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ABSTRACT

A hermetic reciprocating compressor is one of the most critical parts for the energy
efficiency of a household refrigerator. The tribological performance of the compressor’s
piston-cylinder pair could be enhanced through introducing micro-texture on the
compressor’s piston surface. In this thesis, an experimental study is presented to
tribologically assess the effect of the micro-textured piston on the performance of the
hermetically sealed reciprocating compressor. Effects of the micro-dimples texture of the
piston on the compressor’s coefficient of performance was investigated. Refrigerant
leakage from the piston-cylinder clearance was decreased by 35% and the compressor’s

cooling capacity was observed to be increased slightly.

In addition, this thesis also presents a novel solution to the lubrication problem of an
inverter-type hermetic reciprocating compressor used in household refrigerators during a
low-speed (less than 2000 rpm) operation. The lubrication system is primarily based on

an additively manufactured unibody pump.

Moreover, the thesis also aims to discuss the development of a cermet material for the
manufacturing of piston via a multi-material negative additive manufacturing approach.
The suggested methodology entails the layer-by-layer 3D printing of a negative mold
geometry. The cermet slurry is cast into the mold gradually as it is built up layer-by-layer
simultaneously. The cermet green body is then demolded by dispersing the mold in an
organic solvent such as DCM. The multi-material 3D printing approach eliminated the
shape retention problem of the slurry-based additive manufacturing system. A piston
produced from cermet material through this method is found to be 10 times lighter than a

conventional piston.



OZETCE

Hermetik pistonlu kompresor, ev tipi bir buzdolabinin enerji verimliligi i¢in en kritik
pargalardan biridir. Piston-silindir ¢iftinin tribolojik performansi, piston yiizeyinde mikro
dokulama uygulanarak gelistirilebilir. Bu tezde, mikro dokulu pistonun sizdirmazlik
dikkate alinarak kompresoriin performans: iizerindeki etkisini tribolojik olarak
degerlendirmek i¢in deneysel bir g¢alisma sunulmaktadir. Pistonun mikro c¢ukur
dokusunun kompresoriin performans katsayisi tizerindeki etkileri arastirildi. Piston-
silindir boslugundan sogutucu akiskan sizintist %35 oraninda azaldi ve kompresoriin
sogutma kapasitesinin bir miktar arttigi gozlemlendi.Ayrica bu tez, ev tipi
buzdolaplarinda diisiik hizl1 (2000 rpm'den az) ¢alisma sirasinda kullanilan invertor tipi
hermetik pistonlu kompresoriin yaglama yagi besleme sistemine yeni bir ¢dziim

sunmaktadir. Sistem, eklemeli olarak iiretilmis yekpare bir pompaya dayanmaktadir.

Ayrica tez, cok malzemeli negatif eklemeli imalat yaklagimiyla piston iiretimi i¢in bir
sermet malzemesinin gelistirilmesini tartismayr amaglamaktadir. Onerilen metodoloji,
negatif bir kalip geometrisinin katman katman 3D baskisin1 gerektirir. Sermet bulamaci,
es zamanl olarak katman katman olusturuldugu i¢in kademeli olarak kaliba dokiiliir.
Daha sonra sermet yesil govde, kalibm DCM gibi bir organik ¢oziicii i¢inde
dagitilmasiyla kaliptan c¢ikarilir. Cok malzemeli 3D baski yaklasimi, bulamag bazli
eklemeli liretim sisteminin sekil tutma problemini ortadan kaldirdi. Bu yontemle sermet
malzemeden iiretilen bir pistonun, geleneksel bir pistondan 10 kat daha hafif oldugu tespit

edilmistir.
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Nomenclature and Abbreviations

Roman symbols

dn: Hydraulic diameter (m)
dt: time step size (s)

F: Force/load (N)

h: mass flow rate (kg s?)
N: rotational speed (rpm)
P: Power (W)

Qc: Cooling capacity (W)
Re: Reynolds number

T: Temperature (°C)

t: time (s)

v: Kinematic viscosity (mm? s?)
Greek symbols

p: Density (kg m™)

u: dynamic viscosity (Pa s)

Abbreviations

rpm: Revolution per minute

HV: Vicker hardness number
COP: Coefficient of performance
LST: Laser surface texture

CAD: Computer Aided Design

CFD: Computational Fluid

Dynamics
DIW: Direct Ink Writing
FFF: Fused Filament Fabrication

MAPE: Mean absolute percentage

error
MRF: Multi Reference Frame

PISO: Pressure-Implicit  with
Splitting of Operators

PLA: Polylactic acid

VoF: VVolume of Fluid

Xii
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Chapter 1

INTRODUCTION

Hermetic Reciprocating Compressor

The basic function of any compressor is increasing the working fluid pressure by
reducing its specific volume. Compressors are used in many industries i.e., refrigeration,
chemical, and power plants, etc. There are various types of compressors for a particular
application field such as reciprocating, screw, and scroll compressors. For household
refrigeration, hermetic reciprocating compressors are broadly employed for many

decades.

Hermetic reciprocating compressors compress the refrigerant by decreasing the
volume inside a cylinder by the reciprocating motion of a piston. The oscillatory
movement of the piston is caused by the rotational motion of a crankshaft which is
powered by an electric motor placed inside the shell of the compressor. The capacity of
compressing the refrigerant with as little power as possible is known as coefficient of
performance (COP) of the compressor. Hermetic reciprocating compressors are mainly
of two types. The fixed-speed compressors are driven by a single-phase asynchronous
motor and the inverter-type compressor is run by a direct current motor. The crankshaft
of a hermetic reciprocating compressor performs an essential role in the lubrication
system of the compressor. In a hermetic domestic refrigerating compressor, the
lubrication oil is commonly provided by an integrated pumping system on the crankshaft
which mainly comprises of a centrifugal pump and helical channels on the crankshaft.
The centrifugal pump is partially immersed into the lubrication oil sump at the bottom of
the shell and when the crankshaft rotates, the oil in the sump is pumped into the

centrifugal pump and transported to the crankshaft helical channel. This process provides
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lubrication to all moving parts and hydrodynamic bearings of the hermetic reciprocating
compressor. Fig. 1.1 illustrates the CAD model of the compressor used for the present

study.

Piston Conrod

Cylinder head

Suction muffler Crankshaft

Figure 1.1CAD of Compressor

All the hermetic reciprocating compressor components are unified into a airtight steel
casing and the connection to the refrigerator is made by connecting the suction and

discharge tubes to the evaporator and condenser.
Lubrication of piston

In a refrigerator compressor, the small gap between the cylinder and piston is kept
small (less than 10 microns) to prevent refrigerant leakage. This clearance plays a rather
important role when it comes to lubrication as the piston starts moving in mixed or
boundary lubrication conditions. Due to asperity contacts, lubrication oil flow is
prevented which leads to oil pressure drop and a decrease in load carrying ability of the
bearing. Minimizing frictional, power, and leakage losses while enhancing the life
expectancy of the piston is the most important parameter when designing the piston.
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Generally, a groove or channel is created on the piston surface to decrease the contact

area and thus frictional losses.
Calorimetry test

Calorimeter test is used to measure the COP of the compressors at a steady-state

condition. A sketch of a calorimeter test operations can be seen in Fig. 1.2.

’Compf

[

Heater

Reservoir at
32°C

Condenser

Valve

Cooler
Accumulator

Figure 1.2 Schematic of Calorimeter

Starting from the compressor, the compressed refrigerant goes into the condenser
where dissipation of heat occurs. The liquid refrigerant then enters an accumulator, from
the accumulator it goes to the cooler where it is cooled down to room temperature. An
expansion valve is then used to expand the refrigerant and to decrease the pressure and
temperature. The refrigerant then enters a reservoir which contains a second gas at room
temperature but at two phase condition. An electric heater is used to maintain the 32°C
temperature in the reservoir. The pressure and temperature of the this second refrigerant
drop due to the heat transfer between the two refrigerants. A wattmeter is used to measure

the input power of the compressor.
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To calculate the efficiency of the compressor the coefficient of performance can be
measured by equation 1.1.
cop=2 (1.1)
Generally, for a household refrigerator, the COP of the compressor is investigated at
ASHRAE conditions.

