i on chamber



202

46
47
48 e l s e i f P < P cv2 %f l ow i n t o compre s s i on chamber
49 Ma cv2=s q r t ( ( 2/ ( p . gamma−1) ) ∗ ( ( Prˆ((1−p . gamma) /p . gamma) )−1) ) ;
50 i f Ma cv2>1
51 Ma cv2=1;
52 end
53 u ba r=−s q r t ( p . gamma∗p .R∗T cv2 ∗1000) ∗Ma cv2 ; %T because

t h i s f l ow comes from CV2
54
55 e l s e
56 e r r o r ( ’ your l o g i c i s poor i n the l e a kag e sub−model ’ )
57 end
58
59 end
60
61 dm leak=rho ∗ u ba r ∗A;
62
63 i f dm leak<0 %f l ow i n t o compre s s i on chamber
64 dm leak out =0;
65 dm l e a k i n=abs ( dm leak ) ;
66 e l s e i f dm leak>0 %f l ow out o f compre s s i on chamber
67 dm leak out=abs ( dm leak ) ;
68 dm l e a k i n =0;
69 e l s e
70 dm l e a k i n =0;
71 dm leak out =0;
72 end
73
74 e l s e i f p . l e a k ag e on==0
75
76 Ma cv2=0;
77 dm l e a k i n =0;
78 dm leak out =0;
79
80 e l s e
81
82 Ma cv2=0;
83 dm l e a k i n =0;
84 dm leak out =0;
85 end
86
87 end
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C.13 Function Ins HT

1 f u n c t i o n [ Q ] = Ins HT ( T, rho , T w ,V, dV , x p i s t o n , x d o t p i s t o n , p )
2 %I n s t a n t e n e ou s heat t r a n s f e r model f o r heat t r a n s f e r between the

c y l i n d e r
3 %wa l l and the compres so r gas . Used i n a l l c o n t r o l vo lumes .
4
5 i f p . h e a t t r a n s f e r o n==1
6
7 %%%%%%%%
8 %Approx imate V i s c o s i t y
9 %%%%%%%%
10 mu=5.87509602E−07+3.79308232E−08∗T; %app rox imat i on f o r mu between 290

and 390K, i n kg/m−s
11
12 %%%%%%%
13 %Fago t t i C o r r e l a t i o n , 1998 Purdue Compressor c on f e r e n c e
14
15 %%%%%%%
16 %Comp r e s s i b i l i t y Number
17 %%%%%%%
18 L=((p . gamma−1)/V) ∗dV∗ s q r t ( p . D p i s t on ˆ3/( p . a l pha ∗ abs ( p . x d o t a v e ) ) ) ;
19
20 i f i s n an (L )
21 L=0;
22 end
23 %%%%%%%
24 %Reyno lds Numbers f o r the p r o c e s s
25 %%%%%%%
26 Re=(rho ∗ abs ( p . x d o t a v e ) ∗p . D p i s t on ) /mu;
27
28 %%%%%%%
29 %Heat T r an s f e r Area
30 %%%%%%%
31 A ht=p . D p i s t on ∗ p i ∗ x p i s t o n ;
32
33 %%%%%%
34 %Ca l c u l a t e Heat T r an s f e r
35 %%%%%%
36 Q=((A ht∗p . k r ∗(T−T w) ) /p . D p i s t on ) ∗( p .A∗(Reˆp .B)+p .C∗L∗(T w/(T−T w) ) ) ;
37
38 i f i s n an (Q)
39 Q=0;
40 end
41
42 Q=−Q/1000 ;
43 e l s e
44 Q=0;
45 end
46
47 end
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C.14 Function Ins HT cv2

1 f u n c t i o n [ Q cv2 ] = Ins HT cv2 ( T cv2 , rho cv2 , T w cv2 , V cv2 , dV cv2 ,
x d o t p i s t o n , Q motor , p )

2 %UNTITLED3 Summary o f t h i s f u n c t i o n goes he r e
3 % De t a i l e d e x p l a n a t i o n goes he r e
4
5 i f p . h e a t t r a n s f e r o n==1 && p . l e a kag e on == 1
6 %%%%%%%
7 %Heat T r an s f e r Area
8 %%%%%%%
9 A ht cv2=p . D cv2∗ p i ∗p . L cv2 ;
10 Q cv2=(1/1000) ∗( p . k alum ∗A ht cv2 ∗( T w cv2−T cv2 ) ) /( p . t s h e l l ) ; %

Heat T r an s f e r i n kW
11
12 e l s e
13 Q cv2=0;
14 end
15
16 end
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C.15 Function brents

1 f u n c t i o n [ p , e r r o r s t r o k e , a , below , above ] = b r e n t s (p , a , e r r o r b r e n t s )
2 %f u n c t i o n he l p he r e
3
4 t o l = 1e−5;
5
6 i f p . b r en t == 1
7 p . x s t r o k e b r e n t ( a ) = p . x s t r o k e ;
8 i f a >= 2 %a g r e a t e r than 1
9
10 i f p . x s t r o k e b r e n t ( a )< p . x s t r o k e r e f
11 p . be low = a ;
12 e l s e i f p . x s t r o k e b r e n t ( a ) > p . x s t r o k e r e f
13 p . above = a ;
14 end
15
16 %both p r e v i o u s p t s a r e below d e s i r e d s t r ok e , b r e n t s i f t h e r e

e x i s t s
17 %a po i n t above
18 i f p . x s t r o k e b r e n t ( a ) < p . x s t r o k e r e f && p . x s t r o k e b r e n t ( a−1)

< p . x s t r o k e r e f
19 i f i s f i e l d (p , ’ above ’ ) == 1
20 b k = p . P bren t ( a ) ;
21 a k = p . P bren t ( p . above ) ;
22 b k 1 = p . P bren t ( a−1) ;
23 %b i s e c t i o n s t ep
24 m=(p . P bren t ( a )+a k ) /2 ;
25 %Secant s t ep
26 s=p . P bren t ( a ) − ( p . x s t r o k e b r e n t ( a ) − p . x s t r o k e r e f )

∗( p . P b ren t ( a ) − p . P b ren t ( a−1) ) /( p . x s t r o k e b r e n t ( a
) − p . x s t r o k e b r e n t ( a−1) ) ;

27 i f s < b k && s > m
28 p . P bren t ( a+1)=s ;
29 p . method n ( a )=1;
30 e l s e
31 p . P b ren t ( a+1)=m;
32 p . method n ( a )=2;
33 end
34 i f a>=3
35 i f abs ( p . P b ren t ( a )−p . P b ren t ( a−1) ) < t o l
36 i f p . method n ( a−1) == 1 %used s e c an t method
37 i f abs ( p . P b ren t ( a−1)−p . P b ren t ( a−2) ) < t o l
38 p . P b ren t ( a+1)=(p . P b ren t ( a )+a k ) /2 ;
39 p . method n ( a )=2;
40 end
41 e l s e
42 p . P b ren t ( a+1)=(p . P b ren t ( a )+a k ) /2 ;
43 p . method n ( a )=2;
44 end
45 e l s e i f abs ( s−b k ) > 0 .5∗ abs ( b k−b k 1 )
46 i f p . method n ( a−1) == 1 %used s e c an t method
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47 i f abs ( s−b k ) > 0 .5∗ abs ( b k 1−p . P b ren t ( a−2)
)

48 p . P b ren t ( a+1)=(p . P b ren t ( a )+a k ) /2 ;
49 p . method n ( a )=2;
50 end
51 e l s e
52 p . P b ren t ( a+1)=(p . P b ren t ( a )+a k ) /2 ;
53 p . method n ( a )=2;
54 end
55 end
56 end
57 e l s e
58 %Secant Step
59 p . P b ren t ( a+1) = p . P bren t ( a ) − ( p . x s t r o k e b r e n t ( a ) − p

. x s t r o k e r e f ) ∗( p . P b ren t ( a ) − p . P b ren t ( a−1) ) /( p .
x s t r o k e b r e n t ( a ) − p . x s t r o k e b r e n t ( a−1) ) ;

60 p . method n ( a )=1; %1 i s secant , 2 i s b i s e c t i o n
61 end
62 %One below , one above ( s t r a d d l e d ) , employ b r e n t s method
63 e l s e i f ( p . x s t r o k e b r e n t ( a ) < p . x s t r o k e r e f && p . x s t r o k e b r e n t

( a−1) > p . x s t r o k e r e f ) | | ( p . x s t r o k e b r e n t ( a ) > p .
x s t r o k e r e f && p . x s t r o k e b r e n t ( a−1) < p . x s t r o k e r e f )

64 %I f t h e r e i s on l y one po i n t below , then . . .
65 i f a==2
66 %Bi−s e c t i o n Step
67 p . P b ren t ( a+1) = (p . P b ren t ( a )+p . P bren t ( a−1) ) /2 ;
68 p . method n ( a )=2;
69 e l s e %Brent s method s t a r t
70 %i f the c u r r e n t i t e r a t e i s above the r e f e r e n c e
71 i f p . x s t r o k e b r e n t ( a ) >= p . x s t r o k e r e f
72 b k = p . P bren t ( a ) ;
73 a k = p . P bren t ( p . be low ) ;
74 b k 1 = p . P bren t ( a−1) ;
75 %b i s e c t i o n s t ep
76 m=(p . P bren t ( a )+a k ) /2 ;
77 %Secant s t ep
78 s=p . P bren t ( a ) − ( p . x s t r o k e b r e n t ( a ) − p .

x s t r o k e r e f ) ∗( p . P b ren t ( a ) − p . P b ren t ( a−1) ) /( p
. x s t r o k e b r e n t ( a ) − p . x s t r o k e b r e n t ( a−1) ) ;

79 i f s < b k && s > m
80 p . P bren t ( a+1)=s ;
81 p . method n ( a )=1;
82 e l s e
83 p . P b ren t ( a+1)=m;
84 p . method n ( a )=2;
85 end
86 %i f the c u r r e n t i t e r a t e i s be low the r e f e r e n c e
87 e l s e
88 b k = p . P bren t ( a ) ;
89 a k = p . P bren t ( p . above ) ;
90 b k 1 = p . P bren t ( a−1) ;
91 %b i s e c t i o n s t ep
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92 m=(p . P bren t ( a )+a k ) /2 ;
93 %Secant s t ep
94 s=p . P bren t ( a ) − ( p . x s t r o k e b r e n t ( a ) − p .

x s t r o k e r e f ) ∗( p . P b ren t ( a ) − p . P b ren t ( a−1) ) /( p
. x s t r o k e b r e n t ( a ) − p . x s t r o k e b r e n t ( a−1) ) ;

95 i f s < b k && s > m
96 p . P bren t ( a+1)=s ;
97 p . method n ( a )=1;
98 e l s e
99 p . P b ren t ( a+1)=m;

100 p . method n ( a )=2;
101 end
102 end
103
104 %Brent ’ s a d d i t i o n to the a l go r i t hmn
105 i f a>=3
106 i f abs ( p . P b ren t ( a )−p . P b ren t ( a−1) ) < t o l
107 i f p . method n ( a−1) == 1 %used s e c an t method
108 i f abs ( p . P b ren t ( a−1)−p . P b ren t ( a−2) ) < t o l
109 p . P b ren t ( a+1)=(p . P b ren t ( a )+a k ) /2 ;
110 p . method n ( a )=2;
111 end
112 e l s e
113 p . P b ren t ( a+1)=(p . P b ren t ( a )+a k ) /2 ;
114 p . method n ( a )=2;
115 end
116 e l s e i f abs ( s−b k ) > 0 .5∗ abs ( b k−b k 1 )
117 i f p . method n ( a−1) == 1 %used s e c an t method
118 i f abs ( s−b k ) > 0 .5∗ abs ( b k 1−p . P b ren t ( a−2)

)
119 p . P b ren t ( a+1)=(p . P b ren t ( a )+a k ) /2 ;
120 p . method n ( a )=2;
121 end
122 e l s e
123 p . P b ren t ( a+1)=(p . P b ren t ( a )+a k ) /2 ;
124 p . method n ( a )=2;
125 end
126 end
127 end
128 end %b r e n t s method end
129
130 %both above the d e s i r e d s t r ok e , i f p . be low does e x i s t , employ

b r e n t s method
131 e l s e i f p . x s t r o k e b r e n t ( a ) > p . x s t r o k e r e f && p . x s t r o k e b r e n t (

a−1) > p . x s t r o k e r e f
132 i f i s f i e l d (p , ’ be low ’ )==0
133 p . P b ren t ( a+1)=p . P bren t ( a−1) ∗ 0 . 4 ;
134 e l s e
135 %i f the c u r r e n t i t e r a t e i s above the r e f e r e n c e
136 i f p . x s t r o k e b r e n t ( a ) >= p . x s t r o k e r e f
137 b k = p . P bren t ( a ) ;
138 a k = p . P bren t ( p . be low ) ;
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139 b k 1 = p . P bren t ( a−1) ;
140 %b i s e c t i o n s t ep
141 m=(p . P bren t ( a )+a k ) /2 ;
142 %Secant s t ep
143 s=p . P bren t ( a ) − ( p . x s t r o k e b r e n t ( a ) − p .

x s t r o k e r e f ) ∗( p . P b ren t ( a ) − p . P b ren t ( a−1) ) /( p
. x s t r o k e b r e n t ( a ) − p . x s t r o k e b r e n t ( a−1) ) ;

144 i f s < b k && s > m
145 p . P bren t ( a+1)=s ;
146 p . method n ( a )=1;
147 e l s e
148 p . P b ren t ( a+1)=m;
149 p . method n ( a )=2;
150 end
151 %i f the c u r r e n t i t e r a t e i s be low the r e f e r e n c e
152 e l s e
153 b k = p . P bren t ( a ) ;
154 a k = p . P bren t ( p . above ) ;
155 b k 1 = p . P bren t ( a−1) ;
156 %b i s e c t i o n s t ep
157 m=(p . P bren t ( a )+a k ) /2 ;
158 %Secant s t ep
159 s=p . P bren t ( a ) − ( p . x s t r o k e b r e n t ( a ) − p .

x s t r o k e r e f ) ∗( p . P b ren t ( a ) − p . P b ren t ( a−1) ) /( p
. x s t r o k e b r e n t ( a ) − p . x s t r o k e b r e n t ( a−1) ) ;

160 i f s < b k && s > m
161 p . P bren t ( a+1)=s ;
162 p . method n ( a )=1;
163 e l s e
164 p . P b ren t ( a+1)=m;
165 p . method n ( a )=2;
166 end
167 end
168
169 %Brent ’ s a d d i t i o n to the a l go r i t hmn
170 i f a>=3
171 i f abs ( p . P b ren t ( a )−p . P b ren t ( a−1) ) < t o l
172 i f p . method n ( a−1) == 1 %used s e c an t method
173 i f abs ( p . P b ren t ( a−1)−p . P b ren t ( a−2) ) < t o l
174 p . P b ren t ( a+1)=(p . P b ren t ( a )+a k ) /2 ;
175 p . method n ( a )=2;
176 end
177 e l s e
178 p . P b ren t ( a+1)=(p . P b ren t ( a )+a k ) /2 ;
179 p . method n ( a )=2;
180 end
181 e l s e i f abs ( s−b k ) > 0 .5∗ abs ( b k−b k 1 )
182 i f p . method n ( a−1) == 1 %used s e c an t method
183 i f abs ( s−b k ) > 0 .5∗ abs ( b k 1−p . P b ren t ( a−2)

)
184 p . P b ren t ( a+1)=(p . P b ren t ( a )+a k ) /2 ;
185 p . method n ( a )=2;
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186 end
187 e l s e
188 p . P b ren t ( a+1)=(p . P b ren t ( a )+a k ) /2 ;
189 p . method n ( a )=2;
190 end
191 end
192 end
193 end %b r e n t s method end
194 end
195
196 e r r o r s t r o k e = abs ( p . x s t r o k e r e f − p . x s t r o k e b r e n t ( a ) ) ;
197 a=a+1;
198
199 e l s e %a == 1
200 e r r o r s t r o k e = 1 ;
201 a = a+1;
202 p . method n=0;
203 end % end en t r y l o g i c
204 e l s e %i f Brent ’ s method i s tu rned o f f
205 e r r o r s t r o k e = 0 ;
206 end
207
208 end
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C.16 Function EOS

1 f u n c t i o n [ p r o p e r t y ] = EOS( va lue1 , va lue2 , propertyname , name )
2 %EOS Mex f u n c t i o n wrapper
3 %
4 %Equat ion o f s t a t e f o r r−134a c a l c u l a t i o n s
5 % g i v e the f u n c t i o n two va l u e s , t empe ra tu r e i s r e q u i r e d .
6 % the p r e f e r r e d second va l u e i s d en s i t y , the a l t e r n a t i v e i s p r e s s u r e .
7 % The name f i e l d i s ’ rho ’ i f the second va l u e i s d e n s i t y .
8 % The name f i e l d i s ’P ’ i f the second va l u e i s p r e s s u r e .
9 % Prope r t y name i s the p r o p e r t y you a r e l o o k i n g f o r :
10 % −rho
11 % −p r e s s u r e
12 % −en tha l p y
13 % − i n t e r n a l e n e r g y
14 % −en t r opy
15 % −Cp
16 % −Cv
17 % −c o n d u c t i v i t y
18 % −v i s c o s i t y
19 % [ p r op e r t y ] = EOS( va lue1 , va lue2 , propertyname , name )
20
21 %e i t h e r ’mex ’ o r ’ code ’
22 code = ’mex ’ ;
23
24 sw i t ch code
25 ca se ’mex ’
26 sw i t c h name
27 ca se ’ rho ’
28
29 sw i t c h proper tyname
30 ca se ’ rho ’
31 p r op e r t y=EOS mex ( va lue1 , va lue2 , 1 , 1 ) ;
32 ca s e ’ p r e s s u r e ’
33 p r op e r t y=EOS mex ( va lue1 , va lue2 , 2 , 1 ) ;
34 ca s e ’ e n t h a l p y ’
35 p r op e r t y=EOS mex ( va lue1 , va lue2 , 3 , 1 ) ;
36 ca s e ’ i n t e r n a l e n e r g y ’
37 p r op e r t y=EOS mex ( va lue1 , va lue2 , 4 , 1 ) ;
38 ca s e ’ en t r opy ’
39 p r op e r t y=EOS mex ( va lue1 , va lue2 , 5 , 1 ) ;
40 ca s e ’Cp ’
41 p r op e r t y=EOS mex ( va lue1 , va lue2 , 6 , 1 ) ;
42 ca s e ’Cv ’
43 p r op e r t y=EOS mex ( va lue1 , va lue2 , 7 , 1 ) ;
44 ca s e ’ c o n d u c t i v i t y ’
45 p r o p e r t y=EOS mex ( va lue1 , va lue2 , 8 , 1 ) ;
46 ca s e ’ v i s c o s i t y ’
47 p r op e r t y=EOS mex ( va lue1 , va lue2 , 9 , 1 ) ;
48 ca s e ’ p sa t ’
49 p r op e r t y=EOS mex ( va lue1 , va lue2 , 1 0 , 1 ) ;
50 o t h e rw i s e
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51 e r r o r ( ’ I n c o r r e c t p r o p e r t y name . ’ )
52 end
53
54 ca se ’P ’
55
56 sw i t c h proper tyname
57 ca se ’ rho ’
58 p r op e r t y=EOS mex ( va lue1 , va lue2 , 1 , 2 ) ;
59 ca s e ’ p r e s s u r e ’
60 p r op e r t y=EOS mex ( va lue1 , va lue2 , 2 , 2 ) ;
61 ca s e ’ e n t h a l p y ’
62 p r op e r t y=EOS mex ( va lue1 , va lue2 , 3 , 2 ) ;
63 ca s e ’ i n t e r n a l e n e r g y ’
64 p r op e r t y=EOS mex ( va lue1 , va lue2 , 4 , 2 ) ;
65 ca s e ’ en t r opy ’
66 p r op e r t y=EOS mex ( va lue1 , va lue2 , 5 , 2 ) ;
67 ca s e ’Cp ’
68 p r op e r t y=EOS mex ( va lue1 , va lue2 , 6 , 2 ) ;
69 ca s e ’Cv ’
70 p r op e r t y=EOS mex ( va lue1 , va lue2 , 7 , 2 ) ;
71 ca s e ’ c o n d u c t i v i t y ’
72 p r o p e r t y=EOS mex ( va lue1 , va lue2 , 8 , 2 ) ;
73 ca s e ’ v i s c o s i t y ’
74 p r op e r t y=EOS mex ( va lue1 , va lue2 , 9 , 2 ) ;
75 ca s e ’ r h o s a t ’
76 p r op e r t y=EOS mex ( va lue1 , va lue2 , 1 0 , 2 ) ;
77 o t h e rw i s e
78 e r r o r ( ’ I n c o r r e c t p r o p e r t y name . ’ )
79 end
80
81
82 o t h e rw i s e
83 e r r o r ( ’ I n c o r r e c t name i npu t to EOS, e i t h e r rho or P . ’ )
84 end
85
86
87 ca se ’ code ’
88
89 f l u i d=’R134A ’ ; %Used to change the f l u i d d e s i r e d , on l y

a p p l i c a b l e when u s i n g REFPROP to c a l c u l a t e p r o p e r t i e s .
90
91
92 method=1; %Operato r to de t e rm ine which c a l c u a t i o n method to use

f o r c a l c u l a t i n g f l u i d p r o p e r t i e s .
93 % 1= i d e a l gas
94 % 2=REFPROP.
95 % 3=R134a EOS hard−coded
96
97 i f method==1
98 Cv v =0.7633; %A l l t h e s e v a l u e s f o r r−134a
99 R=0.08149;