Coefficient of performance

The COP of the compressor could be increased either by increasing the cooling
capacity of the compressor or by reducing the electrical power input. One way to increase
the cooling capacity is to reduce the refrigerant leakage through the gap between piston
and cylinder by having a continuous layer of lubrication oil at all working speeds. This
could be achieved either by introducing micro-texturing on the piston surface which
would act like a lubrication oil reservoir or by designing an efficient pump that could
provide lubrication oil to all parts of the hermetic reciprocating compressor, especially
the piston and cylinder pair. To reduce the electrical power input, reducing the mass of
the piston could be an efficient solution. This could be accomplished by changing the
material of the piston from conventional ferrous materials to composite and cermet

materials.
Research aim

Cooling appliances such as refrigerators are an essential part of human life in the
modern world. The hermetic reciprocating compressor is an integral and vital part of the
refrigerator for energy efficiency. Increasing the performance coefficient of a
hermetically sealed reciprocating compressor is the most critical challenge for the
refrigerator manufacturing industry due to new energy regulations around the globe.
Therefore, research should be carried out to increase a hermetic reciprocating

compressor's life expectancy and efficiency.

The scope of the current study includes development of a pump that could supply the
lubrication oil between piston and cylinder clearance at low speed for an inverter-type

hermetic reciprocating compressor. This way the friction will be reduced, and the
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efficiency of the compressor will enhance. The other way to lower the friction between
piston-cylinder contact and to enhance the tribological performance of the hermetic
compressor is to apply micro-textures on the piston upper bearing and skirt. Moreover,
the development of new material which will be wear-resistant and lighter in weight for
the piston of the compressor is also included in the scope of this work. The following are

the key aims of this thesis.

e To study the micro-textured piston effect on the performance coefficient of a

refrigerator compressor.

e Developing a pump to solve the lubrication problem of a refrigerator

compressor for low-speed operations.

e Manufacturing of a lightweight piston for the hermetic reciprocating
compressor from Al2Os-Al cermet material using additive manufacturing

technique.

e Finally, to underline the problems faced during this research and put forward

recommendations for potential work.
Thesis outline

The thesis discusses three different ways to enhance the energy performance of a
hermetic reciprocating compressor i.e., by creating micro-texture on the piston surface,
developing a unibody pump for better lubrication at low speed, and manufacturing the

lightweight piston from a cermet material via negative additive manufacturing technique.

The thesis consists of five sections. Chapter 2 puts out the background, literature
review, and study of surface texture on the hermetic reciprocating compressor piston and
discusses the textured piston effect on the performance of a compressor and its
characterization. Chapter 3 discusses the development of a unibody pump for the
lubrication of a refrigerator compressor at low speeds. Chapter 4 discusses the negative
additive manufacturing of pistons from a cermet material using a multi-material 3D
printing methodology. Finally, chapter 5 supports the conclusion and offers opportunities

for potential work.
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Chapter 2

LASER SURFACE TEXTURING ON THE PISTON OF
COMPRESSOR

Introduction

Increasing the coefficient of performance (COP) of a hermetically sealed
reciprocating compressor is the most vital challenge for the refrigerator manufacturing
industry [1]. The COP of the cooling appliances is clearly associated to the performance
of the compressor. Depending on the cooling capacity, inverter-type hermetic
reciprocating compressors operate at a wide range of rotational speeds (900 rpm — 4500
rpm). The lubrication oil in all the compressor bearings specifically for the piston-
cylinder contact may change significantly during the startup, peak time, and shutdown of
the compressor. Since the majority of the energy losses occurred at piston-cylinder
contact, adequate lubrication should be provided there to lower the friction and wear and
enhance the COP of the compressor [2]. The friction coefficient of this system strongly
depends on the load and speed of the hermetic compressor [3]. To improve the COP of
the inverter-type hermetic reciprocating compressor, it is much necessary to lower the
friction coefficient between piston-cylinder pairs over a wide range of speed and load.
Maintaining a sufficient lubrication oil layer between the cylinder and piston at a broad
range of compressor speeds is quite challenging for an inverter-type hermetic

reciprocating compressor.

One way to lower the friction between piston-cylinder contact and to enhance the
tribological performance of the system is to apply micro-textures on the piston upper
bearing and skirt [4—7]. Previous research have shown that micro-texturing enhances the
performance of a system by changing the lubrication condition from boundary lubrication
to hydrodynamic lubrication [8,9]. Micro-texture on the piston surface not only could
enhance the hydrodynamic pressure under full film lubrication but also can act as

lubrication oil reservoirs under starving conditions [10-14]. In addition, micro-texture
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could also be used for trapping the wear debris during a long-run operation of the hermetic
reciprocating compressor which can contribute to the durability of the compressor. Micro-
texturing can also reduce wear and friction by reducing the contact area between sliding
bodies [15-18].

Over the past few decades, various techniques have been developed for micro-
texturing including laser surface texturing (LST) [19,20], micro-milling [21,22],
micromechanical texturing [23], shot blasting [24], diamond embossing [25], micro-
casting [26,27], reactive ion etching [28-30], and pulsed air arc treatment [31]. All of
them have their own pros and cons and the selection of the technique mainly depends on
the application and material. Laser surface texturing has been used in this study because
of its adaptability, excellent control, and repeatability. LST process uses high-energy
pulses to ablate material by rapid melting and vaporizing above the threshold fluence and
the threshold mainly depends on the material microstructure, morphology, as well as laser
pulse duration, and wavelength. The most important parameters in surface texturing are

depth, width/diameter, orientation, and area density [32,33].

In the literature, there are many studies on computational fluid dynamics to observe
the lubrication oil flow over micro-textures [34—36]. However, the majority of the work
performed with micro-texturing is experimental due to its complexity under
boundary/mixed or starved conditions. An experimental study was carried out by Surya
et al. [37] to study the tribological benefits of various laser surface textures under realistic
operating conditions of starved lubrication by measuring the friction coefficient. They
produced micro-dimples on a flat metallic surface and measured the coefficient of friction
by a pin on a disk tribometer. In another study, Miki Nakano et al.[38] fabricated micro-
textures on the cast-iron surface via the shot blasting method and investigated the friction
coefficient by tribometer. Recent studies have considered the optimization of micro-
textures for bearings and piston rings. Researchers studied the effect of micro-texture
depth on the coefficient of friction [39,40].

Regardless of the tremendous advantages of the micro-textures, the effect of the
micro-textured piston on the coefficient of performance of the hermetic reciprocating

compressor has not been studied so far. The main aim of this study is to create micro-
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textures on the actual piston of the hermetic reciprocating compressor and investigate the

effect on COP, and refrigerant leakage.

Materials and methods

In this research, the compressor of concern is an inverter-type hermetic reciprocating
compressor for domestic applications which is shown in Figure 2.1.

Upper bearing

(a) (b) (c)

Figure 2.1 a) Image of inverter-type hermetic reciprocating compressor (b) CAD

model (c) Piston

Subjected to the refrigeration capacity, this compressor operates at various rotational
speeds (N) i.e., 1200-4500 rpm. It has a cooling capacity of 173 W at a speed of 3000
rpm. The piston is made of medium carbon steel by sinter powder metallurgy. The
microhardness of the piston samples was measured by using a Vickers hardness tester
(Shimadzu HMV-G Series microhardness tester, Japan) before the laser surface texturing.
A load (F) of 0.98 N was applied using a diamond indenter for a time of 10 seconds.
Overall, five indentations were created, and the average micro-hardness value was found
to be 220 =20 HV.

APFAB laser system used in the fabrication of micro-textures on the piston produced
120 fs pulses with a wavelength of 800 nm at a repetition rate of 120 kHz. The beam was
focused on the piston surface by using a 10x objective. The schematic of the experimental

setup used for the laser surface texturing is shown in Figure 2.2.
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@) / !H)WCD camera

Femtosecond
Ti: Sapphire laser
A =800 nm

Obijective

Piston

(b)

Figure 2.2 Schematic of femtosecond laser micro-texture setup used for piston (b)

SEM images of the micro-dimples

First, the laser power was calibrated by finding the threshold fluence of the piston
material. There was no ablation observed below 18mW laser power. Since the depth of
the texture mainly depends on the laser power, a range of laser power from 18 mW to 60
mW was calibrated against the depth of the texture.

Four different textures were fabricated on the piston (Figure 2.3). Since this micro-
fabrication equipment is designed for flat samples only, a separate rig. was designed and
installed for cylindrical sample (piston) texturing. Figure 2.4 shows the details of the rig.
The details of the texture patterns are shown in Table 2.1.
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Figure 2.3 Illustration of pistons with various micro-texture (I) radial grooves (II)

axial grooves (IIT) mesh grooves (IV) micro-dimples
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1 Laser attenuator 5 Fixture

2 Servo motor setup 6 piston

3 Objective 7 Micro-meter slide
4 Servo motor 8 Micro-dimples

Figure 2.4 Experimental setup for the micro-texture fabrication on the piston surface
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Table 2.1 Details of the micro-texture patterns
Area
Pattern Shape Width/Diameter Depth  Pitch No. of Density
designation (um) (um)  (um) grooves
(%)
U Untextured - - - - -
Radial
R1 100 5-8 1
groove
Radial
R2 70 5-8 500 3
groove
Radial 15-
R3 70 1
groove 20
Radial
R4 100 5-8 500 5
groove
Axial
Al 100 5-8 500
groove
Axial 15-
A2 100 500
groove 20
Axial
A3 70 5-8 500
groove
Axial 15-
A4 70 500
groove 20
Mesh
M1 100 5-8 500
groove
Mesh 15-
M2 100 500
groove 20
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Mesh
M3 70 5-8 500
groove
Mesh 15-
M4 70 500
groove 20
Micro-
D1 ] 100 5-8 20
dimple
Micro- 15-
D2 ) 100 5
dimple 20
Micro- 15-
D3 ) 100 20
dimple 20
Micro-
D4 ) 100 5-8 5
dimple
Micro- 15-
D5 ) 70 5
dimple 20
Micro-
D6 ) 70 5-8 5
dimple

Since theoretical modeling for the starved condition lubrication in the case of a
hermetic reciprocating compressor does not exist in the available literature, a set of
experiments was designed based on the physical understanding to explore the
consequence of creating micro-texturing on the piston of a hermetic reciprocating
compressor. For radial, axial, and mesh micro-grooves, four types of texture were created

whereas for the micro-dimple six types of texture were achieved and investigated.

The piston was mounted on a servo motor via a fixture and the motor was fixed to a
micrometer slide. The rotation of the piston was monitored and controlled with a

computer-controlled servo motor.

Figure 2.5 shows scanning electron microscopy images of the patterns. It should be
noted that radial grooves, perpendicular to the motion of the piston, were prepared with a
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width of 100 micrometers (a, b). Axial grooves, parallel to the piston motion, were
prepared with the same width (c, d). Mesh grooves which are a combination of radial and
axial grooves were also prepared (e, f). Lastly, micro-dimples with a diameter of 100
micrometers are shown in (g, h). The width of the radial, axial, and mesh groove and the
diameter of the circular micro-dimple depends on the lense of the uFAB laser system. In
this study, two lenses were used i.e. 70 and 100 microns. It is worth mentioning that focus
of the beam is very important to fabricate smooth and homogenous texture. The SEM
images shows a homogeneity and uniformity in the formation of the micro-texture. The
white light interferometry (WLI) technique was employed to measure the depth of the

textures.
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Figure 2.5 SEM images of the piston textures (a, b) radial grooves (c, d) axial grooves

(e, f) mesh grooves (g, h) micro-dimples

Figure 2.6 shows the depth of the textures. Two depths were studied for all the
textures. With the high power possible of the laser, a maximum of 15-20 micrometers
depth was achieved whereas with a low laser power 5-8 micrometers depth was produced.
It can be seen from the WLI results that the average depth of one of the micro-textures is
15-20 micrometers. The depth of the texture totally depends on the power of the uFAB
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laser system. The uFAB laser system employed in this study has a power range of 1-1000
uW. Before creating the micro-texture, various powers were calibrated againt the depth
of the texture on the piston surface. The minimum power threshold for a medium carbon

steel piston was found to be 700 pW.

00 03 06 09 12 mm

00 03 06 09 12 15mm

00 03 06 09 12 15mm

Figure 2.6 White light interferometry results, showing the average depth of the
texture piston textures (a, b) radial grooves (c, d) Mesh grooves (e, ) axial grooves (g, h)

micro-dimples
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Results and discussion

A calorimeter facility was employed to study the COP of the compressors at
ASHRAE conditions. The properties of the commercially available lubrication oil

employed in this study are recorded in Table 2.2.

Table 2.2 Properties of the lubricating oil (VG 5)

Temperature, T, (°C) 20 40 60
Density, p, (kg m®) 852 840 827
Kinematic viscosity, v, (mm?s?) 12.7 7.5 4.6

Figure 2.7 shows the COP of all the tested compressors comprising untextured and
micro-textured pistons at three different rotational speeds i.e., 1300 rpm, 3000 rpm, and
4500 rpm. The results of textured pistons were compared with the untextured piston
compressor. Each texture was tested on the three pistons to minimize the error, the plot
signifies the average COP, and the error bar reveals the maximum and minimum COP

values.
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Figure 2.7 Comparison of Coefficient of performance for the untextured and textured
patterns investigated under equal conditions

The variation of the coefficient of performance (COP) values of the hermetic
compressors with different micro-texture patterns and untextured pistons with different
rotational speed of the compress is presented. The results signifies that the coefficient of
performance decreases when the speed is either too low (1300 rpm) or too high (4500
rpm). At the lower rotational speed of the hermetic compressor, although the micro-
texture patterns exhibited marginally lower COP values than the untextured surfaces, the
difference was trivial. Moreover, the COP values of all the textured patterns were
relatively identical, showing that the effect of texture on the piston surface was not
significant at lower rotational speeds i.e., 1300 rpm. Therefore, the benefits of introducing
micro-texture at lower rotational speeds (less aggressive) are not significant.
Nevertheless, as the rotational speed of the compressor was increased, the operating
conditions became more aggressive, and the effect of micro-texturing became clearly
noticeable. Compared to 1300 rpm, at 4500 rpm speed, the micro-dimpled piston

performed remarkably well. Also, the COP of the compressors is different for each micro-
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texture shape at 3000 rpm and 4500 rpm which shows a strong impact of the micro-texture
geometry on the performance at higher rotational speeds, with D6 performing the best at

higher speeds.

Based on the above results, the fabrication of micro-dimples on the piston surface has
a significant tribological benefit and positive effect on the COP of a hermetic
reciprocating compressor. However, axial, radial, and mesh grooved pistons led to a lower

value of the compressor’s COP as compared to untextured piston compressors.

In contrast to continuous micro-grooves (axial, radial, and mesh), micro-dimpled
pistons performed comparatively better in terms of coefficient of performance.
Experiments were carried out with various dimple diameters, depths, and area densities
from D1-D6. Micro dimples with an area density of 5%, a diameter of 70 microns, and a
depth of 5-8 microns showed the highest COP as compared to the rest of the micro-
dimpled patterns. Although the D6 pattern is the shallowest and had low lubrication oil
storage ability, however, because of low area density, the wear debris at the interface
between piston and cylinder would also be the lowest which led to the higher coefficient
of performance as compared to D1 which had area density of 20%. The tribological
performance of the piston got worse as the area density of the micro-dimples increased:
an area density of 5% was found to be improved than 20%, under the same ASHRAE

testing conditions.

Figure 2.8 summarizes the results and shows the results of texture which performed
best among its peers. Pattern I which corresponds to R4, represents the radial micro-
grooves having a width of 100 micrometers and a depth of 5-8 micrometers. The total
number of grooves was five (three on the upper bearing of the piston and 2 on the lower
skirt) with a pitch of 500 micrometers. Pattern I and I which correspond to Al and M1
represents the axial and mesh micro-grooves respectively having the same width, depth,
and pitch as R4. Pattern IV corresponds to D6 and represents micro-dimples with a

diameter of 70 micrometers and 5-8 micrometers depth with an area density of 5%.
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Figure 2.8 Coefficient of Performance of the compressor with various textured

pistons at different speeds

It is obvious that texture IV performed best among all the textures, and displays a

relatively high level of COP.