100 Cp v=R+Cv v ;
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101 sw i t c h proper tyname
102 ca se ’ p r e s s u r e ’
103 p r op e r t y=va l u e2 ∗R∗ va l u e1 ;
104 ca se ’ e n t h a l p y ’
105 i f name==’ rho ’
106
107 p r op e r t y=Cp v∗ va l u e1 ;
108 end
109
110 i f name==’P ’
111 p r op e r t y=Cp v∗ va l u e1 ;
112 end
113 ca se ’ en t r opy ’
114 i f name==’ rho ’
115 p r op e r t y=re fpropm ( ’S ’ , ’T ’ , va lue1 , ’D ’ , va lue2 ,

f l u i d ) ;
116 end
117
118 i f name==’P ’
119 p r op e r t y=re fpropm ( ’S ’ , ’T ’ , va lue1 , ’P ’ , va lue2 ,

f l u i d ) ;
120 end
121 ca se ’ i n t e r n a l e n e r g y ’
122 i f name==’ rho ’
123 p r op e r t y=Cv v∗ va l u e1 ;
124 end
125
126 i f name==’P ’
127 p r op e r t y=Cv v∗ va l u e1 ;
128 end
129 ca se ’Cv ’
130 i f name==’ rho ’
131 p r op e r t y=Cv v ;
132 end
133
134 i f name==’P ’
135 p r op e r t y=Cv v ;
136 end
137 ca se ’ rho ’
138 p r op e r t y=va l u e2 /(R∗ va l u e1 ) ;
139 end
140 e l s e i f method==2
141 sw i t c h proper tyname
142 ca se ’ p r e s s u r e ’
143 p r op e r t y=re fpropm ( ’P ’ , ’T ’ , va lue1 , ’D ’ , va lue2 , f l u i d ) ;
144 ca se ’ e n t h a l p y ’
145 i f name==’ rho ’
146 p r op e r t y=re fpropm ( ’H ’ , ’T ’ , va lue1 , ’D ’ , va lue2 ,

f l u i d ) ;
147 end
148
149 i f name==’P ’
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150 p r op e r t y=re fpropm ( ’H ’ , ’T ’ , va lue1 , ’P ’ , va lue2 ,
f l u i d ) ;

151 end
152 ca se ’ en t r opy ’
153 i f name==’ rho ’
154 p r op e r t y=re fpropm ( ’S ’ , ’T ’ , va lue1 , ’D ’ , va lue2 ,

f l u i d ) ;
155 end
156
157 i f name==’P ’
158 p r op e r t y=re fpropm ( ’S ’ , ’T ’ , va lue1 , ’P ’ , va lue2 ,

f l u i d ) ;
159 end
160 ca se ’ i n t e r n a l e n e r g y ’
161 i f name==’ rho ’
162 p r op e r t y=re fpropm ( ’U ’ , ’T ’ , va lue1 , ’D ’ , va lue2 ,

f l u i d ) ;
163 end
164
165 i f name==’P ’
166 p r op e r t y=re fpropm ( ’U ’ , ’T ’ , va lue1 , ’P ’ , va lue2 ,

f l u i d ) ;
167 end
168 ca se ’Cv ’
169 i f name==’ rho ’
170 p r op e r t y=re fpropm ( ’O ’ , ’T ’ , va lue1 , ’D ’ , va lue2 ,

f l u i d ) ;
171 end
172
173 i f name==’P ’
174 p r op e r t y=re fpropm ( ’O ’ , ’T ’ , va lue1 , ’P ’ , va lue2 ,

f l u i d ) ;
175 end
176 ca se ’ rho ’
177 p r op e r t y=re fpropm ( ’D ’ , ’T ’ , va lue1 , ’P ’ , va lue2 , f l u i d ) ;
178 end
179
180
181 e l s e i f method==3
182 sw i t c h proper tyname
183 ca se ’ p r e s s u r e ’
184 p r op e r t y=p r e s s u r e ( va lue1 , v a l u e2 ) ;
185 ca se ’ e n t h a l p y ’
186 i f name==’ rho ’
187 p r op e r t y=en tha l p y ( va lue1 , v a l u e2 ) ;
188 end
189
190 i f name==’P ’
191 p r op e r t y=en tha l py P ( va lue1 , v a l u e2 ) ;
192 end
193 ca se ’ en t r opy ’
194 i f name==’ rho ’
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195 p r op e r t y=en t r opy ( va lue1 , v a l u e2 ) ;
196 end
197
198 i f name==’P ’
199 p r op e r t y=ent ropy P ( va lue1 , v a l u e2 ) ;
200 end
201 ca se ’ i n t e r n a l e n e r g y ’
202 i f name==’ rho ’
203 p r op e r t y=i n t e r n a l e n e r g y ( va lue1 , v a l u e2 ) ;
204 end
205
206 i f name==’P ’
207 p r op e r t y=i n t e r n a l e n e r g y P ( va lue1 , v a l u e2 ) ;
208 end
209 ca se ’Cv ’
210 i f name==’ rho ’
211 p r op e r t y=Cv( va lue1 , v a l u e2 ) ;
212 end
213
214 i f name==’P ’
215 p r op e r t y=Cv P ( va lue1 , v a l u e2 ) ;
216 end
217 ca se ’ rho ’
218 p r op e r t y=rho ( va lue1 , v a l u e2 ) ;
219 end
220
221 e l s e
222 d i s p ( ’ E r r o r i n EOS, p r o p e r t y c a l c u l a t i o n s e l e c t i o n i n v a l i d . ’

)
223 end
224
225 end
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C.17 Function Cv

1 f u n c t i o n [ Cv ] = Cv ( T, rho )
2 %This f u n c t i o n c a l c u l a t e s the s p e c i f i c heat ( a t c on s t an t volume )
3 %f o r R−134a wi th a r e f e r e n c e s t a t e at −40C and s a t u r a t e d l i q u i d .
4
5
6
7 %%Def i n e Cons tan t s
8 T s t a r =374.18; %K
9 r h o s t a r =508; %kg/mˆ3
10 R=0.08149; %kJ/kg−K
11
12 a=[0.5586817 e−1,
13 0 .4982230 ,
14 0.2458698 e−1,
15 0.8570145 e−3,
16 0.4788584 e−3,
17 −0.1800808 e1 ,
18 0 .2671641 ,
19 −0.4781652e−1,
20 0.1423987 e−1,
21 0 .3324062 ,
22 −0.7485907e−2,
23 0.1017263 e−3,
24 −0.5184567 ,
25 −0.8692288e−1,
26 0 .2057144 ,
27 −0.5000457e−2,
28 0.4603262 e−3,
29 −0.3497836e−2,
30 0.6995038 e−2,
31 −0.1452184e−1,
32 −0.1285458e−3] ;
33
34 t = [ −0 . 5 , 0 , 0 , 0 , 1 . 5 , 1 . 5 , 2 , 2 , 1 , 3 , 5 , 1 , 5 , 5 , 6 , 10 , 10 , 10 , 18 , 22 , 50 ] ;
35 d= [2 , 1 , 3 , 6 , 6 , 1 , 1 , 2 , 5 , 2 , 2 , 4 , 1 , 4 , 1 , 2 , 4 , 1 , 5 , 3 , 1 0 ] ;
36 N=[8 , 11 , 17 , 20 , 21 ] ;
37
38 a o =[−1.019535 ,
39 9 .047135 ,
40 −1.629789 ,
41 −9.723916 ,
42 −3.927170] ;
43
44 t o =[0 ,1 ,0 , −0.5 , −0.75 ] ;
45
46 %%I n i t i a l C a l c u l a t i o n s
47 tau=T s t a r /T;
48 d e l t a=rho / r h o s t a r ;
49
50 %Ca l c u l a t e p h i o t a u t a u
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51
52 t2=0;
53 f o r i =4:1:5
54 t2=t2+a o ( i ) ∗ t o ( i ) ∗( t o ( i )−1)∗ tau ˆ( t o ( i )−2) ;
55 end
56
57 p h i o t a u t a u=−(a o (3 ) / tau ˆ2)+t2 ;
58
59 %Ca l c u l a t e p h i r t a u t a u
60
61 t1=0;
62
63 f o r i =1:1 :N(1 )
64 t1=t1+a ( i ) ∗ t ( i ) ∗( t ( i )−1)∗( d e l t a ˆ( d ( i ) ) ) ∗( tau ˆ( t ( i )−2) ) ;
65 end
66
67 t2 a =0;
68 f o r k=1:1:4
69 t2 b =0;
70 f o r i =(N( k )+1) : 1 :N( k+1)
71 t2 b=t2 b+a ( i ) ∗ t ( i ) ∗( t ( i )−1)∗( d e l t a ˆ( d ( i ) ) ) ∗( tau ˆ( t ( i )−2) ) ;
72 end
73 t2 a=t2 a+exp(− d e l t a ˆk ) ∗ t 2 b ;
74
75 end
76
77 p h i r t a u t a u=t1+t2 a ;
78
79 Cv=−R∗( tau ˆ2) ∗( p h i o t a u t a u+p h i r t a u t a u ) ;
80
81 end
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C.18 Function Cv p

1 f u n c t i o n [ Cv ] = Cv P ( T,P )
2 %Cv g i v en T and P
3 % De t a i l e d e x p l a n a t i o n goes he r e
4
5 %T=284;
6 %P=426.51;
7
8 c l e a r rho
9 rho (2 ) =10;
10 rho (1 ) =9.5 ;
11 i =2;
12 dP=1;
13
14
15 wh i l e abs (dP) >0.00001
16 rho ( i +1)=rho ( i )−( p r e s s u r e (T, rho ( i ) )−P) ∗( rho ( i )−rho ( i −1) ) /( p r e s s u r e (T

, rho ( i ) )−p r e s s u r e (T, rho ( i −1) ) ) ;
17
18 dP=p r e s s u r e (T, rho ( i +1) )−P ;
19 i=i +1;
20 end
21
22 rho c=rho ( i ) ;
23
24 Cv=Cv P (T, r ho c ) ;
25
26 end
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C.19 Function enthalpy

1 f u n c t i o n [ h]= en tha l p y (T, rho )
2 %%Funct i on c a l c u l a t e s the en tha l p y o f R−134a g i v en the t empe ra tu r e and
3 %%de n s i t y . Re f e r en c e s t a t e i s −40C , s a t l i q u i d .
4
5 %T=100+273.15;
6 %rho =1/0.50410;
7
8 %Re f e r en c e v a l u e pre−a l l o c a t e d f o r speed .
9 h=( i n t e r n a l e n e r g y (T, rho )+p r e s s u r e (T, rho ) / rho ) −0.020168116568033;
10 %h=( i n t e r n a l e n e r g y (T, rho )+p r e s s u r e (T, rho ) / rho )−e n t h a l p y r e f ;
11 %end
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C.20 Function enthalpy P

1 f u n c t i o n [ h ] = en tha l py P ( T,P )
2 %en tha l p y g i v en T and P
3 % De t a i l e d e x p l a n a t i o n goes he r e
4
5 %T=284;
6 %P=426.51;
7
8 c l e a r rho
9 rho (2 ) =10;
10 rho (1 ) =9.5 ;
11 i =2;
12 dP=1;
13
14
15 wh i l e abs (dP) >0.00001
16 rho ( i +1)=rho ( i )−( p r e s s u r e (T, rho ( i ) )−P) ∗( rho ( i )−rho ( i −1) ) /( p r e s s u r e (T

, rho ( i ) )−p r e s s u r e (T, rho ( i −1) ) ) ;
17
18 dP=p r e s s u r e (T, rho ( i +1) )−P ;
19 i=i +1;
20 end
21
22 rho c=rho ( i ) ;
23
24 h=en tha l p y (T, r ho c ) ;
25 end



220

C.21 Function enthalpy ref

1 f u n c t i o n [ h]= e n t h a l p y r e f
2 %%Funct i on c a l c u l a t e s the en tha l p y o f R−134a g i v en the t empe ra tu r e and
3 %%de n s i t y .
4
5 T=−40+273.15;
6 rho =1/0.0007054;
7 h=i n t e r n a l e n e r g y (T, rho )+p r e s s u r e (T, rho ) / rho ;
8
9 end
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C.22 Function internalenergy

1 f u n c t i o n [ u]= i n t e r n a l e n e r g y (T, rho )
2 %%Funct i on c a l c u l a t e s the I n t e r n a l ene rgy o f R−134a g i v en the

t empe ra tu r e and
3 %%de n s i t y . Re f e r en c e s t a t e i s −40C , s a t l i q u i d .
4
5 %T=52+273.15;
6 %rho =1/0.0009150;
7 %T=284;
8 %rho =20.794;
9
10
11 %%Def i n e Cons tan t s
12 T s t a r =374.18; %K
13 r h o s t a r =508; %kg/mˆ3
14 R=0.08148886; %kJ/kg−K
15
16 a=[0.5586817 e−1,
17 0 .4982230 ,
18 0.2458698 e−1,
19 0.8570145 e−3,
20 0.4788584 e−3,
21 −0.1800808 e1 ,
22 0 .2671641 ,
23 −0.4781652e−1,
24 0.1423987 e−1,
25 0 .3324062 ,
26 −0.7485907e−2,
27 0.1017263 e−3,
28 −0.5184567 ,
29 −0.8692288e−1,
30 0 .2057144 ,
31 −0.5000457e−2,
32 0.4603262 e−3,
33 −0.3497836e−2,
34 0.6995038 e−2,
35 −0.1452184e−1,
36 −0.1285458e−3] ;
37
38 t = [ −0 . 5 , 0 , 0 , 0 , 1 . 5 , 1 . 5 , 2 , 2 , 1 , 3 , 5 , 1 , 5 , 5 , 6 , 10 , 10 , 10 , 18 , 22 , 50 ] ;
39 d= [2 , 1 , 3 , 6 , 6 , 1 , 1 , 2 , 5 , 2 , 2 , 4 , 1 , 4 , 1 , 2 , 4 , 1 , 5 , 3 , 1 0 ] ;
40 N=[8 , 11 , 17 , 20 , 21 ] ;
41
42 a o =[−1.019535 ,
43 9 .047135 ,
44 −1.629789 ,
45 −9.723916 ,
46 −3.927170] ;
47
48 t o =[0 ,1 ,0 , −0.5 , −0.75 ] ;
49
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50 %%I n i t i a l C a l c u l a t i o n s
51 tau=T s t a r /T;
52 d e l t a=rho / r h o s t a r ;
53
54 %%Ca l c u l a t e p h i o t a u%%
55
56 t3=0; %i n i t i a l i z e t3
57 f o r i =4:1:5
58 t3=t3+a o ( i ) ∗ t o ( i ) ∗ tau ˆ( t o ( i )−1) ; %c a l c u l a t e the t h i r d term
59 end
60 p h i o t a u=a o (2 )+(a o (3 ) / tau )+t3 ; %add up a l l t h r e e terms i n p h i o t a u
61
62 %%Ca l c u l a t e p h i r t a u%%
63
64
65 t1=0;
66
67 f o r i =1:1 :N(1 )
68 t1=t1+a ( i ) ∗ t ( i ) ∗( d e l t a ˆ( d ( i ) ) ) ∗( tau ˆ( t ( i )−1) ) ;
69 end
70
71 i =0;
72 t 2 a =0;
73 c=0;
74 f o r k=1:1:4
75 t2 b =0;
76 f o r i =(N( k )+1) : 1 :N( k+1)
77 t2 b=t2 b+a ( i ) ∗ t ( i ) ∗( d e l t a ˆ( d ( i ) ) ) ∗( tau ˆ( t ( i )−1) ) ;
78 c=c+1;
79 end
80 t2 a=t2 a+exp(− d e l t a ˆk ) ∗ t 2 b ;
81
82 end
83
84 p h i r t a u=t1+t2 a ;
85
86 %%Ca l c u l a t e i n t e r n a l ene rgy%%
87
88 %Second number i s the r e f e r e n c e i n t e r n a l energy , pre−c a l c u l a t e d f o r

speed
89 u=(R∗T∗ tau ∗( p h i r t a u+ph i o t a u ) ) −1.481554668959972 e+02;
90 %u=(R∗T∗ tau ∗( p h i r t a u+ph i o t a u ) )− i n t e r n a l e n e r g y r e f ;
91
92 h=u+p r e s s u r e (T, rho ) / rho ;
93
94
95 %end
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C.23 Function internalenergy P

1 f u n c t i o n [ u ] = i n t e r n a l e n e r g y P ( T,P )
2 %i n t e r n a l ene rgy g i v en T and P
3 % De t a i l e d e x p l a n a t i o n goes he r e
4
5 %T=284;
6 %P=426.51;
7
8 c l e a r rho
9 rho (2 ) =10;
10 rho (1 ) =9.5 ;
11 i =2;
12 dP=1;
13
14
15 wh i l e abs (dP) >0.00001
16 rho ( i +1)=rho ( i )−( p r e s s u r e (T, rho ( i ) )−P) ∗( rho ( i )−rho ( i −1) ) /( p r e s s u r e (T

, rho ( i ) )−p r e s s u r e (T, rho ( i −1) ) ) ;
17
18 dP=p r e s s u r e (T, rho ( i +1) )−P ;
19 i=i +1;
20 end
21
22 rho c=rho ( i ) ;
23
24 u=i n t e r n a l e n e r g y (T, r ho c ) ;
25
26 end
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C.24 Function internalenergy ref

1 f u n c t i o n [ u]= i n t e r n a l e n e r g y r e f
2 %%Funct i on c a l c u l a t e s the I n t e r n a l ene rgy o f R−134a g i v en the

t empe ra tu r e and
3 %%de n s i t y .
4
5 T=−40+273.15;
6 rho =1/0.00070540;
7 %T=284;
8 %rho =20.794;
9
10
11 %%Def i n e Cons tan t s
12 T s t a r =374.18; %K
13 r h o s t a r =508; %kg/mˆ3
14 R=0.08148886; %kJ/kg−K
15
16 a=[0.5586817 e−1,
17 0 .4982230 ,
18 0.2458698 e−1,
19 0.8570145 e−3,
20 0.4788584 e−3,
21 −0.1800808 e1 ,
22 0 .2671641 ,
23 −0.4781652e−1,
24 0.1423987 e−1,
25 0 .3324062 ,
26 −0.7485907e−2,
27 0.1017263 e−3,
28 −0.5184567 ,
29 −0.8692288e−1,
30 0 .2057144 ,
31 −0.5000457e−2,
32 0.4603262 e−3,
33 −0.3497836e−2,
34 0.6995038 e−2,
35 −0.1452184e−1,
36 −0.1285458e−3] ;
37
38 t = [ −0 . 5 , 0 , 0 , 0 , 1 . 5 , 1 . 5 , 2 , 2 , 1 , 3 , 5 , 1 , 5 , 5 , 6 , 10 , 10 , 10 , 18 , 22 , 50 ] ;
39 d= [2 , 1 , 3 , 6 , 6 , 1 , 1 , 2 , 5 , 2 , 2 , 4 , 1 , 4 , 1 , 2 , 4 , 1 , 5 , 3 , 1 0 ] ;
40 N=[8 , 11 , 17 , 20 , 21 ] ;
41
42 a o =[−1.019535 ,
43 9 .047135 ,
44 −1.629789 ,
45 −9.723916 ,
46 −3.927170] ;
47
48 t o =[0 ,1 ,0 , −0.5 , −0.75 ] ;
49
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50 %%I n i t i a l C a l c u l a t i o n s
51 tau=T s t a r /T;
52 d e l t a=rho / r h o s t a r ;
53
54 %%Ca l c u l a t e p h i o t a u%%
55
56 t3=0; %i n i t i a l i z e t3
57 f o r i =4:1:5
58 t3=t3+a o ( i ) ∗ t o ( i ) ∗ tau ˆ( t o ( i )−1) ; %c a l c u l a t e the t h i r d term
59 end
60 p h i o t a u=a o (2 )+(a o (3 ) / tau )+t3 ; %add up a l l t h r e e terms i n p h i o t a u
61
62 %%Ca l c u l a t e p h i r t a u%%
63
64
65 t1=0;
66
67 f o r i =1:1 :N(1 )
68 t1=t1+a ( i ) ∗ t ( i ) ∗( d e l t a ˆ( d ( i ) ) ) ∗( tau ˆ( t ( i )−1) ) ;
69 end
70
71 i =0;
72 t 2 a =0;
73 c=0;
74 f o r k=1:1:4
75 t2 b =0;
76 f o r i =(N( k )+1) : 1 :N( k+1)
77 t2 b=t2 b+a ( i ) ∗ t ( i ) ∗( d e l t a ˆ( d ( i ) ) ) ∗( tau ˆ( t ( i )−1) ) ;
78 c=c+1;
79 end
80 t2 a=t2 a+exp(− d e l t a ˆk ) ∗ t 2 b ;
81
82 end
83
84 p h i r t a u=t1+t2 a ;
85
86 %%Ca l c u l a t e i n t e r n a l ene rgy%%
87
88 u=R∗T∗ tau ∗( p h i r t a u+ph i o t a u ) ;
89
90 h=u+p r e s s u r e (T, rho ) / rho ;
91
92
93 %end
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C.25 Function internalenergy

1 f u n c t i o n [ u]= i n t e r n a l e n e r g y (T, rho )
2 %%Funct i on c a l c u l a t e s the I n t e r n a l ene rgy o f R−134a g i v en the

t empe ra tu r e and
3 %%de n s i t y . Re f e r en c e s t a t e i s −40C , s a t l i q u i d .
4
5 %T=52+273.15;
6 %rho =1/0.0009150;
7 %T=284;
8 %rho =20.794;
9
10
11 %%Def i n e Cons tan t s
12 T s t a r =374.18; %K
13 r h o s t a r =508; %kg/mˆ3
14 R=0.08148886; %kJ/kg−K
15
16 a=[0.5586817 e−1,
17 0 .4982230 ,
18 0.2458698 e−1,
19 0.8570145 e−3,
20 0.4788584 e−3,
21 −0.1800808 e1 ,
22 0 .2671641 ,
23 −0.4781652e−1,
24 0.1423987 e−1,
25 0 .3324062 ,
26 −0.7485907e−2,
27 0.1017263 e−3,
28 −0.5184567 ,
29 −0.8692288e−1,
30 0 .2057144 ,
31 −0.5000457e−2,
32 0.4603262 e−3,
33 −0.3497836e−2,
34 0.6995038 e−2,
35 −0.1452184e−1,
36 −0.1285458e−3] ;
37
38 t = [ −0 . 5 , 0 , 0 , 0 , 1 . 5 , 1 . 5 , 2 , 2 , 1 , 3 , 5 , 1 , 5 , 5 , 6 , 10 , 10 , 10 , 18 , 22 , 50 ] ;
39 d= [2 , 1 , 3 , 6 , 6 , 1 , 1 , 2 , 5 , 2 , 2 , 4 , 1 , 4 , 1 , 2 , 4 , 1 , 5 , 3 , 1 0 ] ;
40 N=[8 , 11 , 17 , 20 , 21 ] ;
41
42 a o =[−1.019535 ,
43 9 .047135 ,
44 −1.629789 ,
45 −9.723916 ,
46 −3.927170] ;
47
48 t o =[0 ,1 ,0 , −0.5 , −0.75 ] ;
49
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50 %%I n i t i a l C a l c u l a t i o n s
51 tau=T s t a r /T;
52 d e l t a=rho / r h o s t a r ;
53
54 %%Ca l c u l a t e p h i o t a u%%
55
56 t3=0; %i n i t i a l i z e t3
57 f o r i =4:1:5
58 t3=t3+a o ( i ) ∗ t o ( i ) ∗ tau ˆ( t o ( i )−1) ; %c a l c u l a t e the t h i r d term
59 end
60 p h i o t a u=a o (2 )+(a o (3 ) / tau )+t3 ; %add up a l l t h r e e terms i n p h i o t a u
61
62 %%Ca l c u l a t e p h i r t a u%%
63
64
65 t1=0;
66
67 f o r i =1:1 :N(1 )
68 t1=t1+a ( i ) ∗ t ( i ) ∗( d e l t a ˆ( d ( i ) ) ) ∗( tau ˆ( t ( i )−1) ) ;
69 end
70
71 i =0;
72 t 2 a =0;
73 c=0;
74 f o r k=1:1:4
75 t2 b =0;
76 f o r i =(N( k )+1) : 1 :N( k+1)
77 t2 b=t2 b+a ( i ) ∗ t ( i ) ∗( d e l t a ˆ( d ( i ) ) ) ∗( tau ˆ( t ( i )−1) ) ;
78 c=c+1;
79 end
80 t2 a=t2 a+exp(− d e l t a ˆk ) ∗ t 2 b ;
81
82 end
83
84 p h i r t a u=t1+t2 a ;
85
86 %%Ca l c u l a t e i n t e r n a l ene rgy%%
87
88 %Second number i s the r e f e r e n c e i n t e r n a l energy , pre−c a l c u l a t e d f o r

speed
89 u=(R∗T∗ tau ∗( p h i r t a u+ph i o t a u ) ) −1.481554668959972 e+02;
90 %u=(R∗T∗ tau ∗( p h i r t a u+ph i o t a u ) )− i n t e r n a l e n e r g y r e f ;
91
92 h=u+p r e s s u r e (T, rho ) / rho ;
93
94
95 %end
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C.26 Function entropy

1 f u n c t i o n [ s ]= en t r opy (T, rho )
2 %%Funct i on c a l c u l a t e s the I n t e r n a l ene rgy o f R−134a g i v en the

t empe ra tu r e and
3 %%de n s i t y . Re f e r en c e s t a t e i s −40C , s a t l i q u i d .
4
5
6 %T=100+273.15;
7 %rho =1/0.50410;
8 %T=284;
9 %rho =20.794;
10
11
12 %%Def i n e Cons tan t s
13 T s t a r =374.18; %K
14 r h o s t a r =508; %kg/mˆ3
15 R=0.08148886; %kJ/kg−K
16
17 a=[0.5586817 e−1,
18 0 .4982230 ,
19 0.2458698 e−1,
20 0.8570145 e−3,
21 0.4788584 e−3,
22 −0.1800808 e1 ,
23 0 .2671641 ,
24 −0.4781652e−1,
25 0.1423987 e−1,
26 0 .3324062 ,
27 −0.7485907e−2,
28 0.1017263 e−3,
29 −0.5184567 ,
30 −0.8692288e−1,
31 0 .2057144 ,
32 −0.5000457e−2,
33 0.4603262 e−3,
34 −0.3497836e−2,
35 0.6995038 e−2,
36 −0.1452184e−1,
37 −0.1285458e−3] ;
38
39 t = [ −0 . 5 , 0 , 0 , 0 , 1 . 5 , 1 . 5 , 2 , 2 , 1 , 3 , 5 , 1 , 5 , 5 , 6 , 10 , 10 , 10 , 18 , 22 , 50 ] ;
40 d= [2 , 1 , 3 , 6 , 6 , 1 , 1 , 2 , 5 , 2 , 2 , 4 , 1 , 4 , 1 , 2 , 4 , 1 , 5 , 3 , 1 0 ] ;
41 N=[8 , 11 , 17 , 20 , 21 ] ;
42
43 a o =[−1.019535 ,
44 9 .047135 ,
45 −1.629789 ,
46 −9.723916 ,
47 −3.927170] ;
48
49 t o =[0 ,1 ,0 , −0.5 , −0.75 ] ;
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50
51 %%I n i t i a l C a l c u l a t i o n s
52 tau=T s t a r /T;
53 d e l t a=rho / r h o s t a r ;
54
55 %%Ca l c u l a t e p h i o t a u%%
56
57 t3=0; %i n i t i a l i z e t3
58 f o r i =4:1:5 %MADE A CHANGE HERE
59 t3=t3+a o ( i ) ∗ t o ( i ) ∗ tau ˆ( t o ( i )−1) ; %c a l c u l a t e the t h i r d term
60 end
61 p h i o t a u=a o (2 )+(a o (3 ) / tau )+t3 ; %add up a l l t h r e e terms i n p h i o t a u
62
63 %%Ca l c u l a t e p h i r t a u%%
64
65
66 t1=0;
67
68 f o r i =1:1 :N(1 )
69 t1=t1+a ( i ) ∗ t ( i ) ∗( d e l t a ˆ( d ( i ) ) ) ∗( tau ˆ( t ( i )−1) ) ;
70 end
71
72 i =0;
73 t 2 a =0;
74 c=0;
75 f o r k=1:1:4
76 t2 b =0;
77 f o r i =(N( k )+1) : 1 :N( k+1)
78 t2 b=t2 b+a ( i ) ∗ t ( i ) ∗( d e l t a ˆ( d ( i ) ) ) ∗( tau ˆ( t ( i )−1) ) ;
79 c=c+1;
80 end
81 t2 a=t2 a+exp(− d e l t a ˆk ) ∗ t 2 b ;
82
83 end
84
85 p h i r t a u=t1+t2 a ;
86
87 %Ca l c u l a t e ph i o
88
89 ph i o=a o (1 )+a o (2 ) ∗ tau+a o (3 ) ∗ l o g ( tau )+l og ( d e l t a )+a o (4 ) ∗( tau ˆ(−1/2) )+

a o (5 ) ∗( tau ˆ(−3/4) ) ;
90
91 %Ca l c u l a t e p h i r
92
93 i =1;
94 t1=0;
95 f o r i =1:1:8
96 t1=t1+a ( i ) ∗( tau ˆ t ( i ) ) ∗( d e l t a ˆd ( i ) ) ;
97 end
98
99 t2=0;

100 f o r i =9:1:11
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101 t2=t2+a ( i ) ∗( tau ˆ t ( i ) ) ∗( d e l t a ˆd ( i ) ) ;
102 end
103 t2=t2 ∗ exp(− d e l t a ) ;
104
105 t3 1 =0;
106 t3 2 =0;
107 f o r i =12:1:17
108 t3 1=t3 1+a ( i ) ∗( tau ˆ t ( i ) ) ∗( d e l t a ˆd ( i ) ) ;
109 end
110 t3 1=t3 1 ∗ exp(− d e l t a ˆ2) ;
111
112 f o r i =18:1:20
113 t3 2=t3 2+a ( i ) ∗( tau ˆ t ( i ) ) ∗( d e l t a ˆd ( i ) ) ;
114 end
115 t3 2=t3 2 ∗ exp(− d e l t a ˆ3) ;
116 t3=t3 1 ∗ t 3 2 ;
117
118 t4=a (21) ∗ exp(− d e l t a ˆ4) ∗( tau ˆ t (21) ) ∗( d e l t a ˆd (21) ) ;
119
120 p h i r=t1+t2+t3+t4 ;
121
122 %%Ca l c u l a t e en t r opy
123
124 s=(R∗( tau ∗( p h i o t a u+p h i r t a u )−ph i o−p h i r ) )−e n t r o p y r e f ;
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C.27 Function entropy P

1 f u n c t i o n [ s ] = ent ropy P ( T,P )
2 %Cv g i v en T and P
3 % De t a i l e d e x p l a n a t i o n goes he r e
4
5 %T=284;
6 %P=426.51;
7
8 c l e a r rho
9 rho (2 ) =10;
10 rho (1 ) =9.5 ;
11 i =2;
12 dP=1;
13
14
15 wh i l e abs (dP) >0.00001
16 rho ( i +1)=rho ( i )−( p r e s s u r e (T, rho ( i ) )−P) ∗( rho ( i )−rho ( i −1) ) /( p r e s s u r e (T

, rho ( i ) )−p r e s s u r e (T, rho ( i −1) ) ) ;
17
18 dP=p r e s s u r e (T, rho ( i +1) )−P ;
19 i=i +1;
20 end
21
22 rho c=rho ( i ) ;
23
24 s=en t ropy (T, r ho c ) ;
25
26 end



232

C.28 Function entropy ref

1 f u n c t i o n [ s ]= e n t r o p y r e f
2 %%Funct i on c a l c u l a t e s the I n t e r n a l ene rgy o f R−134a g i v en the

t empe ra tu r e and
3 %%de n s i t y . Re f e r en c e s t a t e i s −40C , s a t l i q u i d .
4
5
6 T=−40+273.15;
7 rho =1/0.0007054;
8 %T=284;
9 %rho =20.794;
10
11
12 %%Def i n e Cons tan t s
13 T s t a r =374.18; %K
14 r h o s t a r =508; %kg/mˆ3
15 R=0.08148886; %kJ/kg−K
16
17 a=[0.5586817 e−1,
18 0 .4982230 ,
19 0.2458698 e−1,
20 0.8570145 e−3,
21 0.4788584 e−3,
22 −0.1800808 e1 ,
23 0 .2671641 ,
24 −0.4781652e−1,
25 0.1423987 e−1,
26 0 .3324062 ,
27 −0.7485907e−2,
28 0.1017263 e−3,
29 −0.5184567 ,
30 −0.8692288e−1,
31 0 .2057144 ,
32 −0.5000457e−2,
33 0.4603262 e−3,
34 −0.3497836e−2,
35 0.6995038 e−2,
36 −0.1452184e−1,
37 −0.1285458e−3] ;
38
39 t = [ −0 . 5 , 0 , 0 , 0 , 1 . 5 , 1 . 5 , 2 , 2 , 1 , 3 , 5 , 1 , 5 , 5 , 6 , 10 , 10 , 10 , 18 , 22 , 50 ] ;
40 d= [2 , 1 , 3 , 6 , 6 , 1 , 1 , 2 , 5 , 2 , 2 , 4 , 1 , 4 , 1 , 2 , 4 , 1 , 5 , 3 , 1 0 ] ;
41 N=[8 , 11 , 17 , 20 , 21 ] ;
42
43 a o =[−1.019535 ,
44 9 .047135 ,
45 −1.629789 ,
46 −9.723916 ,
47 −3.927170] ;
48
49 t o =[0 ,1 ,0 , −0.5 , −0.75 ] ;
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50
51 %%I n i t i a l C a l c u l a t i o n s
52 tau=T s t a r /T;
53 d e l t a=rho / r h o s t a r ;
54
55
56 %%Ca l c u l a t e p h i o t a u%%
57
58 t3=0; %i n i t i a l i z e t3
59 f o r i =4:1:5 %MADE A CHANGE HERE
60 t3=t3+a o ( i ) ∗ t o ( i ) ∗ tau ˆ( t o ( i )−1) ; %c a l c u l a t e the t h i r d term
61 end
62 p h i o t a u=a o (2 )+(a o (3 ) / tau )+t3 ; %add up a l l t h r e e terms i n p h i o t a u
63
64 %%Ca l c u l a t e p h i r t a u%%
65
66
67 t1=0;
68
69 f o r i =1:1 :N(1 )
70 t1=t1+a ( i ) ∗ t ( i ) ∗( d e l t a ˆ( d ( i ) ) ) ∗( tau ˆ( t ( i )−1) ) ;
71 end
72
73 i =0;
74 t 2 a =0;
75 c=0;
76 f o r k=1:1:4
77 t2 b =0;
78 f o r i =(N( k )+1) : 1 :N( k+1)
79 t2 b=t2 b+a ( i ) ∗ t ( i ) ∗( d e l t a ˆ( d ( i ) ) ) ∗( tau ˆ( t ( i )−1) ) ;
80 c=c+1;
81 end
82 t2 a=t2 a+exp(− d e l t a ˆk ) ∗ t 2 b ;
83
84 end
85
86 p h i r t a u=t1+t2 a ;
87
88 %Ca l c u l a t e ph i o
89
90 ph i o=a o (1 )+a o (2 ) ∗ tau+a o (3 ) ∗ l o g ( tau )+l og ( d e l t a )+a o (4 ) ∗( tau ˆ(−1/2) )+

a o (5 ) ∗( tau ˆ(−3/4) ) ;
91
92 %Ca l c u l a t e p h i r
93
94 i =1;
95 t1=0;
96 f o r i =1:1:8
97 t1=t1+a ( i ) ∗( tau ˆ t ( i ) ) ∗( d e l t a ˆd ( i ) ) ;
98 end
99

100 t2=0;
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101 f o r i =9:1:11
102 t2=t2+a ( i ) ∗( tau ˆ t ( i ) ) ∗( d e l t a ˆd ( i ) ) ;
103 end
104 t2=t2 ∗ exp(− d e l t a ) ;
105
106 t3 1 =0;
107 t3 2 =0;
108 f o r i =12:1:17
109 t3 1=t3 1+a ( i ) ∗( tau ˆ t ( i ) ) ∗( d e l t a ˆd ( i ) ) ;
110 end
111 t3 1=t3 1 ∗ exp(− d e l t a ˆ2) ;
112
113 f o r i =18:1:20
114 t3 2=t3 2+a ( i ) ∗( tau ˆ t ( i ) ) ∗( d e l t a ˆd ( i ) ) ;
115 end
116 t3 2=t3 2 ∗ exp(− d e l t a ˆ3) ;
117 t3=t3 1 ∗ t 3 2 ;
118
119 t4=a (21) ∗ exp(− d e l t a ˆ4) ∗( tau ˆ t (21) ) ∗( d e l t a ˆd (21) ) ;
120
121 p h i r=t1+t2+t3+t4 ;
122
123 %%Ca l c u l a t e en t r opy
124
125 s=(R∗( tau ∗( p h i o t a u+p h i r t a u )−ph i o−p h i r ) ) ;
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C.29 Function pressure