Lower values of COP in the case of patterns I, I, and IIT could be explained by the

continuous depression area which could possibly cause high friction. The majority of the

lubrication oil was captured by the continuous grooves due to which the thickness of the



Chapter 2: LASER SURFACE TEXTURING ON PISTON 21

lubrication oil between the piston and cylinder was reduced. Therefore, the lubrication
condition tended to be a boundary lubrication state, in which the asperity contact is more

Server.

Higher values of COP for micro-dimples pattern IV could be explained by the
variation of hydrodynamic pressure. Due to an increase in the hydrodynamic pressure
near the micro-dimple area, the load-bearing capacity and thickness of the lubrication
film increase. This phenomenon was also studied by Ronen et al.[11] and Etsoin et al.
[33] It was reported that the hydrodynamic pressure increases in the vicinity of the micro-
dimples and thus friction force reduces. In the literature, numerous studies prove that
during the reciprocating motion, micro-dimples expand the range of hydrodynamic

lubrication regime and reduce the friction coefficient between sliding bodies.

It should also be noted that no significant wear occurred during testing. It was
observed that after testing the compressors for 2 hours the micro-textures were still

present on the piston surface.

The results of the cooling capacity (Qc) and power (P) intake for the compressors with

untextured and textured pistons are shown in Figure 2.9.
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Figure 2.9 Cooling capacity and power intake for the untextured and textured piston
COMpressors

The average cooling capacity of the compressor with an untextured piston was
observed to be 173.4 W with an average power intake of 113.4 W. Contrary to this, the
compressor with the micro-dimpled piston displayed a 174.5 W average cooling capacity

with an average of 112.8 W power intake.

A static refrigerant leakage test was conducted on the compressors with textured
(micro-dimples) and untextured piston compressors where a maximum of 15 bar pressure
was achieved by running the compressor and shutting the outlet of the compressor using

a valve. Refrigerant leakage test results are shown in Figure 2.10.
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Figure 2.10 Refrigerant leakage test results for textured (TEXTURE 1V) and

untextured piston compressors

The outlet pressure was measured using a barometer and the compressor was stopped
when the pressure reached 15 bars. Then the pressure was allowed to drop because of the
leakage. The pressure drop from 15 bar to 5 bar was observed to be 35% slower in the

case of textured piston compressors as compared to untextured piston compressors.

The gap between the piston and cylinder for a hermetic reciprocating compressor is
usually around 5-10 micrometers. Refrigerant leakage through this clearance reduces
performance by the reduction of capacity and by the power expenditure of lost refrigerant.
In hermetic reciprocating compressors, this clearance is filled with lubrication oil. Other
than its lubricating role, the lubrication oil also acts as a sealing for the piston-cylinder
clearance [41-44]. From the results (Fig. 2.10) micro-dimples on the piston surface could
greatly decrease the refrigerant leakage through the piston-cylinder clearance. This can
be explained by the phenomenon that micro-dimples act as lubrication reservoirs and
during the operation a thick film of lubrication oil inhibits the refrigerant leakage from
the piston-cylinder clearance. Generally, micro-texture on the sliding surface has positive
effects such as oil storage, wear debris accumulation, creating a hydrodynamic, pushing-
up force, and minimizing the surface contact area. The performance of a micro-dimpled
texture is characterized by the integrated effect of those mechanisms. Nevertheless, under

various solid contact conditions, each mechanism has its own importance. For example,
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under hydrodynamic lubrication, which has no solid contact at the friction interface,
micro-texture on the surface can lead to an increase in the load-carrying capacity of the
lubricant film. Therefore, lubrication conditions could be the major factor that defines the

functioning of micro-textures.

Conclusion

In summary, through the experimental study carried out in this work, it can be
summarized that surface texturing on the piston has a great potential for application in
hermetic compressors to enhance the coefficient of performance (COP) of the
compressor. In addition, the textured piston has a significant effect on the refrigerant
leakage of the hermetically sealed compressor. The micro-texture on the piston surface
was prepared by the laser surface texturing method. Four types of micro-texture were
studied: radial micro-grooves, axial micro-grooves, mesh micro-grooves, and micro-
dimples. It was found that the radial, axial, and mesh micro-grooves piston negatively
affect the coefficient of performance (COP) of the hermetic reciprocating compressor.
However, the piston with the micro-dimple texture significantly (1%) increased the
compressor’s coefficient of performance. Refrigerant leakage from the piston-cylinder
clearance was observed to be 35% less in the case of the micro-dimpled piston due to the
presence of a continuous oil film between the piston and cylinder. In addition, the cooling
capacity of the compressor with a micro-dimpled piston increased by 1 W as compared

with the non-textured piston compressor.
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Chapter 3

UNIBODY AXIAL FLOW PUMP

Introduction

A hermetic reciprocating compressor is the core element of the household cooling
system, and its lubrication is a critical issue because lubrication is directly associated to
wear, reliability, and mechanical losses of the compressor [45]. Studies show that friction
and wear in a hermetic compressor moving parts have a crucial impact on the overall
coefficient of performance of the refrigeration cycle [46,47]. It is likely to reduce friction
and wear by providing sufficient lubrication to all moving parts of the compressor during
the operation [48]. After the compressor start-up, immediate and sufficient availability
of lubrication oil to the hydrodynamic bearings and the piston-cylinder space plays a
crucial part in the refrigeration cycle efficiency [49]. The lubrication oil supply system of
a hermetic reciprocating compressor mainly based on the crankshaft which plays the role
of an oil pump [50]. In a hermetic domestic refrigerating compressor, the lubrication oil
supply system is commonly provided by an integrated pumping system on the crankshaft
which consists of a centrifugal pump and helical channels on the crankshaft [51]. It is
assumed that the lubrication oil rising from the compressor sump to the helical channel is
purely due to the centrifugal forces [52]. The centrifugal pump is partially immersed into
the lubrication oil sump at the bottom of the shell and when the crankshaft rotates, the oil
in the sump is pumped into the centrifugal pump and delivered to the crankshaft helical
channel. This process provides lubrication to all moving parts and hydrodynamic bearings
of the hermetic reciprocating compressor [53]. The lubrication oil not only carries heat

from the high-temperature regions to the shell but also, most importantly, it acts as sealing
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between the piston and cylinder to minimize refrigerant leakage and to enhance the

coefficient of performance [54].

In the literature, there are many numerical models and experimental findings for the
lubrication oil systems of a hermetic reciprocating compressor [55-59]. In one of the
studies [50], the effects of oil viscosity and the crankshaft rotational speed on the mass
flow rate of the lubrication oil were studied both numerically and experimentally. It was
found that the mass flow rate of the lubrication oil mainly depends on the temperature of
the lubrication oil i.e., it is decreased at a lower temperature due to a fall in the viscosity

value.

The impact of the crankshaft speed on the mass flow rate of the lubrication oil was
studied by [46] and it was found that the mass flow rate of the lubrication oil is directly
proportional to the speed of the crankshaft in a linear manner due to centrifugal forces. It
was also observed that steady-state condition was taking long to achieve at a speed less
than 2000 rpm. The relationship between the rising time of the lubrication oil and the
crankshaft speed was investigated by [49] by using a high-speed camera. It was found
that the crankshaft rotation speed at high values does not have a substantial influence on
the rising time, but it can greatly affect the overall mass flow rate of the lubrication oil.

For a regular hermetic compressor that always runs at a higher speed (> 3000 rpm),
these two integrated pumps work effectively. However, when it comes to the inverter type
or variable speed hermetic reciprocating compressor, providing and maintaining the
lubrication oil at a lower speed (<2000 rpm) of the crankshaft is challenging since the
lower centrifugal pump cannot raise the lubrication oil to the helical channel pump on the
crankshaft [45]. Wu. W et al. [60] carried out simulation studies on a lubrication oil pump
system for hermetic reciprocating compressors and the results showed that the existing
design of the centrifugal pump of the crankshaft fails to pump the lubrication oil when

the compressor speed is under 2100 rpm.