1 f u n c t i o n [P]= p r e s s u r e (T, rho )
2 %%Funct i on c a l c u l a t e s the p r e s s u r e o f R−134a g i v en the t empe ra tu r e and
3 %%de n s i t y .
4
5
6
7 %T=−40+273.15;
8 %rho =1/0.14729;
9
10 %%Def i n e Cons tan t s
11 T s t a r =374.18; %K
12 r h o s t a r =508; %kg/mˆ3
13 R=0.08148886; %kJ/kg−K
14
15 a=[0.5586817 e−1,
16 0 .4982230 ,
17 0.2458698 e−1,
18 0.8570145 e−3,
19 0.4788584 e−3,
20 −0.1800808 e1 ,
21 0 .2671641 ,
22 −0.4781652e−1,
23 0.1423987 e−1,
24 0 .3324062 ,
25 −0.7485907e−2,
26 0.1017263 e−3,
27 −0.5184567 ,
28 −0.8692288e−1,
29 0 .2057144 ,
30 −0.5000457e−2,
31 0.4603262 e−3,
32 −0.3497836e−2,
33 0.6995038 e−2,
34 −0.1452184e−1,
35 −0.1285458e−3] ;
36
37 t = [ −0 . 5 , 0 , 0 , 0 , 1 . 5 , 1 . 5 , 2 , 2 , 1 , 3 , 5 , 1 , 5 , 5 , 6 , 10 , 10 , 10 , 18 , 22 , 50 ] ;
38 d= [2 , 1 , 3 , 6 , 6 , 1 , 1 , 2 , 5 , 2 , 2 , 4 , 1 , 4 , 1 , 2 , 4 , 1 , 5 , 3 , 1 0 ] ;
39 N=[8 , 11 , 17 , 20 , 21 ] ;
40
41
42
43 %%I n i t i a l C a l c u l a t i o n s
44 tau=T s t a r /T;
45 d e l t a=rho / r h o s t a r ;
46
47
48 %%P a r t i a l R e s i d u a l s
49 %%I n i t a l i z e r e s i d u a l p i e c e s
50
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51 t2 a =0;
52 t2 b =0;
53 p h i r d e l t a =0;
54 t2=0;
55 t1=0;
56
57 %%Ca l c u l a t i n g f i r s t term i n r e s i d u a l
58 f o r i =1:1 :N(1 )
59 t1=a ( i ) ∗d ( i ) ∗( d e l t a ˆ( d ( i )−1) ) ∗ tau ˆ( t ( i ) ) ; %temporary f i r s t term
60 p h i r d e l t a=t1+p h i r d e l t a ; %summation o f f i r s t

te rms
61 end
62
63
64 %%Ca l c u l a t i n g second term i n r e s i d u a l
65 f o r k=1:1:4
66 t 2 b t =0;
67 t2 b =0; %%%% THIS IS THE CRITICAL LINE ! %%%%%
68 t2 a=exp(− d e l t a ˆk ) ; %ou t e r term o f the second term
69 f o r i=N( k ) +1:1 :N( k+1)
70 t 2 b t=a ( i ) ∗( d ( i )−k∗ d e l t a ˆk ) ∗( d e l t a ˆ( d ( i )−1) ) ∗ tau ˆ( t ( i ) ) ; %

temporary i n n e r term
71 t2 b=t2 b+t 2 b t ; % Keep sum o f i n n e r l oop terms
72 end
73 t 2 t=t2 a ∗ t 2 b ; % temporary mu l t i p l e o f ou t e r and i n n e r

te rms
74 t2=t 2 t+t2 ; % Keep sum of terms
75 end
76
77 p h i r d e l t a=p h i r d e l t a+t2 ;
78
79
80 %p h i r d e l t a =1;
81
82
83 %%Ca l c u l a t e P r e s s u r e
84
85 P=R∗T∗ rho ∗(1+ d e l t a ∗ p h i r d e l t a ) ;
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C.30 Function rho

1 f u n c t i o n [ r h o c ] = rho ( T,P)
2 %rho g i v en T and P
3 % De t a i l e d e x p l a n a t i o n goes he r e
4
5 %T=284;
6 %P=426.51;
7
8 c l e a r rho
9 rho=z e r o s (50) ;
10 rho (2 ) =20;
11 rho (1 ) =19.5 ;
12 i =2;
13 dP=1;
14 P loop=z e r o s (50) ;
15
16
17
18 wh i l e abs (dP) >0.00001
19 P loop ( i )=p r e s s u r e (T, rho ( i ) ) ;
20 rho ( i +1)=rho ( i )−(P loop ( i )−P) ∗( rho ( i )−rho ( i −1) ) /( P loop ( i )−P loop ( i

−1) ) ;
21
22 dP=p r e s s u r e (T, rho ( i +1) )−P ;
23 i=i +1;
24 end
25
26 rho c=rho ( i ) ;
27
28
29
30 end
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C.31 Function dP dT

1 f u n c t i o n [ dP dT ] = dP dT ( T, rho )
2 %UNTITLED3 Summary o f t h i s f u n c t i o n goes he r e
3 % De t a i l e d e x p l a n a t i o n goes he r e
4
5 %T=400;
6 %rho =1/0.04;
7
8 P=EOS(T, rho , ’ p r e s s u r e ’ , ’ rho ’ ) ;
9
10 dT=0.0001;
11
12 dP dT=((EOS(T+dT , rho , ’ p r e s s u r e ’ , ’ rho ’ )−P) /dT) ∗1000 ;
13
14 end
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Appendix D: Modified Comprehensive Model Code to Represent Commercial Linear

Compressor

The comprehensive model code presented in Appendix C was modified to better

represent the commercial linear compressor discussed in Chapter 6. The changes

made to the solution algorithm are presented in a modified centralprogram.m and

changes made to the vibration model are presented in vibration.m. The remaining

functions that construct the model remain unchanged as presented in Appendix C,

including the equation of state.

D.1 Function centralprogram

1
2 %Main Model Program
3 %Cra i g Bradshaw
4 %Febura ry 2012
5 %He r r i c k Labs , cbradsha@purdue . edu
6 %
7
8 t r y
9
10 c l c
11 c l e a r a l l
12 c l o s e a l l
13
14 %% I n i t i a l i z a t i o n s
15
16 p c f l a g=g e t f l a g ( ) ; %1 i f on Linux , 0 i f on PC
17
18 i f p c f l a g == 0
19
20 %How long do I need to run t h i s s imu l a t i o n f o r ? Obta ined from

f i r s t two
21 %numbers on the i n p u t s . x l s f i l e .
22 num s i ze=x l s r e a d ( ’ i n p u t s . x l s ’ , ’A3 : A4 ’ ) ;
23 a n a l y l e n g t h=(num s i ze (2 )−num s i ze (1 ) )+1;
24
25 %Open Exce l Ac t i v e x S e r v e r to use x l s r e a d / w r i t e f o r p r e l im s t u f f
26 Exce l = a c t x s e r v e r ( ’ Ex c e l . A p p l i c a t i o n ’ ) ;
27 F i l e=s t r c a t (pwd , ’ \ d a t a l o g . x l s ’ ) ;
28 i f ˜ e x i s t ( F i l e , ’ f i l e ’ )
29 ExcelWorkbook = Exce l . workbooks . Add ;
30 ExcelWorkbook . SaveAs ( F i l e , 1 ) ;
31 ExcelWorkbook . C l o s e ( f a l s e ) ;
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32 end
33 i n voke ( Exc e l . Workbooks , ’Open ’ , F i l e ) ;
34
35 %Now us i n g mod i f i e d x l s r e a d / w r i t e to work on d a t a l o g . x l s
36 [ num , tx t , raw]= x l s r e a d 1 ( ’ d a t a l o g . x l s ’ ) ;
37 [ rows , c o l ]= s i z e ( raw ) ;
38
39 %Adding a note to the batch l o g so I know what I was do ing
40 batch on=inpu t ( ’ I s t h i s a batch f i l e ? 1 f o r yes , 0 f o r no ’ ) ;
41 i f ba tch on==1
42 ba t ch no t e=i npu t ( ’ P l e a s e i n pu t a s t r i n g to d e s c r i b e why you

a r e runn i ng t h i s batch . ’ ) ;
43 ba t ch no t e=c e l l s t r ( ba t ch no t e ) ;
44 ba t ch r ange=s t r c a t ( ’A ’ , num2str ( rows+2) , ’ :A ’ , num2str ( rows+2) )

;
45 x l s w r i t e 1 ( ’ d a t a l o g . x l s ’ , ba tch note , ba t ch r ange ) ;
46 end
47
48 %Shu t t i ng down a c t i v e x s e r v e r to e x c e l
49 i n voke ( Exc e l . ActiveWorkbook , ’ Save ’ ) ;
50 Exce l . Quit
51 Exce l . d e l e t e
52 c l e a r Exc e l
53
54 e l s e i f p c f l a g == 1
55 r ow s t a r t = i npu t ( ’Row to s t a r t w i th : ’ ) ;
56 row end = inpu t ( ’Row to end wi th : ’ ) ;
57 a n a l y l e n g t h = row end − r ow s t a r t + 1 ;
58 i n p u t d a t a = x l s r e a d ( ’ i n p u t s . x l s ’ ) ;
59 e l s e
60 e r r o r ( ’ I n v a l i d p c f l a g . P l e a s e use e i t h e r 0 or 1 . ’ ) ;
61 c l e a r a l l
62 end
63 %tu rn annoy ing warn ing o f f
64 warn ing ( ’ o f f ’ , ’MATLAB: P r i n t : Sav ingToDi f fe rentName ’ )
65
66 %%%%%%%%%%%%%
67 % For l oop used f o r batch ope r a t i on , l i n e by l i n e from i npu t f i l e , z
68 % loop
69 %%%%%%%%%%%%%
70
71 f o r z =1:1 : a n a l y l e n g t h
72
73 i f p c f l a g == 0 %on a PC
74
75 %p u l l i n g i n pu t data from i n p u t s . x l s
76 range=s t r c a t ( ’B ’ , num2str ( z+2) , ’ : ’ , ’BV ’ , num2str ( z+2) ) ;
77 [ num inputs , t x t i n p u t s ]= x l s r e a d ( ’ i n p u t s . x l s ’ , range ) ;
78
79 %c r e a t i n g my v a r i a b l e s t r u c t u r e
80 [ p]= c r e a t e s t r u c t ( num inputs , t x t i n p u t s ) ;
81
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82 %name tha t I use to g en e r a t e a save f o l d e r
83 p . save name=s t r c a t ( p . save name , ’ ’ , num2str ( z ) ) ;
84
85 %Open Exce l Ac t i v e x S e r v e r to use x l s r e a d / w r i t e f o r the

r ema inde r o f
86 %the a n a l y s i s
87 Exce l = a c t x s e r v e r ( ’ Ex c e l . A p p l i c a t i o n ’ ) ;
88 F i l e=s t r c a t (pwd , ’ \ d a t a l o g . x l s ’ ) ;
89 i f ˜ e x i s t ( F i l e , ’ f i l e ’ )
90 ExcelWorkbook = Exce l . workbooks . Add ;
91 ExcelWorkbook . SaveAs ( F i l e , 1 ) ;
92 ExcelWorkbook . C l o s e ( f a l s e ) ;
93 end
94 i n voke ( Exc e l . Workbooks , ’Open ’ , F i l e ) ;
95
96 %Open data l o g
97 [ num , tx t , raw]= x l s r e a d 1 ( ’ d a t a l o g . x l s ’ ) ;
98 [ rows , c o l ]= s i z e ( raw ) ;
99

100 e l s e i f p c f l a g == 1 %on L inux
101 i f z == 1
102 t x t i n p u t s {8} = ’ Eu l e r ’ ;
103 t x t i n p u t s {56} = inpu t ( ’Name f o r Study : ’ ) ;
104 d name = s t r c a t ( t x t i n p u t s {56} , ’ . t x t ’ ) ;
105 d i a r y ( d name )
106 end
107
108 %num inputs = i n pu t d a t a ( z +2 ,2:61) ;
109 num inputs = i n pu t d a t a ( z+row s t a r t −1 ,2:74) ;
110
111 %Crea te s t r u c t u r e o f c on s t an t v a r i a b l e s
112 [ p]= c r e a t e s t r u c t ( num inputs , t x t i n p u t s ) ;
113
114 %name tha t I use to g en e r a t e a save f o l d e r
115 p . save name=s t r c a t ( p . save name , ’ ’ , num2str ( z+row s t a r t −1) ) ;
116 end
117
118 %Time/Volume C a l c u l a t i o n s
119 e r r o r =0.000001; %1e−5, t o t a l e r r o r bounda r i e s
120 f l i s t=p . f b e g i n : p . f i n c r emen t : p . f e nd ;
121 w d l i s t= f l i s t ∗2∗ p i ;
122 p . x s t r o k e i n i t i a l = p . x s t r o k e ;
123
124 %%%%%%%%%
125 % Loop used f o r f r e qu en c y sweeps , l l oop
126 %%%%%%%%%
127
128 p . r e s o n a n t l o o p = 0 ; %i n i t i a l i z e v a r i a b l e t ha t t e l l s

f r e qu en c y sweep l oop i f we have r eached the maximum f r equ en c y .
129 l =1; %loop v a r i a b l e f o r the f o l l o w i n g l oop .
130
131 wh i l e p . r e s onan t l o op <1 && l<=l eng t h ( w d l i s t )
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132 %f o r l =1:1 : l e n g t h ( w d l i s t )
133
134 c l o s e a l l
135 p . w d=w d l i s t ( l ) ;
136 p . Pe r i od=1/ f l i s t ( l ) ; %Time o f one c y c l e
137 p . t s t e p =1/( f l i s t ( l ) ∗p . n ) ; %t ime s t ep i n seconds
138 p . t r a n s i e n t =0;
139 t a d j u s t f o r c e =0;
140
141 %I n i t i a l z e r e s i d u a l s and conve rgence l oop i t e r a t i o n coun t e r
142 k=1;
143 dT loop=1;
144 d r ho l o op =1;
145 dT cv2 loop=1;
146 d r h o c v 2 l o op =1;
147 dT loop k=1;
148 d r h o l o op k =1;
149 dT cv2 l oop k =1;
150 d r h o c v 2 l o o p k =1;
151 d x p i s t o n =1;
152
153 i f p . b r en t == 1
154 %p . P e l e c t r i c = p . P bren t ( a ) ;
155 end
156
157 %% I n i t a l i z e Vec to r s
158 %These a r e the v e c t o r s t ha t a r e i t e r a t e d on and a r e thus not

i n c l u d e d i n
159 %the pa ramete r s s t r u c t u r e , i l oop v a r i a b l e s
160
161 P=z e r o s (1 , p . n p e r i o d ∗p . n ) ;
162 dT=z e r o s (1 , p . n p e r i o d ∗p . n ) ;
163 h=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
164 V=ze r o s (1 , p . n p e r i o d ∗p . n−1) ;
165 dV=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
166 dm=ze r o s (1 , p . n p e r i o d ∗p . n−1) ;
167 dm in=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
168 dm out=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
169 drho=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
170 m=ze r o s (1 , p . n p e r i o d ∗p . n−1) ;
171 rho=z e r o s (1 , p . n p e r i o d ∗p . n ) ;
172 x p i s t o n=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
173 x d o t p i s t o n=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
174 Cv=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
175 i t e r=z e r o s (1 , p . n p e r i o d ∗p . n ) ;
176 dP dT v=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
177 Ma=ze r o s (1 , p . n p e r i o d ∗p . n−1) ;
178 dT check=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
179 T=ze r o s (1 , p . n p e r i o d ∗p . n ) ;
180 x v a l v e=z e r o s (1 , p . n p e r i o d ∗p . n ) ;
181 x d o t v a l v e=z e r o s (1 , p . n p e r i o d ∗p . n ) ;
182 dm l e a k i n=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
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183 dm leak out=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
184 dm out va l v e=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
185 dV cv2=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
186 V cv2=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
187 Ma cv2=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
188 h cv2=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
189 Cv cv2=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
190 dP dT v cv2=z e r o s (1 , p . n p e r i o d ∗p . n ) ;
191 P cv2=p . P i ∗ ones (1 , p . n p e r i o d ∗p . n ) ;
192 d rho cv2=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
193 rho cv2=p . r h o i ∗ ones (1 , p . n p e r i o d ∗p . n−1) ;
194 dT cv2=z e r o s (1 , p . n p e r i o d ∗p . n−1) ;
195 T cv2=p . T i ∗ ones (1 , p . n p e r i o d ∗p . n−1) ;
196 F d r i v e=z e r o s (1 , p . n p e r i o d ∗p . n ) ;
197 Q motor=z e r o s (1 , p . n p e r i o d ∗p . n ) ;
198 th e t a=z e r o s (1 , p . n p e r i o d ∗p . n ) ;
199 t h e t a d o t=z e r o s (1 , p . n p e r i o d ∗p . n ) ;
200 dP=z e r o s (1 , p . n p e r i o d ∗p . n ) ;
201 dx=z e r o s (1 , p . n p e r i o d ∗p . n ) ;
202 t h e t a d o t d o t=z e r o s (1 , p . n p e r i o d ∗p . n ) ;
203 Q=ze r o s (1 , p . n p e r i o d ∗p . n ) ;
204 Q cv2=z e r o s (1 , p . n p e r i o d ∗p . n ) ;
205 m cv2=z e r o s (1 , p . n p e r i o d ∗p . n ) ;
206 c e f f = z e r o s (1 , p . n p e r i o d ∗p . n ) ;
207 c f r i c t i o n = z e r o s (1 , p . n p e r i o d ∗p . n ) ;
208 c ga s = z e r o s (1 , p . n p e r i o d ∗p . n ) ;
209 x d o t d o t p i s t o n = z e r o s (1 , p . n p e r i o d ∗p . n ) ;
210 F gas = z e r o s (1 , p . n p e r i o d ∗p . n ) ;
211 % I n i t i a l i z e conve rgence l oop v a r i a b l e s , k l oop
212 x p i s t on m=0;
213 T w = ze r o s (1 , p . l o o p e r r o r ) ;
214 x s t r o k e s a v e = z e r o s (1 , p . l o o p e r r o r ) ;
215 l oop = z e r o s (1 , p . l o o p e r r o r ) ;
216 m dot = z e r o s (1 , p . l o o p e r r o r ) ;
217 m do t l e a k i n = z e r o s (1 , p . l o o p e r r o r ) ;
218 m do t l e a k ou t = z e r o s (1 , p . l o o p e r r o r ) ;
219 W dot = z e r o s (1 , p . l o o p e r r o r ) ;
220 e t a o = z e r o s (1 , p . l o o p e r r o r ) ;
221 e t a v o l = z e r o s (1 , p . l o o p e r r o r ) ;
222 Q dot = z e r o s (1 , p . l o o p e r r o r ) ;
223 Q dot cv2 = z e r o s (1 , p . l o o p e r r o r ) ;
224 m dot in = z e r o s (1 , p . l o o p e r r o r ) ;
225 l oop =1; %loop coun t e r v a r i a b l e , re− i n i t i a l i z e
226 p . dP max=p . P d−p . P i ;
227 P e l e c t r i c t emp = p . P e l e c t r i c ; %save i npu t v a l u e
228 e r r o r r e s = 1 ; %i n i t i a l i z e e r r o r r e s
229 e r r o r c o u n t e r = 0 ; %count number o f t imes ge t below

t o l e r a n c e
230 %%%%%%%%%%%%
231 %% wh i l e l oop to e n f o r c e convergence , k l oop
232 %%%%%%%%%%%%
233
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234 wh i l e e r r o r c o u n t e r < 2
235
236 W dot in ( k ) = p . P e l e c t r i c ;
237 %% I n i t a l C y l i n d e r Cond i t i o n s
238 i f k==1
239 i =1;

%i n i t i a l i z e i l oop coun t e r
240 T( i )=p . T i ;

%i n i t i a l t empe ra tu r e
241 rho ( i )=p . r h o i ;

%i n i t i a l d e n s i t y
242 P( i )=EOS(T( i ) , rho ( i ) , ’ p r e s s u r e ’ , ’ rho ’ ) ;

%c a l c u l a t e i n i t i a l p r e s s u r e
243 T cv2 (1 )=p . T i ;

%i n i t i a l t emperature , CV2
244 rho cv2 (1 )=p . r h o i ;

%i n i t i a l d e n s i t y , CV2
245 %P cv2 (1 )=P(1) ;
246 P cv2 (1 )=(p . P d + p . P i ) /2 ;

%i n i t i a l p r e s s u r e , CV2
247 %rho cv2 (1 ) = EOS( T cv2 (1 ) , P cv2 (1 ) , ’ rho ’ , ’ P ’ ) ;
248 x p i s t o n (1 )=p . x p i s t o n i ;

%i n i t i a l p i s t o n p o s i t i o n , d e f a u l t i s (max s t r o k e /2)
249 x d o t p i s t o n (1 )=p . x d o t p i s t o n i ;

%i n i t i a l p i s t o n v e l o c i t y , d e f a u l t i s 0
250 V(1)=(p . x p i s t o n i ) ∗p . Ap+p . V dead va l v e ;

%i n i t i a l volume
251 dV(1)=−p . x d o t p i s t o n i ∗p . Ap ;

%i n i t i a l change i n volume
252 th e t a (1 )=p . t h e t a i ;

%i n i t i a l p i s t o n r o t a t i o n
253 t h e t a d o t (1 )=p . t h e t a d o t i ;

%i n i t i a l change i n p i s t o n r o t a t i o n
254 p . x d o t a v e =1;

%%%%%%IMPORTANT, AVERAGE SPEED
255 dP (1) =0;

%Change i n p r e s s u r e
256 dx (1 ) =1;

%Change i n s t r o k e
257 T w( k )=p . T w i ;

%i n i t i a l compres so r lump tempe ra tu r e ( wa l l temp )
258 x s t r o k e s a v e ( k )=p . x s t r o k e i n i t i a l ;

%saved v a l u e o f s t r o k e
259 p . x s t r o k e = p . x s t r o k e i n i t i a l ;

%gues s s t r o k e
260 p . dP max = p . P d−p . P i ;
261 t =0;
262 p . dV = 0 ;

%i n i t i a l i z e dV
263 p . P cu r r e n t = P( i ) ;
264
265 e l s e
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266
267 %%%%%%%%%%%%%%%%%%%%%%%%%%%%
268 %Update v a l u e s f o r i t e r a t i o n s beyond f i r s t
269 %%%%%%%%%%%%%%%%%%%%%%%%%%%
270 T e r r o r = T;
271 r h o e r r o r = rho ;
272 T e r r o r c v 2 = T;
273 r h o e r r o r c v 2 = rho ;
274 x s t r o k e e r r o r = p . x s t r o k e ;
275 T(1)=X n 1 (1) ;

%Temperatures and p r e s s u r e s equa l to the end v a l u e s
o f the p r e v i o u s i t e r a t i o n

276 rho (1 )=X n 1 (2) ;
277 P(1)=EOS( T(1) , rho (1 ) , ’ p r e s s u r e ’ , ’ rho ’ ) ;
278 T cv2 (1 )=X n 1 (3) ;
279 rho cv2 (1 )=X n 1 (4) ;
280 P cv2 (1 )=EOS( T cv2 (1 ) , r ho cv2 (1 ) , ’ p r e s s u r e ’ , ’ rho ’ ) ;
281 p . x s t r o k e=max( x p i s t on m )−min ( x p i s t on m ) ;

%max s t r oke , c u r r e n t v a l u e
282 p . x d o t a v e =0.707∗max( x d o t p i s t o n ) ;

%%%%%%IMPORTANT, AVERAGE SPEED, RMS va l u e o f speed
283 x s t r o k e s a v e ( k )=p . x s t r o k e ;

% s t r o k e v a r i a b l e saved to s e e p r o g r e s s i o n
284 x p i s t o n (1 )=x p i s t o n ( i ) ;
285 x d o t p i s t o n (1 )=x d o t p i s t o n ( i ) ;
286 V(1)=V( i ) ;
287 dV(1)=dV( i ) ;
288 th e t a (1 )=the t a ( i ) ;
289 t h e t a d o t (1 )=t h e t a d o t ( i ) ;
290 t=t ( i ) ;
291 dP (1)=dP( i ) ;
292 dx (1 )=dx ( i ) ;

%r e s t o f above r e s e t s r ema in i ng v a r i a b l e s to the
end ing p r e v i o u s v a l u e s o f the p r e v i o u s k l oop

293 i =1; %r e s e t s i n n e r l oop v a r i a b l e
294 end
295
296 %% I n i t a l i z e i n n e r l oop v a r i a b l e s
297 t c r o s s =0;

%number o f t imes p i s t o n c r o s s e s z e r o
298 p . t f o r c e a d j u s t =0;

%ad jus tment i n the t ime v e c t o r to account f o r v a r i a b l e
f r e qu en c y r e s pon s e

299 x p i s t on m=0;
%i n i t i a l i z e x p i s t o n

300 F d r i v e =0;
%i n i t a l i z e d r i v i n g f o r c e v e c t o r

301 F d r i v e c l e a n =0;
302 %%%%%%%%%%
303 %% Main Loop f o r c a l c u l a t i o n s , i l oop
304 %%%%%%%%%%
305 wh i l e s i z e ( t c r o s s )<p . n p e r i o d ∗2−1
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306
307 %% Motor Model
308 i f i s empty ( p . t f o r c e a d j u s t ) == 1
309 p . t f o r c e a d j u s t =0;
310 end
311
312 i f i == 1

%on l y want to per fo rm th e s e c a l c u l a t i o n s on f i r s t
t ime through

313 p . P motor=p . e ta moto r ∗p . P e l e c t r i c ;
%power a c t u a l l y d e l i v e r e d to p i s t o n

314 p . Q motor=p . P e l e c t r i c −p . P motor ;
%Heat t r a n s f e r from motor

315 p . k m = 4 . 6831 ;
316 p . F d r i v e max=s q r t ( p . P motor ) ∗( p . k m) ;

%Maximum Motor f o r c e , i n Newtons .
317 end
318 F d r i v e c l e a n ( i )=p . F d r i v e max ∗( cos ( p . w d ∗( t ( i )−p .

t f o r c e a d j u s t )+p i ) ) ; %Dr i v i n g f o r c e
v . Time , Newtons

319 p . dP p i s t on = P( i ) − P cv2 ( i ) ;
320 F d r i v e ( i )=F d r i v e c l e a n ( i ) − p . dP p i s t on ∗p . Ap∗1000 ;
321
322 %% V i b r a t i o n Model and Volume and P i s t on P o s i t i o n
323
324 mu o i l = o i l v i s c ( T w( k ) ,32 ) ; %o i l v i s c o s i t y , i s o 32
325 [ dV( i +1) ,V( i +1) , x p i s t o n ( i +1) , x d o t p i s t o n ( i +1) , t h e t a ( i

+1) , t h e t a d o t ( i +1) , x p i s t on m ( i +1) , t h e t a d o t d o t ( i
+1) , p ] = v i b r a t i o n ( t ( i ) ,dP( i ) , dx ( i ) , x p i s t o n ( i ) ,
x d o t p i s t o n ( i ) , t h e t a ( i ) , t h e t a d o t ( i ) , x p i s t on m ( i ) ,
t h e t a d o t d o t ( i ) , mu o i l , p ) ;

326 c e f f ( i ) = p . c e f f ;
327 c f r i c t i o n ( i ) = p . c f r i c t i o n ;
328 c ga s ( i ) = p . c ga s ;
329 x d o t d o t p i s t o n ( i ) = p . x d o t d o t p i s t o n ;
330 k e f f ( i ) = p . k e f f ;
331 F gas ( i ) = p . dP p i s t on ∗p . Ap∗1000 ;
332 F wa l l ( i ) = p . F wa l l ;
333 p . dV = V( i +1) − V( i ) ;
334 p . P cu r r e n t = P( i ) ;
335
336 %% Volume f o r Second Con t r o l Volume
337 dV cv2 ( i )=dV( i ) ;
338 V cv2 ( i )=p . V cv2 i−V( i ) ;
339
340 %% Massf low ( Va lve Model )
341 [ x v a l v e ( i +1) , x d o t v a l v e ( i +1) , dm valve , Ma( i ) ] =

va l v e d ynam i c s (P( i ) , rho ( i ) ,T( i ) , x v a l v e ( i ) ,
x d o t v a l v e ( i ) , p ) ;

342
343 %% Leakage F l ow r a t e s ( Leakage Model )
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344 [ dm l e a k i n ( i ) , dm leak out ( i ) ,Ma cv2 ( i ) ] = l e akag e ( P( i )
, P cv2 ( i ) , x d o t p i s t o n ( i ) ,T( i ) , rho ( i ) , T cv2 ( i ) ,
x p i s t o n ( i ) , p ) ;

345
346 %% Tota l f l o w r a t e s ( Massf low Summations )
347 i f dm valve<0 %f l ow IN
348 dm in ( i )=abs ( dm va lve )+dm l e ak i n ( i ) ;
349 dm out ( i )=dm leak out ( i ) ;
350 dm( i )=dm in ( i )−dm out ( i ) ;
351 dm out va l v e ( i )=0;
352 e l s e i f dm valve>0 %f l ow OUT
353 dm in ( i )=dm l e ak i n ( i ) ;
354 dm out ( i )=dm va lve+dm leak out ( i ) ;
355 dm( i )=dm in ( i )−dm out ( i ) ;
356 dm out va l v e ( i )=dm va lve ;
357 e l s e
358 dm in ( i )=dm l e ak i n ( i ) ;
359 dm( i )=dm l e ak i n ( i )−dm leak out ( i ) ;
360 dm out ( i )=dm leak out ( i ) ;
361 dm out va l v e ( i )=0;
362 end
363
364 %% In s t a n t a n e ou s Heat T r an s f e r i n c o n t r o l vo lumes
365 [ Q( i ) ] = Ins HT ( T( i ) , rho ( i ) ,T w( k ) ,V( i ) ,dV( i ) ,

x p i s t o n ( i ) , x d o t p i s t o n ( i ) , p ) ;
366 [ Q cv2 ( i ) ] = Ins HT cv2 ( T cv2 ( i ) , r ho cv2 ( i ) ,T w( k ) ,

V cv2 ( i ) , dV cv2 ( i ) , x d o t p i s t o n ( i ) , p . Q motor , p ) ;
367
368 %% Mass o f the gas i n each c o n t r o l volume
369 m( i )=rho ( i ) ∗V( i ) ;
370 m cv2 ( i )=rho cv2 ( i ) ∗V cv2 ( i ) ;
371
372 %% F l u i d P r o p e r t i e s f o r app rox imat i on
373 i f k==1

%on l y need to compute t h i s v a l u e once f o r each batch
l i n e

374 p . h i n=EOS(p . T i , p . r h o i , ’ e n t h a l p y ’ , ’ rho ’ ) ;
375 end
376 h out=EOS(T( i ) , rho ( i ) , ’ e n t h a l p y ’ , ’ rho ’ ) ;
377 h ( i )=h out ;
378 dP dT v ( i )= dP dT (T( i ) , rho ( i ) ) ;
379 Cv ( i )=EOS(T( i ) , rho ( i ) , ’ Cv ’ , ’ rho ’ ) ;
380 h cv2 ( i )=EOS( T cv2 ( i ) , r ho cv2 ( i ) , ’ e n t h a l p y ’ , ’ rho ’ ) ;
381 dP dT v cv2 ( i )=dP dT ( T cv2 ( i ) , r ho cv2 ( i ) ) ;
382 Cv cv2 ( i )=EOS( T cv2 ( i ) , r ho cv2 ( i ) , ’ Cv ’ , ’ rho ’ ) ;
383 i f s t rcmp (p . method , ’RK4 ’ )==1
384 %% RK4 Approx imat ions
385
386 e r r o r ( ’RK4 not a v a i l a b l e i n t h i s v e r s i o n ’ ) ;
387
388 e l s e i f s t rcmp (p . method , ’ Eu l e r ’ )==1
389
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390 %% Simple Eu l e r Approx imat ion
391 %%%%%%%%%%%%%%%%%
392 %Eu l e r Approx imat ion , Temperature and Dens i t y
393 %%%%%%%%%%%%%%%%%
394
395 %%%%%
396 %1 s t Con t r o l Volume , P i s t on C y l i n d e r
397 %%%%%
398 dT( i )=(Q( i )+T( i ) ∗dP dT v ( i ) ∗(1/1000) ∗ ( (1/ rho ( i ) ) ∗dm(

i )−dV( i ) )−h ( i ) ∗dm( i )+dm in ( i ) ∗p . h in−dm out ( i ) ∗h
( i ) ) /(m( i ) ∗Cv( i ) ) ;

399 drho ( i )=(dm( i )−rho ( i ) ∗dV( i ) ) /V( i ) ;
400
401 T( i +1)=T( i )+p . t s t e p ∗dT( i ) ;
402 rho ( i +1)=rho ( i )+p . t s t e p ∗ drho ( i ) ;
403
404 %%%%%%
405 %2nd Con t r o l Volume
406 %%%%%%
407 dm cv2=dm leak out ( i )−dm l e a k i n ( i ) ;
408 dm in cv2=dm leak out ( i ) ;
409 dm out cv2=dm l e ak i n ( i ) ;
410 e l s e
411 i=f l o o r ( p . Pe r i od /p . t s t e p )−1;
412 d i s p ( ’Method e r r o r , p l e a s e s e l e c t a c o r r e c t ODE

So l u t i o n Method ’ )
413 end
414
415 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
416 %% Ca l c u l a t e nex t s t e p f o r p r e s s u r e
417 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
418 P( i +1)=EOS(T( i +1) , rho ( i +1) , ’ p r e s s u r e ’ , ’ rho ’ ) ;
419
420 %%%%%%%%%%%%%
421 %% Misc o th e r p r o p e r t i e s
422 %%%%%%%%%%%%
423 dP( i +1)=P( i +1)−P( i ) ; %Change i n

p r e s s u r e
424 dx ( i +1)=x p i s t o n ( i +1)−x p i s t o n ( i ) ; %change i n

p i s t o n p o s i t i o n
425
426 %%%%%%%%%%%%
427 %% Loop Adjustments
428 %%%%%%%%%%%%
429 %Sec t i o n de t e rm in e s when the p i s t o n c r o s s e s back
430 %through the midpo int , s i g n i f y i n g one c y c l e .
431
432 i f k>1
433 i f i>1
434 t c r o s s=f i n d c r o s s ( t ’ , x p i s t on m ( 1 : end−1) ’ , 0 ) ;
435 end
436 e l s e
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437 i f i>1
438 t c r o s s=f i n d c r o s s ( t ’ , x p i s t on m ( 1 : end−1) ’ , 0 ) ;
439 end
440 end
441 t ( i +1)=t ( i )+p . t s t e p ;

%i n i t i a l l y f r e qu en c y has to f l o a t , t r a n s i e n t
f r e qu en c y i s d i f f e r e n t than d r i v i n g f r e qu en c y .

442 i=i +1;
443 i f l e n g t h ( t )>=p . n∗p . n p e r i o d ∗1 .5
444 t c r o s s=ones (2∗p . n p e r i o d ) ;
445 d i s p ( ’ Convergence Er ro r , p i s t o n d id not c r o s s z e r o

tw i c e ’ )
446 end
447 end %End o f Whi le l oop check i ng t c r o s s , i l oop
448
449 %%%%%%%%%%%%%%%
450 %% Adjustments f o r Time
451 %%%%%%%%%%%%%%%
452 i=i −1;

%s t ep i back one f o r s a n i t y
453 t=t ( 1 : end−1) ;

%s t ep t ime v e c t o r back one
454 temp ( k )=max( t c r o s s )−max( f i n d c r o s s ( t ’ , F d r i v e c l e a n ’ , 0 ) ) ;
455 p . t f o r c e a d j u s t=p . t f o r c e a d j u s t+temp ( k ) ;

%when t f o r c e a d j u s t i s g r e a t e r than 3 , s top i l oop
456 t change ( k )=p . t f o r c e a d j u s t ;
457 p . Pe r i od=t ( end )−t ( 1 ) ;

%f l o a t i n g p e r i o d
458
459 %

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

460 %% Est imate Massf low , Power Input , Heat Trans f e r , and
E f f i c i e n c i e s

461 %
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

462 %Mass f l ow s c a l c u l a t e d u s i n g nume r i c a l i n t e g r a t i o n
463 m dot ( k )=( t r a p z ( dm out va l v e ) ∗( t (2 )−t ( 1 ) ) ) /p . Pe r i od ;
464 m do t l e a k ou t ( k )=( t r a p z ( dm leak out ) ∗( t (2 )−t ( 1 ) ) ) /p . Pe r i od ;
465 m do t l e a k i n ( k )=( t r a p z ( dm l e a k i n ) ∗( t (2 )−t ( 1 ) ) ) /p . Pe r i od ;
466 m dot in ( k ) = ( t r a p z ( dm in ) ∗( t (2 ) − t ( 1 ) ) ) /p . Pe r i od ;
467
468 %W dot c a l c u l a t e d assuming max( h ) i s s i m i l a r to h avg
469 %( p rope r c a l c u l a t i o n o f h avg done a f t e r the l oop i s over ,
470 %t h i s v a l u e i s j u s t f o r d i a g n o s t i c pu rpo s e s )
471 W dot ( k )=m dot ( k ) ∗(max( h )−p . h i n ) ;
472
473 %E f f i c i e n c y e s t ima t i o n s , d i a g n o s t i c v a l u e s
474 e t a o ( k )=(m dot ( k ) ∗( p . h 2 s−p . h i n ) ∗1000) /( p . P e l e c t r i c ∗2) ;

%W dot i s i n kW



250

475 e t a v o l ( k )=(m dot ( k ) ) /( p . r h o i ∗ f l i s t ( l ) ∗(max( x p i s t on m )−
min ( x p i s t on m ) ) ∗p . Ap) ;

476
477 %Power consumed by f r i c t i o n
478 W do t f r i c t i o n = p . f f r i c t i o n ∗ F wa l l ∗2∗p . x s t r o k e ∗ f l i s t ( l ) ;
479 W do t f r i c t i o n a v e=mean ( W do t f r i c t i o n ) /1000 ;
480
481 %Heat T r an s f e r e s t ima t i o n s , n ume r i c a l l y i n t e g r a t e d .
482 Q dot ( k )=(( t r a p z (Q) ∗( t (2 )−t ( 1 ) ) ) /p . Pe r i od ) ;
483 Q dot cv2 ( k )=( t r a p z ( Q cv2 ) ∗( t (2 )−t ( 1 ) ) ) /p . Pe r i od ;
484
485 %equa t i on i s under−r e l a x e d , a l pha = 1/100;
486 T w( k+1)=(−Q dot ( k )−Q dot cv2 ( k )+W do t f r i c t i o n a v e ) ∗1000∗( p

. R s h e l l )+p . T amb ;
487 T w( k+1)=315;
488
489 Q do t i n=(−Q dot ( k )−Q dot cv2 ( k )+W do t f r i c t i o n a v e ) ∗1000 ;
490 T w te s t ( k )=Q dot i n ∗p . R s h e l l+p . T amb ;
491
492 i f p c f l a g == 0
493 f i g u r e (30)
494 p l o t ( t , x p i s t on m ( 1 : end−1) )
495 ho ld on
496 end
497 %D i a gno s t i c v a l u e s
498 m change ( k ) = m( end ) − m(1) ;
499 m change cv2 ( k ) = m cv2 ( end ) − m cv2 (1 ) ;
500 dE( k ) = −Q dot ( k ) + m dot ( k ) ∗max( h ) − (2∗p . P e l e c t r i c /1000)

− m dot in ( k ) ∗p . h i n ;
501 r e s o n a n t f r e q ( k ) = s q r t ( p . k e f f /p .M mov) /2/ p i ;
502
503 %% I t e r a t i o n Counter
504 count1=num2str ( k ) ;
505 count2=’ I t e r a t i o n Number ’ ;
506 count=[ count2 count1 ] ;
507 d i s p ( ’ ’ )
508 d i s p ( count )
509 l oop ( k )=k ;
510
511 %%%%%%%%%%%%%%
512 %% Re s i d u a l s
513 %%%%%%%%%%%%%%
514
515 %%%%%%%%%%%%%%%%%
516 % Er r o r c a l c u l a t i o n s
517 %%%%%%%%%%%%%%%%%
518 i f k>1
519 r e s T ( k ) = 1−abs (mean (T( 1 : l e n g t h ( t )−1) . / T e r r o r ( 1 : l e n g t h