Alves et al. [59] investigated an eccentric tube centrifugal pump for the hermetic
reciprocating compressor. They developed a lubrication oil supply system for the
compressor which comprises of a tube with an inclined inlet that was mounted off-center
with the crankshaft axis. The inclined pick-up tube was connected to the outer helical

groove of the crankshaft. The analytical models for the inclined tube and helical groove
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were studied separately and were combined via numerical methodology. The steady-state
volume flow rate for the whole oil supply system was investigated in their study. They
performed the analysis at 3000 rpm speed, and it was found that the pick-up tube with an
inclination angle of 60°- 68° and 5-mm diameter showed good results in terms of
lubrication oil mass flow rate. In another approach, the researchers designed and
developed a screw pump to address the lubrication oil pumping issue at a low speed [45].
A lubrication oil pump system was designed for the hermetic reciprocating compressor
which was based on a single screw pump attached to the bottom of the crankshaft. A
semi-analytical model was developed for foreseeing the lubrication oil mass flow rate in
the screw pump oil supply system. In another study, Ozsipahi et al. [61] analytically
investigated a screw pump inside the crankshaft for maximizing the lubrication oil mass
flow rate of an inverter-type hermetic reciprocating compressor. The results were
compared with the numerical simulations. The effect of rotational speed, oil viscosity,
immersion depth, and pitch of helix angle on the mass flow rate of the lubrication oil was
studied. It was found that increasing the screw aspect ratio improves the mass flow rate

of the lubrication oil up to a certain limit.

In this article, a unibody bladeless impeller axial pump is designed, analyzed, and
manufactured to immediately provide the lubrication oil to all parts of the hermetic
reciprocating compressor. The pump will be mounted at the lower end of the crankshaft
and able to supply the lubrication oil to the helical channel pump at a lower speed (< 2000
rpm) with immediate effect. CFD analysis was carried out to get the optimum helix angle
of the pump for the maximum mass flow rate of the lubrication oil. Results are valuable
to indicate some design directions of the lubrication oil system of a variable speed

hermetic reciprocating compressor to meet low rotation speed conditions.

Development of unibody axial pump

The unibody axial pump is designed for a domestic compact inverter hermetic
reciprocating compressor. The pump consists of four helical flutes created inside the body
of the pump. The geometry of the oil pumping system for a hermetic reciprocating
compressor is shown in Figure 3.1. The height of the unibody axial flow pump was 30
mm while its outer diameter was 12 mm so that it could rigidly fit into the lower part of

the crankshaft and rotate with the same speed as the crankshaft (Fig. 3.1a). The main
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objective of the pump is to raise the lubrication oil from the oil sump to the inlet of the
helical channel machined on the crankshaft (Fig. 3.1b). The unibody pump consists of
four inlets and four outlets (Fig. 3.1c).

(a) (b)

1 Discharge Muffler 5 Crankshaft 9  Helical channel inlet

2 Connecting rod 6 Pump 10 Pump outlets

3 Crankcase 7 Crankshaft oil outlets 11  Internal helical channels
4 Bushing 8 Helical channel 12  Pump inlets

Figure 3.1 Geometry of the pump system. (a) Compressor crankcase with unibody
pump attached to the crankshaft. (b) Unibody axial pump inserted in the crankshaft. (c)
CAD model of unibody axial flow pump

Geometry of flutes

A freeform spline geometry was designed for the cross-section of the helical flutes of
the unibody axial pump as shown in Figure 3.2.
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X (mm)
Figure 3.2 Freeform spline geometry of the pump

The geometry was then swept along a helical path with helical angles of 15°, 25°, 35°,
45°,55°, and 65°. The helical flutes geometries are illustrated in Figure 3.3.

45° 55° 65

Figure 3.3 Helical flutes of unibody axial flow pump

3.3 Experimental studies

3.3.1 Additive manufacturing of unibody axial pump

The unibody axial flow pump was sliced by a series of parallel planes with a fixed

interplane spacing equal to the thickness of the fabrication layer. Pumps with various
helix angles were manufactured.
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A fused filament fabrication (FFF) head mounted on a Mitsubishi Electric robotic
manipulator was employed for the additive manufacturing of the unibody axial pumps.
The manufacturing setup is illustrated in Figure 3.4.

Outlet

Inlets

Build bed

Figure 3.4 Robotic additive manufacturing setup utilized for the manufacturing of

test specimen

The unibody axial pump is manufactured from polylactic acid (PLA) by additive
manufacturing technique. Since the inner diameter of the lower part of the crankshaft for
the studied compressor is 12 mm, therefore, the unibody axial flow pump was designed

in such a way that it should snuggly fit into the crankshaft.

3.3.2 Experimental setup

To mount the pump on a servo motor shaft, an extrusion was created on the upper part
of the pump and a test rig was prepared to collect the pumped lubrication oil as shown in
Figure 3.5.
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1 Setup cross-section 4 Servo motor 7 OQil collector 10 Outlet
2 Leakage preventingcap 5 Servo motor fixture 8 Lubrication oil
3 Setup CAD model 6 Pump 9 Motor mounting part

Figure 3.5 Test setup for mass flow rate measurement

The properties of the commercially available lubrication oil employed in this study
are registered in Table 3.1.

Table 3.1 Properties of the lubrication oil (VG5)

Temperature (°C) 20 40 60
Density (kg m™) 852 840 827

Kinematic viscosity (cSt) 12.7 7.5 4.6

A collector was placed on top of the sump to collect the lubrication oil. The
temperature of the oil sump was measured before and after every reading using a digital
thermometer with an accuracy of 0.3 °C. Each test was repeated 10 times to minimize
the experimental errors. Figure 3.6 indicates the repeatability of the measurements at 1800
rpm for a 45° helix angle pump reflected on the standard deviation with 26 employing 10
measurements for each run.
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Figure 3.6 Standard deviation of the lubrication oil mass flow rate at 1800 rpm, for

a 45° helix angle pump

The repeatability study showed that the standard deviation in the oil mass flow rate
was calculated as 6= 0.026 g s™* from the mean value of 0.35 g s™. It can also be seen that

all the measurements were in the bandwidth of 0.31- 0.39 g s

Each test was performed for 5 s, and the test timing was controlled by the controller
of the servo motor with an accuracy of £10 ms. The pumped oil was collected in a
collector and the mass of collected oil was measured using a digital scale with an accuracy

of £0.1 mg.

Results and discussion

The mass flow rate provided by the unibody axial pump of various helix angles at the
speed of 1400 rpm and 1800 rpm is illustrated in Figure 3.7 which shows the comparison
of the numerical and experimental results. The simulation was carried out by another
MARC fellow, Pouya Pashak. The objective parameter was the pumped oil mass flow

rate.
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Figure 3.7 CFD validation with experimental results at 1400 rpm and 1800 rpm

rotational speed

Among all the pumps, the 45° helix angle showed the highest mass flow rate of the
lubrication oil (Figure 3.7). This can be explained by the concept of fluid path length and

centrifugal force phenomenon. It is obvious from
Figure 3.3 Helical flutes of unibody axial flow pump

.that a 15° helix angle has a longer fluid path and higher centrifugal force as compared
to a 65° helix angle where the fluid path is shorter, and the centrifugal force is lower.
When the fluid path increases, the pressure losses increase, and vice versa. In the case of
a 45° helix angle, the pressure losses and centrifugal force become optimum which leads
to a higher mass flow rate. The effect of the helix angle on the pressure losses was also

investigated and observed by Ozsipahi et. al. [53].

Therefore, the pump with a 45° helix angle was also experimentally tested at 2000,
2500, and 3000 rpm, and the simulation results were found to be in close agreement with
the experimental results. Figure 3.8 shows the link between the experimental and
numerical results of the average mass flow rate for the 45° helix angle pump in the range

between 1400 and 3000 rpm.
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Figure 3.8 Mass flow rate of 45° helix angle pump at different rotational speeds

Results show a continuous increase in terms of mass flow rate by increasing the
rotational speed. The mean absolute percentage error (MAPE) between the experimental
and simulation results for the 45° helix angle pump at various speeds is shown in Table

3.2.