( t )−1) ) ) ;
520 r e s r h o ( k ) = 1−abs (mean ( rho ( 1 : l e n g t h ( t )−1) . / r h o e r r o r ( 1 :

l e n g t h ( t )−1) ) ) ;
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521 r e s T cv2 ( k ) = 1−abs (mean ( T cv2 ( 1 : l e n g t h ( t )−1) . /
T e r r o r c v 2 ( 1 : l e n g t h ( t )−1) ) ) ;

522 r e s r h o c v 2 ( k ) = 1−abs (mean ( rho cv2 ( 1 : l e n g t h ( t )−1) . /
r h o e r r o r c v 2 ( 1 : l e n g t h ( t )−1) ) ) ;

523 r e s x ( k ) = 1−abs ( x s t r o k e s a v e ( k ) / x s t r o k e e r r o r ) ;
524 e r r o r r e s = [ abs ( r e s T ( k ) ) , abs ( r e s r h o ( k ) ) , abs ( r e s x ( k )

) ] ;
525 e r r o r r e s = max( e r r o r r e s ) ;
526
527 %ad j u s t e r r o r coun t e r . . . l o o k i n g f o r two below , then end
528 i f e r r o r r e s < e r r o r
529 e r r o r c o u n t e r = e r r o r c o u n t e r + 1 ;
530 end
531
532 i f p c f l a g == 1
533 CV1 res=s t r c a t ( ’CV1 Res . : | ’ , ’ DT | ’ , num2str ( r e s T ( k

) ) , ’ Drho | ’ , num2str ( r e s r h o ( k ) ) , ’ dx | ’ , num2str
( r e s x ( k ) ) ) ;

534 CV2 res=s t r c a t ( ’CV2 Res . : | ’ , ’ DT | ’ , num2str (
r e s T c v2 ( k ) ) , ’ Drho | ’ , num2str ( r e s r h o c v 2 ( k ) ) )
;

535 a dd i n f o=s t r c a t ( ’ L i n e : ’ , num2str ( z+row s t a r t −1) , ’ |
x s t r o k e : ’ , num2str ( p . x s t r o k e ) , ’ | P e l e c t r i c : ’
, num2str ( p . P e l e c t r i c ) ) ;

536 d i s p ( CV1 res )
537 d i s p ( CV2 res )
538 d i s p ( a d d i n f o )
539 e l s e
540 CV1 res=s t r c a t ( ’CV1 Res . : | ’ , ’ DT | ’ , num2str ( r e s T ( k

) ) , ’ Drho | ’ , num2str ( r e s r h o ( k ) ) , ’ dx | ’ , num2str
( r e s x ( k ) ) ) ;

541 CV2 res=s t r c a t ( ’CV2 Res . : | ’ , ’ DT | ’ , num2str (
r e s T c v2 ( k ) ) , ’ Drho | ’ , num2str ( r e s r h o c v 2 ( k ) ) )
;

542 a dd i n f o=s t r c a t ( ’ L i n e : ’ , num2str ( z ) , ’ | x s t r o k e : ’ ,
num2str ( p . x s t r o k e ) , ’ | P e l e c t r i c : ’ , num2str ( p .
P e l e c t r i c ) ) ;

543 d i s p ( CV1 res )
544 d i s p ( CV2 res )
545 d i s p ( a d d i n f o )
546 end
547
548 end
549
550 %E r r o r Loop Counter
551 i f k>=p . l o o p e r r o r
552 e r r o r r e s = 0 ;
553 e r r o r c o u n t e r = 2 ;
554 count=’ Convergence Er ro r , too many i t e r a t i o n s ’ ;
555 d i s p ( count )
556 end
557
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558 i f k>p . l o o p e r r o r+5
559
560 e l s e
561 X n=[T( i ) , rho ( i ) , T cv2 ( i ) , r ho cv2 ( i ) , x s t r o k e s a v e ( k ) ] ;
562 F n=[dT( i ) , drho ( i ) , dT cv2 ( i ) , d rho cv2 ( i ) , x d o t p i s t o n ( i )

] ;
563 J=0;
564 DELTAX n=0;
565 X n 1=X n+DELTAX n ;
566 end
567 %s t r o k e i s the mean va l u e o f the pa s t 10 i t e r a t i o n s
568 i f k > 10
569 p . x s t r o k e = mean ( x s t r o k e s a v e ( k−10:k ) ) ;
570 end
571 i t e r ( k )=k ;
572 k=k+1;
573 p . dP max=max(P)−p . P i ; %Max change i n p r e s s u r e ove r

c y c l e r e l a t i v e to c y l i n d e r
574 i f k == 150
575 e r r o r = e r r o r + 0 . 00005 ;
576 e l s e i f k == 200
577 e r r o r = e r r o r + 0 . 00005 ;
578 end
579
580 %% Adjustments to power to t r y and ma in ta i n a c o r r e c t s t r o k e
581 %I f s t r o k e i s o u t s i d e o f the range o f 0 .001 and 0.0254 m

e i t h e r
582 %add or s u b s t r a c t 1W of power i n pu t to t r y and get i t i n t o

the
583 %app r o p r i a t e range
584 i f k > 6
585 i f p . x s t r o k e < 0 .0001
586 p . P e l e c t r i c = p . P e l e c t r i c +1;
587 d i s p ( ’ I n c r e a s e P e l e c t r i c =’ )
588 d i s p ( p . P e l e c t r i c )
589 end
590 end
591 end %End o f k wh i l e l oop
592
593 i f p c f l a g == 0
594 c l o s e (30) %c l o s e s t r o k e p l o t
595 end
596 %%%%%%%%%%%%%%%%%%%%%%%%%%%
597 %Brent s Method e s t im a t i o n s
598 %%%%%%%%%%%%%%%%%%%%%%%%%%%
599 a = 1 ; %loop i t e r a t i o n v a r i a b l e
600 i f i s n an ( num inputs (72) ) && i s n an ( num inputs (73) )
601 p . P bren t (1 ) = 10 ; %lowe r power gue s s
602 p . P bren t (2 ) = 15 ; %second l owe r power gue s s
603 e l s e i f ( i s n an ( num inputs (72) ) | | i s n a n ( num inputs (73) ) )
604 e r r o r ( ’One Bren t s method i npu t but not the othe r , p l e a s e

i n pu t two gue s s v a l u e s ’ ) ;
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605 e l s e
606 p . P bren t (1 ) = num inputs (72) ;
607 p . P bren t (2 ) = num inputs (73) ;
608 end
609 e r r o r b r e n t s = 0 .00000005 ; %0.05 mic rons
610 e r r o r s t r o k e = 1 ;
611 p . v i b r a t i o n o n = 1 ; %tu rn v i b r a t i o n model back on
612
613 wh i l e e r r o r s t r o k e > e r r o r b r e n t s %a loop , b r e n t s method to

back out power f o r f u l l s t r o k e
614
615 i f a == 1
616 p . P e l e c t r i c = p . P bren t ( a ) ;
617 end
618 x d o t p i s t o n a v g = rms ( x d o t p i s t o n ) ;
619 x p i s t o n = z e r o s (1 ,2∗ p . n ) ;
620 x d o t p i s t o n = z e r o s (1 ,2∗ p . n ) ;
621 th e t a = z e r o s (1 ,2∗ p . n ) ;
622 t h e t a d o t = z e r o s (1 ,2∗ p . n ) ;
623 t h e t a d o t d o t = z e r o s (1 ,2∗ p . n ) ;
624 p . x s t r o k e = p . x p i s t o n i ;
625 t = 0 ;
626 x p i s t o n e r r = 1 ;
627 x p i s t on m = 0 ;
628 q=1;
629
630 %loop to en su r e p i s t o n i s a t s t e ady s t a t e , q l oop
631 wh i l e x p i s t o n e r r > 0.00000001
632 t c r o s s =0;

%
number o f t imes p i s t o n c r o s s e s z e r o

633 p . t f o r c e a d j u s t =0;
%ad jus tment

i n the t ime v e c t o r to account f o r v a r i a b l e f r e qu en c y
r e s pon s e

634 x p i s t on m=0;
%

i n i t i a l i z e x p i s t o n
635 F d r i v e =0;

%
i n i t a l i z e d r i v i n g f o r c e v e c t o r

636 F d r i v e c l e a n =0;
637 i =1;
638 i f q>1
639 t = t ( end ) ;
640 end
641 %%%%%%%%%%
642 %% Main Loop f o r c a l c u l a t i o n s , i l oop
643 %%%%%%%%%%
644 wh i l e s i z e ( t c r o s s )<p . n p e r i o d ∗2−1
645 i f i == 1

%
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on l y want to per fo rm th e s e c a l c u l a t i o n s on f i r s t
t ime through

646 p . P motor=p . e ta moto r ∗p . P e l e c t r i c ;
%power a c t u a l l y d e l i v e r e d to

p i s t o n
647 p . Q motor=p . P e l e c t r i c −p . P motor ;

%Heat t r a n s f e r from motor
648 p . k m = 4 . 6831 ;
649 p . F d r i v e max=s q r t ( p . P motor ) ∗( p . k m) ;

%Maximum Motor f o r c e , i n
Newtons .

650 end
651 F d r i v e c l e a n ( i )=p . F d r i v e max ∗( cos ( p . w d ∗( t ( i )−p .

t f o r c e a d j u s t )+p i ) ) ; %Dr i v i n g
f o r c e v . Time , Newtons

652 p . dP p i s t on = P( i ) − P cv2 ( i ) ;
653 F d r i v e ( i )=F d r i v e c l e a n ( i ) − p . dP p i s t on ∗p . Ap∗1000 ;
654 [ dV tmp ( i +1) , V tmp ( i +1) , x p i s t o n ( i +1) , x d o t p i s t o n (

i +1) , t h e t a ( i +1) , t h e t a d o t ( i +1) , x p i s t on m ( i +1) ,
t h e t a d o t d o t ( i +1) ] = v i b r a t i o n ( t ( i ) ,dP( i ) , dx (
i ) , x p i s t o n ( i ) , x d o t p i s t o n ( i ) , t h e t a ( i ) ,
t h e t a d o t ( i ) , x p i s t on m ( i ) , t h e t a d o t d o t ( i ) ,
mu o i l , p , x d o t p i s t o n a v g ) ;

655 %%%%%%%%%%%%
656 %% Loop Adjustments
657 %%%%%%%%%%%%
658 %Sec t i o n de t e rm in e s when the p i s t o n c r o s s e s back
659 %through the midpo int , s i g n i f y i n g one c y c l e .
660 i f q>1
661 i f i>1
662 t c r o s s=f i n d c r o s s ( t ’ , x p i s t on m ( 1 : end−1)

’ , 0 ) ;
663 end
664 e l s e
665 i f i>1
666 t c r o s s=f i n d c r o s s ( t ’ , x p i s t on m ( 1 : end−1)

’ , 0 ) ;
667 end
668 end
669 t ( i +1)=t ( i )+p . t s t e p ;
670 i=i +1;
671 i f l e n g t h ( t )>=p . n∗p . n p e r i o d ∗1 .5
672 t c r o s s=ones (2∗p . n p e r i o d ) ;
673 d i s p ( ’ Convergence Er ro r , p i s t o n d id not c r o s s

z e r o tw i c e ’ )
674 end
675 end %end c y c l e th rough loop one t ime
676 i=i −1;

%s t ep i back one f o r s a n i t y
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677 t=t ( 1 : end−1) ;
%s t ep

t ime v e c t o r back one
678 temp (q )=max( t c r o s s )−max( f i n d c r o s s ( t ’ , F d r i v e c l e a n ’ , 0 )

) ;
679 p . t f o r c e a d j u s t=p . t f o r c e a d j u s t+temp (q ) ;

%when t f o r c e a d j u s t i s g r e a t e r
than 3 , s top i l oop

680 t change ( q )=p . t f o r c e a d j u s t ;
681 p . Pe r i od=t ( end )−t ( 1 ) ;

%f l o a t i n g
p e r i o d

682 i f q < 100
683 x p i s t o n e r r = abs ( p . x s t r o k e − (max( x p i s t on m ) −

min ( x p i s t on m ) ) ) ; %s t r o k e e r r o r
684 e l s e
685 x p i s t o n e r r = 0 ;
686 end
687 p . x s t r o k e = max( x p i s t on m ) − min ( x p i s t on m ) ; %update

s t r o k e
688 x d o t p i s t o n a v g = rms ( x d o t p i s t o n ) ; %ave rage p i s t o n

speed
689 %i n i t a l c o n d i t i o n s f o r nex t l oop equa l to the e x t r a

i nd ex i n
690 %cu r r e n t
691 x p i s t o n (1 ) = x p i s t o n ( end ) ;
692 x d o t p i s t o n (1 ) = x d o t p i s t o n ( end ) ;
693 x p i s t on m (1) = x p i s t on m ( end ) ;
694 th e t a (1 ) = the t a ( end ) ;
695 t h e t a d o t (1 ) = t h e t a d o t ( end ) ;
696 t h e t a d o t d o t (1 ) = t h e t a d o t d o t ( end ) ;
697 %conca te v e c t o r s to c o r r e c t l e n g t h
698 n new = l e ng t h ( t ) ;
699 x p i s t o n = x p i s t o n ( 1 : n new ) ;
700 x d o t p i s t o n = x d o t p i s t o n ( 1 : n new ) ;
701 x p i s t on m = x p i s t on m ( 1 : n new ) ;
702 th e t a = the t a ( 1 : n new ) ;
703 t h e t a d o t = th e t a d o t ( 1 : n new ) ;
704 t h e t a d o t d o t = t h e t a d o t d o t ( 1 : n new ) ;
705 i f p c f l a g == 0
706 f i g u r e (30)
707 p l o t ( t , x p i s t on m )
708 ho ld on
709 end
710 x r e s = s t r c a t ( ’ x r e s : ’ , num2str ( x p i s t o n e r r ) ) ;
711 d i s p ( x r e s )
712 q=q+1;
713 end %end s t e ady s t a t e p i s t o n loop , q l oop
714 i f p c f l a g == 0
715 c l o s e (30)
716 end
717 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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718 %% Brent s Method : Attempt ing to f i n d the c o r r e c t power i n pu t
to

719 %% ob ta i n f u l l s t r o k e
720 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
721 [ p , e r r o r s t r o k e , a ] = b r e n t s (p , a , e r r o r b r e n t s ) ;
722 i f p . b r en t == 1
723 P e l e c t r i c s a v e ( l ) = p . P bren t ( a ) ;
724 p . P e l e c t r i c = p . P bren t ( a ) ;
725 p . x s t r o k e b r e n t
726 i f a == 20
727 e r r o r b r e n t s = 0 .000005 ; %50 micron
728 e l s e i f a == 60
729 e r r o r b r e n t s = 0 .000001 ; % 1 micron
730 e l s e i f a == 70
731 e r r o r b r e n t s = 0 .000005 ; % 5 mic rons
732 e l s e i f a==79
733 e r r o r b r e n t s = 0 . 00001 ; %10 mic rons
734 %Find l o c a t i o n o f minimum e r r o r , re−run u s i n g tha t
735 e r=abs ( p . x s t r o k e b r e n t−p . x s t r o k e r e f ) ;
736 e r m in=min ( e r ) ;
737 i n d e r=f i n d ( e r==er m in ) ;
738 p . P e l e c t r i c=p . P bren t (max( i n d e r ) ) ;
739 P e l e c t r i c s a v e ( l )=p . P bren t (max( i n d e r ) ) ;
740 e l s e i f a==80
741 e r r o r b r e n t s = 1 ;
742 %o v e rw r i t e what brent ’ s method c a l c u l a t e s
743 p . P e l e c t r i c = p . P bren t ( a−1) ;
744 P e l e c t r i c s a v e ( l )=p . P bren t ( a−1) ;
745 e l s e i f a>100
746 e r r o r b r e n t s= 1 ;
747 end
748 end
749 end %end a loop , b r e n t s method
750 %%%%%%%%%%%%%%
751 %% Post−A l l o c a t i o n , a d j u s t f o r p r ope r l e n g t h
752 %%%%%%%%%%%%%%
753 P=P( 1 : l e n g t h ( t ) ) ;
754 dT=dT ( 1 : l e n g t h ( t ) ) ;
755 h=h ( 1 : l e n g t h ( t ) ) ;
756 V=V( 1 : l e n g t h ( t ) ) ;
757 dV=dV ( 1 : l e n g t h ( t ) ) ;
758 dm=dm( 1 : l e n g t h ( t ) ) ;
759 dm in=dm in ( 1 : l e n g t h ( t ) ) ;
760 dm out=dm out ( 1 : l e n g t h ( t ) ) ;
761 drho=drho ( 1 : l e n g t h ( t ) ) ;
762 m=m(1 : l e n g t h ( t ) ) ;
763 rho=rho ( 1 : l e n g t h ( t ) ) ;
764 x p i s t o n=x p i s t o n ( 1 : l e n g t h ( t ) ) ;
765 x d o t p i s t o n=x d o t p i s t o n ( 1 : l e n g t h ( t ) ) ;
766 Cv=Cv ( 1 : l e n g t h ( t ) ) ;
767 dP dT v=dP dT v ( 1 : l e n g t h ( t ) ) ;
768 Ma=Ma( 1 : l e n g t h ( t ) ) ;
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769 T=T( 1 : l e n g t h ( t ) ) ;
770 x v a l v e=x v a l v e ( 1 : l e n g t h ( t ) ) ;
771 x d o t v a l v e=x d o t v a l v e ( 1 : l e n g t h ( t ) ) ;
772 dm l e a k i n=dm l e ak i n ( 1 : l e n g t h ( t ) ) ;
773 dm leak out=dm leak out ( 1 : l e n g t h ( t ) ) ;
774 dm out va l v e=dm out va l v e ( 1 : l e n g t h ( t ) ) ;
775 dV cv2=dV cv2 ( 1 : l e n g t h ( t ) ) ;
776 V cv2=V cv2 ( 1 : l e n g t h ( t ) ) ;
777 Ma cv2=Ma cv2 ( 1 : l e n g t h ( t ) ) ;
778 h cv2=h cv2 ( 1 : l e n g t h ( t ) ) ;
779 Cv cv2=Cv cv2 ( 1 : l e n g t h ( t ) ) ;
780 dP dT v cv2=dP dT v cv2 ( 1 : l e n g t h ( t ) ) ;
781 P cv2=P cv2 ( 1 : l e n g t h ( t ) ) ;
782 d rho cv2=drho cv2 ( 1 : l e n g t h ( t ) ) ;
783 rho cv2=rho cv2 ( 1 : l e n g t h ( t ) ) ;
784 dT cv2=dT cv2 ( 1 : l e n g t h ( t ) ) ;
785 T cv2=T cv2 ( 1 : l e n g t h ( t ) ) ;
786 F d r i v e=F d r i v e ( 1 : l e n g t h ( t ) ) ;
787 Q motor=Q motor ( 1 : l e n g t h ( t ) ) ;
788 th e t a=the t a ( 1 : l e n g t h ( t ) ) ;
789 t h e t a d o t=th e t a d o t ( 1 : l e n g t h ( t ) ) ;
790 x p i s t on m=x p i s t on m ( 1 : l e n g t h ( t ) ) ;
791 dP=dP ( 1 : l e n g t h ( t ) ) ;
792 dx=dx ( 1 : l e n g t h ( t ) ) ;
793 t h e t a d o t d o t=t h e t a d o t d o t ( 1 : l e n g t h ( t ) ) ;
794 Q=Q( 1 : l e n g t h ( t ) ) ;
795 Q cv2=Q cv2 ( 1 : l e n g t h ( t ) ) ;
796 c e f f = c e f f ( 1 : l e n g t h ( t ) ) ;
797 c f r i c t i o n = c f r i c t i o n ( 1 : l e n g t h ( t ) ) ;
798 c ga s = c ga s ( 1 : l e n g t h ( t ) ) ;
799 x d o t d o t p i s t o n = x d o t d o t p i s t o n ( 1 : l e n g t h ( t ) ) ;
800 F gas = F gas ( 1 : l e n g t h ( t ) ) ;
801 T w = T w ( 1 : k−1) ;
802 x s t r o k e s a v e = x s t r o k e s a v e ( 1 : k−1) ;
803 l oop = loop ( 1 : k−1) ;
804 m dot = m dot ( 1 : k−1) ;
805 m do t l e a k i n = m do t l e a k i n ( 1 : k−1) ;
806 m do t l e a k ou t = m do t l e a k ou t ( 1 : k−1) ;
807 W dot = W dot ( 1 : k−1) ;
808 e t a o = e t a o ( 1 : k−1) ;
809 e t a v o l = e t a v o l ( 1 : k−1) ;
810 Q dot = Q dot ( 1 : k−1) ;
811 Q dot cv2 = Q dot cv2 ( 1 : k−1) ;
812 m dot in = m dot in ( 1 : k−1) ;
813 %