Table 3.2 Mean absolute percentage error (MAPE) of 45° helix angle pump

N Experimental Simulation Error
(rm) s @sH O
1400 0.036 0.04 11.1
1800 0.38 0.45 18.4
2000 0.64 0.75 17.2
2500 1.16 1.5 29.3
3000 2.02 2.35 16.3

The maximum error between simulation and experimental results were found to be
less than 30% which is comparable with the study of [54]. One of the important

parameters in the lubrication system of a hermetic reciprocating compressor is the
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climbing time of the lubrication oil at the startup and it was observed to be 1 s at 1400
rpm and 0.4 s at 2000 rpm. Moreover, continuous flow of the lubrication oil from the
outlet of the unibody axial pump was observed for rotational speeds greater than 1400
rpm. However, the pump was unable to raise the lubrication oil at speeds below 1400 rpm

irrespective of the helix angle.

The lubrication oil was then heated to a temperature of 40°C and 60°C which
corresponds to 7.5 ¢St and 4.6 ¢St viscosity respectively to explore the effect of viscosity
on the mass flow rate of the lubrication oil. It was observed that the minimum rotational
speed to raise the lubrication oil was still 1400 rpm. However, at rotational speeds greater
than 1400 rpm, the mass flow rate was observed to be increased when the viscosity was

decreased as shown in Figure 3.9.
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Figure 3.9 Experimental mass flow rate and viscosity of the lubrication oil

Such a relationship between viscosity and the mass flow rate was also observed in the
study of Ozsipahi et.al. [54].

In addition, the Reynolds number based on the oil mass flow rate measured
experimentally at 3000 rpm was calculated using Eq. (3.1) which shows the laminar flow

assumption in the simulation was true.

Re = 4— =300 (3.1)
wudp
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Conclusion

The main aim of the study was to develop a lubrication oil pump system for inverter-
type hermetic reciprocating compressors. The lubrication system was based on an
additively manufactured unibody axial pump connected to the bottom of the crankshaft
which was partially immersed in the lubrication oil sump. Six types of pumps were tested
having helix angles of 15°, 25°, 35°,45°, 55°, and 65°. It was observed that the unibody
axial flow pump with a 45° helix angle has the maximum mass flow rate comparatively.
The results indicate that the pump has the potential to raise the lubrication oil to the outer
helical channel of the crankshaft at a low speed i.e., 1400 rpm. The effect of viscosity
(4.6, 7.5, and 12.7 cSt) on the mass flow rate was also investigated and it was found that
viscosity and mass flow rate are inversely proportional. The climbing time was studied to
be 1 s at 1400 rpm and 0.4 s at 2000 rpm. Moreover, the CFD simulation was also
performed, and it was found that the results are in good agreement with the experimental
tests. The mass flow rate of oil coming out of the pump outlet was studied as a validation
parameter. Numerical simulation could be used as a reliable tool for further studies of this

pump.
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Chapter 4

NEGATIVE ADDITIVE MANUFACTURING

Introduction

Ceramics like alumina (Al.Oz) have exquisite mechanical and physical properties
such as excellent compressive strength, high elastic modulus, high corrosion resistance,
and stability (thermal and chemical) at elevated temperatures [62,63]. These excellent
characteristics distinguish them from the other two groups of materials: polymers and
metals and make them appropriate for a vast range of applications such as aerospace,
locomotive, biomedical, and electronics. However, as with all ceramics, the
manufacturability of alumina is challenging due to its high melting point and low fracture
toughness. Moreover, high porosity, geometrical distortion, and catastrophic failure in the

final part are also associated problems with the manufacturing of alumina [64-67].

These problems can be solved by the incorporation of metallic particle densifiers into
an alumina matrix forming a ceramic matrix composite material [68—70]. The inclusion
of Al particles into the alumina ceramics enhances the overall properties of the part [71-
73]. The secondary metal phase has superior thermal conductivity and better thermal
shock resistance than monolithic alumina ceramics [74]. Since metal particles deform
plastically and confound cracks propagation, they can boost brittle ceramic matrix
toughness. [72,75-78]. These ceramic composites can be fabricated through a variety of
practices such as spark plasma sintering, reactive sputtering, related deposition methods,
hot pressing, hot extrusion, infiltration, squeeze casting [79], stir casting [80], and thermal

spray processing. In earlier works on aluminum oxide-metal composite materials,



Chapter 4: NEGATIVE ADDITIVE MANUFACTURING 38

various-sized metals such as Cr, Ti, Ni, Cu, Fe, and W have been reinforced into alumina
and results showed significant improvement in toughness and ductility [81-83]. Fine
aluminum particles have high yield and breaking strength and could act as a second phase
to increase the fracture toughness and ductility of brittle alumina [84-91]. However,
uniform diffusion of the reinforcement densifier particles throughout the ceramic matrix,
high interaction, and wettability are challenging tasks [92,93]. Furthermore, the
manufacturing of highly complex geometries and interconnected holes having excellent
surface finish quality and dimensional precision has also gained the attention of

researchers in the recent past [94,95].

Mechanical alloying is a solid-state powder technology that is used for the production
of homogeneous materials from elemental powder mixtures [96]. It involves continuous
welding, fracturing, and re-welding of powder particles in a high-energy ball mill [97].
The high-energy ball milling technique can decrease the particle size and promote
bonding between elements that have low interaction and wettability. Consistent
dispersion of the fine metallic reinforcements and fine grain size of the ceramic matrix
improve the mechanical properties of the composite. Moreover, the mechanical properties
of the cermet have a tendency to enhance with increasing volume fraction and decreasing

particle size of the reinforcement [98].

The introduction of Additive manufacturing (AM) into the manufacturing of ceramics
presents completely new opportunities for tackling the above-mentioned challenges [99].
Adabptable manufacturing of highly complex structures with good surface finish and
precision could be possible by AM manufacturing technique. Based on the feedstock, AM
technologies can be categorized into slurry-based, powder-based, and bulk solid-based
methods. Slurry-based 3D printing technologies such as Direct Ink Writing (DIW) have
liquid solution dispersed with solid loading particles as feedstock. Direct Ink Writing
(DIW) is an economical and relatively speedy manufacturing process compared with
other 3D printing techniques [100]. The use of non-Newtanion fluid or slurries in DIW
allows for shape and structure retention owing to the high solid loading and viscoelastic
properties [101,102]. Therefore, this technique can be used to create a great range of
various monolithic and cermet structures. [103-105]. The shape retention of the
deposited part is governed by the yield shear stress of the slurry [106]. Nevertheless,
higher solid loadings lead to several challenges such as air trapping and clogging of the
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nozzle. A negative additive manufacturing technique could solve these problems by using
low-yield shear stress slurries [L07—113]. The negative additive manufacturing technique
integrates slurry casting with 3D printed sacrificial polymer mold. The complexity of the
desired ceramic part depends on the mold design. However, the fabrication of the
complete mold and the casting of the slurry into the mold may lead to voids in the green
body because of high viscosity of the printing inks which leads to poor flow inside the
mold [114,115]. The formation of these voids may be eliminated by the multi-material
extrusion approach where the printable ink is cast into the polymer mold as the mold is
built up layer by layer simultaneously [116]. The technique couples a conventional
thermoplastic deposition head with a DIW deposition head. The conventional
thermoplastic deposition head is widely used in additive manufacturing and provides
excellent shape retention; therefore, it is used as a secondary deposition head to create a
mold for the slurry deposited using the DIW head. In the literature, there are only a few
studies available on negative additive manufacturing where researchers employed this
technique for the manufacturing of using materials such as carbides [117] and

hydroxyapatite [118], but there is no study on alumina-aluminum cermet material.

In this paper, a novel negative additive manufacturing by fused deposition technique
is proposed to manufacture cermet (alumina reinforced with Al particle densifiers) parts

having excellent geometrical accuracy, low porosity, and high density.
Materials and Methods

4.1.1 Materials

The materials used in this study were deionized (DI) water, sodium
carboxymethylcellulose (CMC) binder with an average molecular weight of ~250,000
(Product# 419281, Sigma-Aldrich), a-Alumina (Al.O3) powder (Nanokar, Turkey, 99.9%
purity) with mean particle size provided in the datasheet from the manufacturer is of 35-
40 pm and density of 3.97 g/cm® and aluminum (Al) powder particles (Nanokar, Turkey,
99.9% purity) with average particle size 5-10 um. Since Al is highly reactive with DI
water producing hydrogen gas and causing foaming problems, Sodium silicate
(Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) was used as a hydrogen

inhibitor. The detailed experimental procedure used herein is shown in Figure 4.1.
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(a) (b) (d) (e)

1 Motion of the vials S DI+CMC+Na,SiO; 9 PLA filament

2 ALO,+Al+Crushing balls 6 DIW head 10  FFF nozzle

3  Blended powder 7 DIW nozzle 11 DCM solution

4  Stirrer 8 FFF head 12 Sintering furnace

Figure 4.1 Graphical chart of the experiment. (a) High energy ball milling (b) Slurry
(@) Negative Additive Manufacturing by Direct Ink Writing (DIW) (d) Demolding (e)
Sintering in Argon gas environment at 1400°C

To achieve homogenous blended mixtures of alumina and aluminum (5 vol.%, 10
vol.%, 15 vol.%, 20 vol.%), raw powders were processed for one hour in SPEX TM
SamplePrep 8000D Dual Mixer/Mill having two stainless steel vials. The rotational speed
of the mill disc was set to the 1200 rpm value. Powders were weighed and mixed for a
typical charge of 7g and three aluminum oxide balls with a 12 mm diameter for each vial.
The ball-to-powder weight ratio (BPR) was about 5:1. The charging of powders was
carried out under an argon atmosphere and kept hermetically sealed during the milling
operation to avoid oxidation of Al particles. To prevent cold welding of powder particles
between themselves (formation of agglomeration), onto the internal surfaces of the
chamber of the mill and to the surfaces of the grinding medium during milling, 1 ml
stearic acid was used as the process control agent (PCA). The cooling time after every

10 minutes of milling was 2 minutes.
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4.1.2 Slurry preparation and rheology

The milled powder was filtered to eliminate large agglomerates. A feedstock solution
was then prepared by stirring carboxymethyl cellulose (CMC) binder into a flask of
deionized water until a 25 wt.% solution was obtained. The solution was then mixed in a
mechanical mixer to achieve a smooth and homogenous slurry. The prepared solution
was then kept in a refrigerator at 4°C for 2 hours, allowing bubbles to dissipate. The
milled powder was then added to this stock solution in a step-by-step approach to prepare
a slurry containing various Al compositions. Since Al is highly reactive with water,
producing hydrogen gas, 1 wt.% sodium silicate was added as a hydrogen inhibitor. The
slurry was then defoamed and loaded into a 200 mL pneumatic dispenser. This was done
by scooping the slurry out of the jar with a flat spatula and smearing it over the top
opening of the dispenser, being cautious to make sure no air bubbles get caught between
consecutive scoops. The rheology of the cermet slurry was analyzed from 0.1 s to 1000
st at 20 °C on a Malvern Kineus pro rheometer. A parallel plate geometry of 25 mm

diameter with a compatible solvent trap was used at a gap of 0.3 mm.

4.1.3 Negative additive manufacturing

A multi-material robotic additive manufacturing setup comprising a Fused Filament
Fabrication (FFF) tool-head and a Direct Ink Writing (DIW) tool-head was employed for
the negative additive manufacturing of samples. The FFF tool-head deposits the
thermoplastic polymer polylactic acid (PLA) using a motorized extruder with a 0.4 mm
nozzle. The DIW tool-head deposited the Al,Os-Al slurry using a pneumatic extruder
with a nozzle of 0.4 mm. The inlet pressure of the pneumatic extruder was regulated using
a pressure regulator. Both of the tool-heads were mounted on a robotic arm in the elbow-
up posture. The multi-material robotic additive manufacturing setup is illustrated in

Figure 4.2.
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legend

Figure 4.2 FFF and DIW heads on a robotic arm along with the tool path of two

distinct layers

The toolpath for the multi-material AM is generated using the process parameters

tabulated in Table 4.1 using the Ultimaker Cura software in the dual nozzle offset

compensation mode. The toolpath was then post-processed for the robot’s controller using
a customized MATLAB script. One layer of the PLA mold was fabricated first, and the

corresponding layer of Al2Os-Al slurry was then deposited inside the mold immediately.

The toolpath of two distinct layers is illustrated in Figure 4.2 where the difference in the

tool path of the PLA and Al.Os-Al slurry is indicated.
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Table 4.1 Printing parameters for the multi-material DIW

Parameter FFF Head DIW Head
Nozzle
. 0.4 mm 0.4mm
diameter
] Cermet (Alumina-
Material PLA
Al)
Build
200°C 20°C
temperature
Layer height 0.2 mm 0.2 mm
Extrusion width 0.4 mm 0.4 mm
Linear speed 20 mm.s? 10 mm.s?
Infill pattern Rectilinear Rectilinear
Infill density 0% 100%
Shell 2 2
Air Pressure - 0.2 Mpa

4.1.4 Drying, demolding, and sintering

Drying of the printed parts was carried out at room temperature for 24 hours. The
dried parts were then submerged in Dichloromethane (DCM) for demolding. DCM
quickly dissolved PLA mold leaving behind the cermet green body. DCM is insoluble
and perfectly inert to the CMC binder material; therefore, the part didn’t break or deform
during the demolding process. The CAD geometry of the molds and demolded parts is

shown in Figure 4.3.
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Figure 4.3 (a) Demolded piston part (b) piston mold (c) demolded cube part (d) cube
mold (e) demolded complex gyroid part (f) complex gyroid mold

For the pressure-less sintering of cermet green parts, a multi-stage heating regime was
implemented inside a chamber furnace. The multi-stage sintering regime is demonstrated

in Figure 4.4.
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Figure 4.4 The multi-stage sintering regime for the sintering of cermet green parts

All heating rates were 5°C min™. The sintering process was carried out under an
Argon gas atmosphere. First, the furnace was heated from room temperature to 300°C
(T1) followed by an isothermal hold of 60 minutes to burn out the CMC binder. Next, the
furnace was heated to 500°C (T2) followed by an isothermal hold of 30 minutes to burn
away any PLA traces that were left behind during the demolding process. Then, the
furnace was heated to 670°C (T3) followed by 60 minutes of isothermal hold for melting
and diffusion of Al particles into the alumina ceramic matrix. In the final step, the furnace
was heated to 1400°C (T4) followed by an isothermal hold of 3 h to sinter the cermet
green body. The sintered samples were taken out from the furnace after the temperature
of the furnace dropped down to room temperature. The parts exhibited geometrical and

dimensional accuracy.

4.15 Characterization

The theoretical densities of the cermet parts were calculated using the rule of mixture.
After sintering, bulk density and the porosity of the printed parts were measured
according to ATM C830-00, by the Archimedes method.

The microhardness of the specimen was measured according to ASTM C 1327-03,
with a Vickers hardness tester ( HMV-G Series microhardness tester, ). A load of 0.98 N

was applied using a diamond indenter for a time of 10 seconds. Indent sizes were
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measured by optical microscopy. The hardness values of were measured as an average of

10 readings along the specimen cross-section surface.

To examine the impact of ball milling on the morphology and homogeneity of the

cermet mixture, scanning electron microscope (SEM) was performed.