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

814 %% Est imate Massf low , Power Input , Heat Trans f e r , and
E f f i c i e n c i e s

815 %
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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816 % Es t ima t i n g e x i t t empe ra tu r e and en tha l p y
817 i f m dot ( k−1) > 0
818 %f i n d i n g key vo lumes
819 V 1=max(V) ; %BDC
820 V 3=min (V) ; %TDC
821 V 4=min ( f i n d c r o s s (V’ , P ’ , p . P i ) ) ; %Suc t i on v a l v e open
822 V 2=max( f i n d c r o s s (V’ , P ’ , p . P d ) ) ; %d i s c h a r g e v a l v e

open
823 %Find i n d e x e s o f impo r tan t vo lumes
824 i v 1=f i n d (V == V 1 ) ;
825 i v 3=f i n d (V == V 3 ) ;
826 i v 2 t e s t = c r o s s i n g (V , [ ] , V 2 ) ; %a v e c t o r o f l e n g t h 2
827 i v 4 t e s t = c r o s s i n g (V , [ ] , V 4 ) ; %a v e c t o r o f l e n g t h 2
828 % t e s t above to s e e which v a l u e s co r r e spond to the

c o r r e c t
829 % p r e s s u r e
830 f o r i =1:1 : l e n g t h ( i v 2 t e s t )
831 d i f f P 2 ( i ) = abs (P( i v 2 t e s t ( i ) )−p . P d ) ;
832 d i f f P 4 ( i ) = abs (P( i v 4 t e s t ( i ) )−p . P i ) ;
833 end
834 %i n d i c i e s o f the po i n t where the d i f f e r e n c e between the
835 %c r o s s o v e r p r e s s u r e and a c t u a l p r e s s u r e i s a t a minimum
836 i v 2 = i v 2 t e s t ( f i n d ( d i f f P 2 == min ( d i f f P 2 ) ) ) ;
837 i v 4 = i v 4 t e s t ( f i n d ( d i f f P 4 == min ( d i f f P 4 ) ) ) ;
838 i f i v 2 < i v 3 %does d i s c h a r g e c r o s s the boundary ?
839 T d = mean (T( i v 2 : i v 3 ) ) ;
840 h 2 = EOS(T d , p . P d , ’ e n t ha l p y ’ , ’P ’ ) ;
841 e l s e %yes
842 T d = mean ( ca t (2 ,T( i v 2 : end ) ,T( 1 : i v 3 ) ) ) ;
843 h 2 = EOS(T d , p . P d , ’ e n t ha l p y ’ , ’P ’ ) ;
844 end
845 %e s t ima t e e x i t t empe ra tu r e and en tha l p y
846 i f T d == 0
847 T d = mean ( ca t (2 , f i n d c r o s s (T’ , P ’ , p . P d ) ,max(T) ) ) ;
848 h 2 = EOS(T d , p . P d , ’ e n t ha l p y ’ , ’P ’ ) ;
849 end
850 %Boundary work c a l c u l a t i o n s
851 W 2 3 = mean (P( i v 2 : i v 3 ) ) ∗( V 2 − V 3 ) ;
852 W 4 1=mean ( ca t (2 ,P( i v 4 : end ) ,P ( 1 : i v 1 ) ) ) ∗( V 1−V 4 ) ;
853 W 1 2 = mean (mean (P( i v 1 : end ) ) ) ∗( V 1 − V 2 ) ;
854 W 3 4 = mean (P( i v 3 : i v 4 ) ) ∗( V 4 − V 3 ) ;
855 %Actua l boundary work o f r e a l compre s s i on p r o c e s s
856 W boundary = W 1 2 + W 2 3 − W 3 4 − W 4 1 ;
857 W dot boundary = W boundary∗ f l i s t ( l ) ;
858 %I d e a l i z e d s u c t i o n and d i s c h a r g e p r o c e s s e s
859 W ga s d i s i d e a l = p . P d ∗( V 2 − V 3 ) ;
860 W ga s s u c i d e a l = p . P i ∗( V 1 − V 4 ) ;
861 %Hybr id i d e a l i z e d boundary work ( compre s s i on and

expan s i on
862 %are r e a l )
863 W ga s n e t i d e a l = W ga s d i s i d e a l + W 1 2 − W 3 4 −

W gas s u c i d e a l ;
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864 W do t n e t i d e a l = W ga s n e t i d e a l ∗ f l i s t ( l ) ;
865 %Valve Losses , based on d i f f e r e n c e s between i d e a l v a l v e s

and
866 %r e a l v a l v e s , i n W
867 W do t s u c l o s s = 1000∗(−W 4 1 + W ga s s u c i d e a l ) ∗ f l i s t (

l ) ;
868 W do t d i s l o s s = 1000∗(W 2 3 − W ga s d i s i d e a l ) ∗ f l i s t ( l

) ;
869 e l s e
870 T d = 0 ;
871 h 2 = 0 ;
872 h 2 c a l c = 0 ;
873 W do t s u c l o s s = 0 ;
874 W do t d i s l o s s = 0 ;
875 end
876 %%%%%%%%%%%%%%%%%%%%%%%%%%%%
877 %% Los s e s and power c a l c u l a t i o n s
878 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%
879 %Power i n the p i s t o n sha f t , ene rgy i n t e g r a t e d ove r one

p e r i o d
880 W dot sha f t = 0 .5∗ p .M mov∗ x d o t p i s t o n .ˆ2∗ f l i s t ( l ) ;
881 W dot sha f t a v e = sum( W dot sha f t ) / l e n g t h ( W dot sha f t ) ;
882 %Power i n the r o t a t i o n o f p i s t o n sha f t , ene rgy i n t e g r a t e d

ove r
883 %one p e r i o d
884 W do t s h a f t r o t a t i o n = 0.5∗ p . J∗ t h e t a d o t .ˆ2∗ f l i s t ( l ) ;
885 W do t s h a f t r o t a t i o n a v e = sum( W do t s h a f t r o t a t i o n ) / l e n g t h (

W do t s h a f t r o t a t i o n ) ;
886 %Power consumed by f r i c t i o n
887 W do t f r i c t i o n = p . f f r i c t i o n ∗ F wa l l ∗2∗p . x s t r o k e ∗ f l i s t ( l ) ;
888 W do t f r i c t i o n a v e=mean ( W do t f r i c t i o n ) ;
889 %Tota l power consumed by compressor , moving from compre s s i on
890 %chamber to motor
891 W do t t o t a l a v e = W dot sha f t a v e + W do t s h a f t r o t a t i o n a v e

+ W do t f r i c t i o n a v e + p . Q motor ;
892 %Maximum power s t o r e d i n the mechan i ca l s p r i n g s
893 W dot stored max = 0.5∗ p . k mech∗p . x s t r o k e ˆ2∗ f l i s t ( l ) ;
894 %Net compres so r power i n t o the gas
895 W dot ( k−1)=1000∗m dot ( k−1)∗( h 2−p . h i n ) ; %W dot i s i n W
896 %E f f i c i e n c y e s t im a t i o n s
897 e t a o ( k−1)=(m dot ( k−1)∗( p . h 2 s−p . h i n ) ∗1000) /( p . P e l e c t r i c

∗2) ;
898 e t a o t e s t = (m dot ( k−1)∗( p . h 2 s−p . h i n ) ∗1000) /

W do t t o t a l a v e ;
899 e t a i s = (p . h 2 s − p . h i n ) /( h 2 − p . h i n ) ;
900 %Net l e a kag e l o s s e s
901 W do t l e a k a g e l o s s = W dot sha f t a v e − W dot ( k−1) − Q dot ( k

−1) − W dot s u c l o s s − W do t d i s l o s s ;
902 W dot l eak = 1000∗mean ( m do t l e a k ou t ( end ) ∗h − m do t l e a k i n

( end ) ∗ h cv2 ) ;
903 %L i n e a r a d d i t i o n s
904 W do t i n l i n e a r = mean ( F d r i v e c l e a n .∗ x d o t p i s t o n ) ;
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905 e t a o l i n e a r = (m dot ( k−1)∗( p . h 2 s−p . h i n ) ∗1000) /
W do t i n l i n e a r ;

906 %% Other E s t ima t i o n s
907 x mag ( l )=p . x s t r o k e /p . x max ; %#ok<SAGROW>
908 x s t r o k e r e s o n a n t s a v e ( l ) = (max( x p i s t on m )−min ( x p i s t on m )

) ; %#ok<SAGROW>
909 f l i s t r e s o n a n t s a v e ( l ) = f l i s t ( l ) ; %#ok<SAGROW>
910 W gas=((p . gamma∗p . P i ∗(max(V) − p . V dead va l v e ) ) /( p . gamma−1)

) ∗ ( ( ( p . P d/p . P i ) ˆ ( ( p . gamma−1)/p . gamma) )−1) ; %kJ
911 W dot gas = W gas∗ f l i s t ( l ) ∗1000 ;
912 %% Ca l c u l a t i n g r e s onan t f r e qu en c y
913 i f l>1
914 c h a n g e i n s t r o k e = x s t r o k e r e s o n a n t s a v e ( l ) −

x s t r o k e r e s o n a n t s a v e ( l −1) ;
915 i f c h a n g e i n s t r o k e < 0
916 numbe r change s t r oke = numbe r change s t r oke +1;
917 end
918 i f numbe r change s t r oke < 3
919 p . r e s o n a n t l o o p = 0 ;
920 f r e s o n a n t c a l c u l a t e d = 0 ;
921 w d r e s o n a n t c a l c u l a t e d = 0 ;
922 e l s e i f numbe r change s t r oke >= 3 % i s s t r o k e d e c r e a s i n g
923 p . r e s o n a n t l o o p = 1 ;
924 i f l e n g t h ( x s t r o k e r e s o n a n t s a v e ) < 5
925 f r e s o n a n t c a l c u l a t e d = 99 ;
926 w d r e s o n a n t c a l c u l a t e d = 99 ;
927 e l s e i f l e n g t h ( x s t r o k e r e s o n a n t s a v e ) <= 15 && l e ng t h (

x s t r o k e r e s o n a n t s a v e ) >=5
928 c o e f f i c i e n t s = p o l y f i t ( f l i s t r e s o n a n t s a v e ,

x s t r o k e r e s o n a n t s a v e , 2 ) ;
929 f r e s o n a n t c a l c u l a t e d = − c o e f f i c i e n t s (2 ) /(2∗

c o e f f i c i e n t s (1 ) ) ;
930 w d r e s o n a n t c a l c u l a t e d = f r e s o n a n t c a l c u l a t e d ∗2∗ p i

;
931 e l s e
932 x s t r o k e r e s o n a n t s a v e = x s t r o k e r e s o n a n t s a v e ( end

−14: end ) ;
933 f l i s t r e s o n a n t s a v e = f l i s t r e s o n a n t s a v e ( end−14:

end ) ;
934 c o e f f i c i e n t s = p o l y f i t ( f l i s t r e s o n a n t s a v e ,

x s t r o k e r e s o n a n t s a v e , 2 ) ;
935 f r e s o n a n t c a l c u l a t e d = − c o e f f i c i e n t s (2 ) /(2∗

c o e f f i c i e n t s (1 ) ) ;
936 w d r e s o n a n t c a l c u l a t e d = f r e s o n a n t c a l c u l a t e d ∗2∗ p i

;
937 end
938 end
939 e l s e
940 f r e s o n a n t c a l c u l a t e d = 0 ;
941 w d r e s o n a n t c a l c u l a t e d = 0 ;
942 numbe r change s t r oke = 0 ; %i n i t i a l i z e v a r i a b l e
943 p . r e s o n a n t l o o p = 0 ;
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944 end
945 %% Sav ing Impor tant pa ramete r s
946 i f p c f l a g == 0 %&& p . r e s o n a n t l o o p == 1
947 d=date ;
948 s a v e da t a={d , cha r ( p . save name ) , z , p . w d , f l i s t ( l ) , (max(

x p i s t on m )−min ( x p i s t on m ) ) ,W dot ( k−1) , . . .
949 m dot ( k−1) , m do t l e a k ou t ( k−1) , p . P i , p . P d , p . T i , l e n g t h (

t ) , cha r ( p . method ) ,2∗p . P e l e c t r i c , . . .
950 p . eta motor , p . k mech , p . f f r i c t i o n , p . ecc 1 , x mag ( l ) , p . g ,

e t a o ( k−1) , e t a v o l ( k−1) ,T d , . . .
951 T w(k−1) , k−1,Q dot ( k−1) , Q dot cv2 ( k−1) , p . P d/p . P i , r e s T

( k−1) , r e s r h o ( k−1) , r e s T cv2 ( k−1) , r e s r h o c v 2 ( k−1)
, . . .

952 r e s x ( k−1) , 0 , 0 , p .M mov , ( max( x p i s t on m )−min ( x p i s t on m ) )
, p . P e l e c t r i c , f r e s o n a n t c a l c u l a t e d ,
w d r e s o n a n t c a l c u l a t e d , p . k e f f , e t a i s , . . .

953 e t a o t e s t , W dot sha f t ave , W do t s h a f t r o t a t i o n a v e ,
W do t f r i c t i o n a v e , W dot to t a l a v e , W dot stored max ,
W dot suc l o s s , W do t d i s l o s s , . . .

954 W do t l e a k ag e l o s s , W dot leak , mean ( x p i s t on m ) , p .
V dead va l ve , a , e r r o r s t r o k e , e t a o l i n e a r ,
W do t i n l i n e a r } ;

955
956 range 2=s t r c a t ( ’A ’ , num2str ( l+rows ) , ’ : ’ , ’BG ’ , num2str ( l+rows ) )

;
957 x l s w r i t e 1 ( ’ d a t a l o g . x l s ’ , s ave da ta , r ange 2 )
958 save name = s t r c a t ( ’ wksp ’ , p . save name ) ;
959 save name = char ( save name ) ;
960 save ( save name )
961 e l s e i f p c f l a g == 1
962 save da ta tmp = { z+row s t a r t −1,p . w d , f l i s t ( l ) , (max(

x p i s t on m )−min ( x p i s t on m ) ) ,W dot ( k−1) , . . .
963 m dot ( k−1) , m do t l e a k ou t ( k−1) , p . P i , p . P d , p . T i , l e n g t h (

t ) ,2∗p . P e l e c t r i c , . . .
964 p . eta motor , p . k mech , p . f f r i c t i o n , p . ecc 1 , x mag ( l ) , p . g ,

e t a o ( k−1) , e t a v o l ( k−1) ,T d , . . .
965 T w(k−1) , k−1,Q dot ( k−1) , Q dot cv2 ( k−1) , p . P d/p . P i , r e s T

( k−1) , r e s r h o ( k−1) , r e s T cv2 ( k−1) , r e s r h o c v 2 ( k−1)
, . . .

966 r e s x ( k−1) , 0 , 0 , p .M mov , ( max( x p i s t on m )−min ( x p i s t on m ) )
, p . P e l e c t r i c , f r e s o n a n t c a l c u l a t e d ,
w d r e s o n a n t c a l c u l a t e d , p . k e f f , e t a i s , . . .

967 e t a o t e s t , W dot sha f t ave , W do t s h a f t r o t a t i o n a v e ,
W do t f r i c t i o n a v e , W dot to t a l a v e , W dot stored max ,
W dot suc l o s s , W do t d i s l o s s , . . .

968 W do t l e a k ag e l o s s , W dot leak , mean ( x p i s t on m ) , p .
V dead va l ve , a , e r r o r s t r o k e , e t a o l i n e a r ,
W do t i n l i n e a r } ;

969
970 s a v e da t a ( z , : ) = c e l l 2ma t ( save da ta tmp ) ;
971 save name = s t r c a t ( ’ d a t a l o g ’ , p . save name ) ;
972 wksp name = s t r c a t ( ’ wksp ’ , p . save name ) ;
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973 save name = char ( save name ) ;
974 x l s w r i t e ( save name , s a v e da t a ) ;
975 save ( cha r ( wksp name ) )
976 end
977 k=1;
978 dT loop=1;
979 d r ho l o op =1;
980 dT cv2 loop=1;
981 d r h o c v 2 l o op =1;
982 l=l +1; %Resonant l oop coun t e r update
983 end %End o f f r e q sweep wh i l e loop , l v a r i a b l e
984 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
985 %% Diagrams
986 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
987 i f p c f l a g == 0
988 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%
989 % P−V Plo t
990 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%
991 f i g u r e (21)
992 %s e t ( gcf , ’ V i s i b l e ’ , ’ o f f ’ )
993 hand l e s . p l o t (21)=p l o t (V,P) ; t i t l e ( ’ P r e s s u r e v . Volume ’ ) ;
994 y l a b e l ( ’ P r e s s u r e ( kPa ) ’ ) ;
995 x l a b e l ( ’ Volume (mˆ3) ’ ) ;
996 hand l e s . f i g u r e (21)=gc f ;
997 hand l e s . a x i s (21)=gca ;
998 %%%%%%%%%%%%%%%%%%%%%%%%%%%
999 % D i a gno s t i c P l o t s
1000 %%%%%%%%%%%%%%%%%%%%%%%%%%
1001 f i g u r e (22)
1002 s e t ( gcf , ’ V i s i b l e ’ , ’ o f f ’ )
1003 hand l e s . p l o t (22)=p l o t ( Q dot ) ; t i t l e ( ’ Heat T r an s f e r v .

I t e r a t i o n ’ ) ;
1004 y l a b e l ( ’ Heat T r an s f e r (kW) ’ ) ;
1005 x l a b e l ( ’ I t e r a t i o n ’ ) ;
1006 hand l e s . f i g u r e (22)=gc f ;
1007 hand l e s . a x i s (22)=gca ;
1008
1009 f i g u r e (23)
1010 s e t ( gcf , ’ V i s i b l e ’ , ’ o f f ’ )
1011 hand l e s . p l o t (23)=p l o t ( Q dot cv2 ) ; t i t l e ( ’ Heat T r an s f e r v .

I t e r a t i o n − CV2 ’ ) ;
1012 y l a b e l ( ’ Heat T r an s f e r (kW) ’ ) ;
1013 x l a b e l ( ’ I t e r a t i o n ’ ) ;
1014 hand l e s . f i g u r e (23)=gc f ;
1015 hand l e s . a x i s (23)=gca ;
1016
1017 f i g u r e (24)
1018 s e t ( gcf , ’ V i s i b l e ’ , ’ o f f ’ )
1019 hand l e s . p l o t (24)=p l o t (T w) ; t i t l e ( ’ S h e l l Wal l Temp v .

I t e r a t i o n − CV2 ’ ) ;
1020 y l a b e l ( ’ Wal l Temp (K) ’ ) ;
1021 x l a b e l ( ’ I t e r a t i o n ’ ) ;
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1022 hand l e s . f i g u r e (24)=gc f ;
1023 hand l e s . a x i s (24)=gca ;
1024
1025 %Main s ubp l o t d iagram
1026 f i g u r e (25)
1027 %s e t ( gcf , ’ V i s i b l e ’ , ’ o f f ’ )
1028 s ubp l o t ( 3 , 3 , 1 ) , p l o t ( t ,T) ; t i t l e ( ’ Temperature v . Time ’ ) ;
1029 s ubp l o t ( 3 , 3 , 2 ) , p l o t ( t ,P) ; t i t l e ( ’ P r e s s u r e v . Time ’ ) ;
1030 s ubp l o t ( 3 , 3 , 3 ) , p l o t ( t ,dm) ; t i t l e ( ’ Massf low v . Time ’ ) ;
1031 s ubp l o t ( 3 , 3 , 4 ) , p l o t ( t ,V) ; t i t l e ( ’ Volume v . Time ’ ) ;
1032 s ubp l o t ( 3 , 3 , 5 ) , p l o t ( t ,V) ; t i t l e ( ’ Volume v . Time ’ ) ;
1033 s ubp l o t ( 3 , 3 , 6 ) , p l o t ( t , rho ) ; t i t l e ( ’ Den s i t y v . Time ’ ) ;
1034 s ubp l o t ( 3 , 3 , 7 ) , p l o t ( t , dV) ; t i t l e ( ’ Change i n Volume v . Time ’ ) ;
1035 s ubp l o t ( 3 , 3 , 8 ) , p l o t ( t , x p i s t o n ) ; t i t l e ( ’ D i sp l acement v . Time ’

) ;
1036 s ubp l o t ( 3 , 3 , 9 ) , p l o t ( t , drho ) ; t i t l e ( ’ Change i n Rho v . Time ’ ) ;
1037
1038 f i g u r e (26)
1039 %s e t ( gcf , ’ V i s i b l e ’ , ’ o f f ’ )
1040 %p l o t ( t , dT check ) ; ho ld on ; p l o t ( t , dT , ’ r ’ ) ; l e g end ( ’

dT c h e c k ’ , ’ dm’ )
1041 s ubp l o t ( 2 , 2 , 1 ) , p l o t ( t ,Ma) ; t i t l e ( ’Mach Number v . Time ’ )
1042 s ubp l o t ( 2 , 2 , 2 ) , p l o t ( t , x v a l v e ) ; t i t l e ( ’ Va lve L i f t v . Time ’ )
1043 s ubp l o t ( 2 , 2 , 3 ) , p l o t ( m do t l e a k ou t ) ; t i t l e ( ’ Leakage Outf low v

. Time ’ )
1044 s ubp l o t ( 2 , 2 , 4 ) , p l o t ( m dot ) ; t i t l e ( ’ Massf low v . I t e r a t i o n ’ )
1045
1046 % CV2 P l o t s
1047 f i g u r e (27)
1048 %s e t ( gcf , ’ V i s i b l e ’ , ’ o f f ’ )
1049 s ubp l o t ( 3 , 3 , 1 ) , p l o t ( t , T cv2 ) ; t i t l e ( ’ Temperature v . Time f o r

CV2 ’ ) ;
1050 s ubp l o t ( 3 , 3 , 2 ) , p l o t ( t , P cv2 ) ; t i t l e ( ’ P r e s s u r e v . Time f o r CV2

’ ) ;
1051 s ubp l o t ( 3 , 3 , 3 ) , p l o t ( t , dm leak out ) ; t i t l e ( ’ Leakage Massf low

In v . Time f o r CV2 ’ ) ;
1052 s ubp l o t ( 3 , 3 , 4 ) , p l o t ( t , V cv2 ) ; t i t l e ( ’ Volume v . Time f o r CV2 ’ )

;
1053 s ubp l o t ( 3 , 3 , 5 ) , p l o t ( t , r ho cv2 ) ; t i t l e ( ’ Den s i t y v . Time ’ ) ;
1054 s ubp l o t ( 3 , 3 , 6 ) , p l o t ( t , h cv2 ) ; t i t l e ( ’ Entha lpy v . Time ’ ) ;
1055 s ubp l o t ( 3 , 3 , 7 ) , p l o t ( t , dT cv2 ) ; t i t l e ( ’ Change i n Temperature v

. Time f o r CV2 ’ ) ;
1056 s ubp l o t ( 3 , 3 , 8 ) , p l o t ( t , Ma cv2 ) ; t i t l e ( ’Mach Number v . Time ’ ) ;
1057 s ubp l o t ( 3 , 3 , 9 ) , p l o t ( t , d rho cv2 ) ; t i t l e ( ’ Change i n Rho v . Time

f o r CV2 ’ ) ;
1058
1059 %% Shu t t i ng down a c t i v e x s e r v e r to e x c e l
1060 i n voke ( Exc e l . ActiveWorkbook , ’ Save ’ ) ;
1061 Exce l . Quit
1062 Exce l . d e l e t e
1063 c l e a r Exc e l
1064 end
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1065 %% othe r s t u f f
1066 i f p c f l a g == 1
1067 d i s p ( s t r c a t ( ’ Batch L ine No : ’ , num2str ( z+row s t a r t −1) ) )
1068 e l s e
1069 d i s p ( s t r c a t ( ’ Batch L ine No : ’ , num2str ( z ) ) )
1070 end
1071 end %end o f z l oop ( number o f batch l i n e s )
1072
1073 %tu rn annoy ing warn ing back on
1074 warn ing ( ’ on ’ , ’MATLAB: P r i n t : Sav ingToDi f fe rentName ’ )
1075 d i s p ( ’ f i n i s h e d ’ )
1076 d i a r y
1077 ca tch ME
1078 d i s p ( ’ f i n i s h e d w/ e r r o r ’ )
1079 d i s p (ME. message )
1080 d i s p (ME. cause )
1081 d i s p (ME. s t a c k )
1082 d i s p (ME)
1083 d i a r y
1084 i f p c f l a g == 0
1085 %% Shu t t i ng down a c t i v e x s e r v e r to e x c e l
1086 i n voke ( Exc e l . ActiveWorkbook , ’ Save ’ ) ;
1087 Exce l . Quit
1088 Exce l . d e l e t e
1089 c l e a r Exc e l
1090 crash name = s t r c a t ( ’ c r a s h ’ , save name ) ;
1091 save ( crash name )
1092 end
1093 i f p c f l a g == 1
1094 save name = s t r c a t ( ’ d a t a l o g ’ , p . save name ) ;
1095 save name = char ( save name ) ;
1096 crash name = s t r c a t ( ’ c r a s h ’ , save name ) ;
1097 save ( crash name )
1098 i f l>1
1099 x l s w r i t e ( save name , s a v e da t a ) ;
1100 end
1101 end
1102 %tu rn annoy ing warn ing back on
1103 warn ing ( ’ on ’ , ’MATLAB: P r i n t : Sav ingToDi f fe rentName ’ )
1104
1105 end
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D.2 Function vibration

1 f u n c t i o n [ dV ,V, x p i s t o n , x d o t p i s t o n , theta , t h e t a do t , x p i s ton m ,
t h e t a do t do t , p ] = v i b r a t i o n ( t , dP , dx , x p i s t o n 1 , x d o t p i s t o n 1 ,
the ta 1 , t h e t a do t 1 , x p i s t on m 1 , t h e t a d o t d o t 1 , mu o i l , p )

2 %V i b r a t i o n Model Component o f L i n e a r Compressor Model , added v e r . 1 . 4 .
3
4 i f p . v i b r a t i o n o n==1
5
6 V=x p i s t o n 1 ∗p . Ap+p . V dead va l v e ; %P i s t on volume , when

x p i s t o n=0 volume i s dead volume i n v a l v e s .
7 dV=−x d o t p i s t o n 1 ∗p . Ap ; %x p i s t o n and x p i s t on m are

oppo s i t e s , x d o t p i s t o n f o l l o w s x p i s t on m but I want i t to
f o l l ow x p i s t o n , hence the n e g a t i v e .

8 p . t h e t a=th e t a 1 ;
9
10 %L i n e a r i z e d v i b r a t i o n model f l a g
11 l i n e a r = 0 ;
12
13 i f l i n e a r == 1
14 theta tmp = atan ( p . g/p . L 1 ) ;
15 A p = p i ∗p . D p i s t on ∗p . x s t r o k e ;
16 p . F wa l l = ( mu o i l ∗A p∗ x d o t p i s t o n a v g ) /p . g ; %o i l f i l m damping
17 %k gas ad j u s t e d f o r max s t r o k e
18 k ga s =((p . P d−p . P i ) ∗p . Ap∗1000) /p . x s t r o k e r e f ; %Gas s p r i n g

ra t e , l i n e a r e s t ima t e
19 p . V max=p . Ap∗p . x s t r o k e r e f ;
20 W gas=((p . gamma∗p . P i ∗p . V max ) /( p . gamma−1) ) ∗ ( ( p . P d/p . P i ) ˆ ( ( p .

gamma−1)/p . gamma)−1) ; %Work done on gas i n one c y c l e ,
kJ

21 c f r i c t i o n =(4∗p . f f r i c t i o n ∗p . F wa l l ) /( p . w d∗p . x s t r o k e r e f ∗ p i ) ;
%e f f e c t i v e damping due to dry f r i c t i o n i n c y l i n d e r

22 c ga s=(W gas ∗1000) /( p . w d∗p . x s t r o k e r e f ˆ2∗ p i ) ; %
e f f e c i t v e damping due to work done on gas , 1000 to conv e r t
work to J , (N−s ) /m

23 e l s e
24
25 i f abs ( t h e t a 1 ) >= atan ( p . g/p . L 1 ) %i f p i s t o n i s i n con t a c t

w i th wa l l , t h e r e i s f r i c t i o n .
26 A p = p i ∗p . D p i s t on ∗p . x s t r o k e ;
27 p . F wa l l = ( mu o i l ∗A p∗ x d o t p i s t o n 1 ) /p . g ; %o i l f i l m

damping
28 e l s e
29 p . F wa l l =0;
30 A p = p i ∗p . D p i s t on ∗p . x s t r o k e ;
31 p . F wa l l = ( mu o i l ∗A p∗ x d o t p i s t o n 1 ) /p . g ; %o i l f i l m

damping
32 end
33 p . V max = p . Ap∗p . x s t r o k e ;
34 i f p . dP max>=(p . P d−p . P i )
35 k ga s =((p . P d−p . P i ) ∗p . Ap∗1000) /p . x s t r o k e ; %Gas s p r i n g

ra t e , l i n e a r e s t ima t e
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36 W gas = (−p . P cu r r e n t ∗p . dV + 0.5∗ p . dV∗dP) ∗1000 ;
37 e l s e i f p . dP max<(p . P d−p . P i )
38 k ga s=(p . dP p i s t on ∗p . Ap∗1000) /p . x s t r o k e ; %Gas s p r i n g ra t e ,

l i n e a r e s t ima t e
39 W gas = (−p . P cu r r e n t ∗p . dV + 0.5∗ p . dV∗dP) ∗1000 ;
40 end
41 c f r i c t i o n =(4∗p . F wa l l ) /( p . w d∗p . x s t r o k e ∗ p i ) ;
42 %%e f f e c t i v e damping due to dry f r i c t i o n i n c y l i n d e r
43 c ga s=(W gas ) /( p . w d∗p . x s t r o k e ˆ2∗ p i ) ;
44 %%e f f e c i t v e damping due to work done on gas , 1000 to conv e r t

work to J , (N−s ) /m
45 end
46 k e f f=k gas+p . k mech ; %E f f e c t i v e Sp r i ng Rate , gas +

mechan i ca l s p r i n g s
47 p . k e f f=k e f f ;
48 c e f f=c ga s+c f r i c t i o n ; %Tota l e f f e c t i v e

damping , (N−s ) /m
49 p . c e f f = c e f f ;
50 p . c f r i c t i o n = c f r i c t i o n ;
51 p . c ga s = c ga s ;
52 %%%%%%%%%%%%%%%%%%
53 %% St a r t − d x v i b r a t i o n r ep l a c ement
54 %%%%%%%%%%%%%%%%%%
55 %Vector o f T imesteps
56 t combined = [ t , t +0.5∗p . t s t e p , t +0.5∗p . t s t e p , t+p . t s t e p ] ;
57 k m = 4 . 6831 ;
58 F d r i v e max=s q r t ( p . e ta moto r ∗p . P e l e c t r i c ) ∗( k m) ; %Maximum Motor

f o r c e , i n Newtons .
59 F d r i v e=F dr i v e max ∗( cos ( p . w d ∗( t−p . t f o r c e a d j u s t )+p i ) ) ; %Dr i v i n g

f o r c e v . Time
60
61 %Renaming d i s p l a c emen t s and ang l e s f o r Runge−Kutta C a l c u l a t i o n s
62 x 1 = x p i s t on m 1 ;
63 x 2 = x d o t p i s t o n 1 ;
64 t h e t a 1 c a l c = th e t a 1 ;
65 t h e t a 2 = t h e t a d o t 1 ;
66
67 %Rep l a c i ng d x v i b r a t i o n%
68 F d r i v e=F dr i v e max ∗( cos ( p . w d ∗( t combined (1 )−p . t f o r c e a d j u s t )+p i ) )

; %Dr i v i n g f o r c e v . Time
69 i f l i n e a r == 0
70 %F d r i v e = F d r i v e − p . dP p i s t on ∗p . Ap∗1000 ;
71 end
72
73 num2=(1/p .M mov) ∗( p . k mech∗p . e c c 1 ∗ t h e t a 1 c a l c+F d r i v e−c e f f ∗ x 2−(

k ga s+p . k mech ) ∗ x 1 ) ;
74 num4=(p . k mech/p . J ) ∗( x 1−p . e c c 1 ∗ t h e t a 1 ) ∗p . e c c 1 ;
75 dx=[ x 2 , num2 , the ta 2 , num4 ] ;
76 k1 = p . t s t e p ∗dx ;
77
78 %Step 2 , update d i s p l a c emen t s and ang l e s
79 x 1 = x 1+0.5∗k1 (1 ) ;
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80 x 2 = x 2+0.5∗k1 (2 ) ;
81 t h e t a 1 c a l c = t h e t a 1 c a l c +0.5∗k1 (3 ) ;
82 t h e t a 2 = th e t a 2 +0.5∗k1 (4 ) ;
83 F d r i v e=F dr i v e max ∗( cos ( p . w d ∗( t combined (2 )−p . t f o r c e a d j u s t )+p i ) )

;
84
85 i f l i n e a r == 0
86 %F d r i v e = F d r i v e − p . dP p i s t on ∗p . Ap∗1000 ;
87 end
88
89 num2=(1/p .M mov) ∗( p . k mech∗p . e c c 1 ∗ t h e t a 1 c a l c+F d r i v e−c e f f ∗ x 2−(

k ga s+p . k mech ) ∗ x 1 ) ;
90 num4=(p . k mech/p . J ) ∗( x 1−p . e c c 1 ∗ t h e t a 1 ) ∗p . e c c 1 ;
91 dx=[ x 2 , num2 , the ta 2 , num4 ] ;
92 k2 = p . t s t e p ∗dx ;
93
94 %Step 3 , update d i s p l a c emen t s and ang l e s
95 x 1 = x 1+0.5∗k2 (1 ) ;
96 x 2 = x 2+0.5∗k2 (2 ) ;
97 t h e t a 1 c a l c = t h e t a 1 c a l c +0.5∗k2 (3 ) ;
98 t h e t a 2 = th e t a 2 +0.5∗k2 (4 ) ;
99

100 %Rep l a c i ng d x v i b r a t i o n%
101 num2=(1/p .M mov) ∗( p . k mech∗p . e c c 1 ∗ t h e t a 1 c a l c+F d r i v e−c e f f ∗ x 2−(

k ga s+p . k mech ) ∗ x 1 ) ;
102 num4=(p . k mech/p . J ) ∗( x 1−p . e c c 1 ∗ t h e t a 1 ) ∗p . e c c 1 ;
103 dx=[ x 2 , num2 , the ta 2 , num4 ] ;
104 k3 = p . t s t e p ∗dx ;
105
106 %Step 4 , update d i s p l a c emen t s and ang l e s
107 x 1 = x 1+k2 (1 ) ;
108 x 2 = x 2+k2 (2 ) ;
109 t h e t a 1 c a l c = t h e t a 1 c a l c+k2 (3 ) ;
110 t h e t a 2 = th e t a 2+k2 (4) ;
111
112 F d r i v e=F dr i v e max ∗( cos ( p . w d ∗( t combined (4 )−p . t f o r c e a d j u s t )+p i ) )

;
113
114 i f l i n e a r == 0
115 %F d r i v e = F d r i v e − p . dP p i s t on ∗p . Ap∗1000 ;
116 end
117
118 num2=(1/p .M mov) ∗( p . k mech∗p . e c c 1 ∗ t h e t a 1 c a l c+F d r i v e−c e f f ∗ x 2−(

k ga s+p . k mech ) ∗ x 1 ) ;
119 num4=(p . k mech/p . J ) ∗( x 1−p . e c c 1 ∗ t h e t a 1 ) ∗p . e c c 1 ;
120 dx=[ x 2 , num2 , the ta 2 , num4 ] ;
121 k4 = p . t s t e p ∗dx ;
122
123 %%%%%%%%%%%%%%%%%%%%%%%%
124 %% End , d x v i b r a t i o n r ep l a c ement
125 %%%%%%%%%%%%%%%%%%%%%%%%%
126
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127 d x t o t a l =[ x p i s t on m 1 , x d o t p i s t o n 1 , the ta 1 , t h e t a d o t 1 ]+(1/6) ∗( k1
+2∗k2+2∗k3+k4 ) ;

128 x p i s t on m=d x t o t a l ( 1 ) ;
129 x d o t p i s t o n=d x t o t a l ( 2 ) ;
130 th e t a=d x t o t a l ( 3 ) ;
131 t h e t a d o t=d x t o t a l ( 4 ) ;
132 t h e t a d o t d o t=k1 (4 ) ;
133 p . x d o t d o t p i s t o n=k1 (2 ) ;
134 x p i s t o n=−x p i s t on m+p . x o ;
135
136 i f x p i s t o n < 0 %This second c o n d i t i o n does not

a l l ow the p i s t o n to t r a v e l beyond the top o f the c y l i n d e r
137 x p i s t o n = 0 ;
138 x p i s t on m=p . x o ;
139 x d o t p i s t o n =0;
140 end
141
142 i f abs ( t h e t a ) > atan ( p . g/p . L 1 ) %R e s t r i c t s the r o t a t i o n to

approx 5 deg .
143 i f t h e t a < 0
144 th e t a=−atan ( p . g/p . L 1 ) ;
145 t h e t a d o t =0;
146 e l s e i f t h e t a > 0
147 th e t a=atan ( p . g/p . L 1 ) ;
148 t h e t a d o t =0;
149 end
150 end
151
152 e l s e i f p . v i b r a t i o n o n==0
153 x p i s t o n=p . x o ∗( cos ( p . w d∗ t+p i )+1) ;
154 V=p . Ap∗ x p i s t o n+p . V dead va l v e ;
155 dV=−p . Ap∗p . x o ∗p . w d∗ s i n ( p . w d∗ t+p i ) ;
156 x d o t p i s t o n=−p . x o ∗p . w d ∗( s i n ( p . w d∗ t+p i ) ) ;
157 th e t a =0;
158 t h e t a d o t =0;
159 t h e t a d o t d o t =0;
160 x p i s t on m=x p i s t o n−p . x o ;
161 p . F wa l l =0;
162 p . t h e t a =0;
163 p . k e f f =0;
164 p . c e f f = 0 ;
165 p . c f r i c t i o n = 0 ;
166 p . c ga s = 0 ;
167 p . x d o t d o t p i s t o n =0;
168 end
169
170 end
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