X-ray diffraction (XRD) analysis of the milled powder and sintered part was carried
out by X-ray diffractometer using Cu Ko radiation with a wavelength of 0.154 nm at
45kV and 40 mA current. The XRD peaks were recorded in the 20 range between 20° and

90°. The peaks were analyzed using the standard procedure to see the phases.
Results and discussion

4.2.1 SEM and XRD analysis

Figure 4.5 shows SEM and EDX mapping images of Al>O3-20 vol.% Al cermet
powders after one hour of high-energy ball milling. Fine crystallites were produced from
the initial micrometer-sized powder by performing the high energy ball milling operation.
The milled powder consists of agglomerates. During the high-energy ball milling,
relatively soft aluminum particles underwent a significant plastic deformation while the
alumina brittle particles also fragmented leading to uniformly dispersed powder particles
exhibiting homogenous size distribution (Fig. 4.5 (a) and (b)). The FE-SEM images of
the sample revealed the existence of a composite structure. These images (Fig. 4.5 (c) and
(d)) consist of different regions corresponding to the Al>Os matrix and Al reinforcement
particles. Here, while the reinforcement particles are homogenously dispersed, the matrix
phase existed in larger grains. Thus, no reaction takes place between the reinforcement
and matrix phases. This is also supported by the EDX mapping analyses (Fig. 4.5 (e), (),
and (g)), which revealed the Al and O elements together. In addition, the EDX spectrum
(Fig. 4.5 (h)) clearly showed that there is no impurity element in the structure. The carbon
peak between 0.2-0.3 keV is due to the sample holder. Based on microscopic analysis,
the mechanism explanation for the effect of aluminum on the properties of alumina-based
ceramics can also be explained. As clearly observed, aluminum is well dispersed in the
matrix forming a homogenous and dense microstructure. Since the melting temperature

of aluminum is relatively low (660°C), during the third stage of sintering, where the
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temperature was kept constant at 670°C for one hour, the aluminum melted and flew

through the porous structure of alumina thus leading to higher densification.

)

Figure 4.5 Secondary electron FE-SEM images of milled Al203-20 vol.% Al powder
(a, b, c, d), SEM image of milled Al,03-20 vol.% Al powder (e), EDX mapping of Al (f),
O (g), and EDX spectrum (h).

The X-ray Diffraction (XRD) patterns of as-milled Al.O3-20 vol.% Al powder are
shown in Figure 4.6.
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Figure 4.6 XRD plot of Al203-20 vol.% Al cermet milled powder

It is obvious that only two phases of alumina and aluminum were found in the as-
milled powder. This is mainly because of Argon environment milling. Al is reactive in
the open air and could form aluminum oxide if the milling is carried out in atmospheric
conditions. Furthermore, the sintered parts were also characterized by phases. Figure 4.7
shows the XRD peaks for the sintered part which mainly consists of Al203-20 vol.% Al

solid loading.
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Figure 4.7 XRD plot of Al203-20 vol.% Al cermet sintered part

When the parts were sintered under atmospheric conditions, all the Al was converted
into aluminum oxide hence there were no Al peaks observed. However, when the parts
were sintered under Argon conditions, the Al was present as a distinct phase. Aluminum
Silicate peaks can be seen in the XRD results. This is because of 1 wt. %sodium silicate
addition in the slurry for hydrogen inhibition. Slurries without sodium silicate exhibit the

foaming problem which can be seen in Figure 4.8.
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Figure 4.8 Negative additive manufactured part (a) showing no hydrogen production
in the presence of 1 wt. % sodium silicate (b) Foaming due to the hydrogen production in

the absence of hydrogen inhibitor

Aluminum powder can react with deionized water to produce hydrogen gas [119].
Sodium silicate was used to inhibit hydrogen production. A protective layer of silicon
formed on the Al particles, which prevented them from reacting with deionized water to

produce hydrogen. This phenomenon was also studied by Xin Zhen et al. [120].

4.2.2 Rheology analysis

The rheology of the slurry plays an important role in finding its suitability in the Direct
Ink Writing (DIW) technique. The increase in viscosity and shear stress against shear rate
was measured. Figure 4.9 shows viscosity and shear stress as a function of shear rate for
four types of slurries (Al.O3-5vol.% Al, Al,03-10vol.% Al, Al,O3-15vol.% Al, Al>Os-
20vol.% Al).
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Figure 4.9 Rheology analysis of the slurries containing various amounts of Al (a)

Shear stress vs shear rate (b) Viscosity vs shear rate

The slurries demonstrated a non-Newtonian shear thinning behavior that can be

modeled using the Herschel-Bulkley model which can be represented mathematically as

T=1,+ky"

(4.1)

where T is the shear stress [Pa], T, is the yield shear stress [Pa], k is the consistency

factor [Pa.s"], y is the stress rate [s], and n is the flow index [dimensionless]. The

consistency factor and flow index of the slurries are tabulated in Table 4.2.

Table 4.2 Herschel-Bulkley parameters for the four different slurries

Slurry 7, [Pa] k [Pa.s"] n
5vol% Al 270 313 0.22
10 vol% Al 280 441 0.19
15 vol% Al 295 343 0.20
20 vol% Al 300 331 0.20
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It was found that the viscosity of the slurry slightly increases with the addition of Al
content keeping the solid loading constant. However, this can be concluded that the Al
content does not affect the viscosity of the slurry a great deal. On the other hand, the shear
stresses of the slurry increase as the Al content increases keeping the overall solid loading
constant. Such an increase in the shear stress can be ascribed to the Al particle-CMC
binder interfaces in the slurry. As the amount of Al increases, the number of AlI-CMC
interactions increases. Nevertheless, all the slurries exhibited yield shear stress greater
than zero and were shear thinning at stresses above the yield stress. The non-Newtonian
behavior of the solution of CMC which is mainly attributed to the disentanglement of
CMC chains is retained in the slurry [121].

The shear rate during DIW with a nozzle of circular exit cross-section is defined as

y= 2 (4.2)

mir3

where, y is the shear rate [s?], Q is the volumetric flow rate [mm?.s%], and r is the
radius of the nozzle [mm]. The shear rate during the DIW of the slurries was calculated
as 194 s which corresponds to a viscosity in the range of 5 — 7 Pa.s for all four types of
slurries. Such a low level of viscosity facilitates the flow through the fine nozzle without
clogging during the DIW process. Once the slurry is deposited, the viscosity of the
material increases by two orders of magnitude. However, the deposited slurry will not be
able to retain its shape since the yield shear stress of the slurries is too low. Therefore, the

PLA mold is necessary for additive manufacturing using these slurries.

4.2.3 Density and micro-hardness

The relative densities of the cermet AloOs3-Al parts attained by pressure-less sintering
are given in Figure 4.10. The true volume of the sintered part was measured using the
Archimedes immersion technique and the pore volume was measured by the water

retention technique.
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Figure 4.10 Densities of sintered (1400°C) parts having the various amount of Al

content

It is obvious that the aluminum content is directly related to the densities of the Al>Osz-
Al cermet parts. The highes density achieved was 97.03% corresponding to 20 vol.% Al.
This can be explained by the melting of the Al metal particles which enhanced the
wettability of Al2O3 ceramic particles thus accelerating the diffusion process.

Figure 4.11 shows the Vickers micro-hardness test results. Processing conditions,
porosity, and the degree of densification are the governing parameters that define the
micro-hardness of the ceramic part. It is obvious that the micro-hardness of the sintered
Al>,Oz3-Al cermet part decreases upon the addition of Al metal particles. It varies from
1650 HV for 5 vol.% aluminum to 1430 HV for the cermet material with 20 vol.% Al.
There are two reasons behind this phenomenon: 1) Low fraction of the hard ceramic phase
and mutual sliding of ceramic grains and 2) the plastic flow of the soft metal phase Al

under the Vickers indenter loading.
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Figure 4.11 Vickers micro-hardness for the sintered AI203-Al cermet parts with

various Al content

The parts of simple and complex geometries produced by the negative additive
manufacturing technique using multi-material extrusion demonstrate the efficacy of the
technique to produce parts from low-yield shear stress slurries. The multi-material
extrusion combined DIW to FFF and help the part retain its shape which otherwise is
achievable by the DIW method for low yield shear strength slurries. The developed
method can be used to additively manufacture using slurries of other ceramics and

ceramets.

Conclusion

A multi-material Direct Ink Writing (DIW) approach that involves the layer-by-layer
manufacturing of PLA mold and Al.Oz-Al cermet material simultaneously is presented.
A homogenous cermet mixture in the form of Al>Os-Al with various Al compositions (5
vol.%, 10 vol.%, 15 vol.%, and 20. vol%) was achieved by high-energy ball milling.
Slurries were prepared using these powders by mixing the CMC, and sodium silicate in
deionized water. The negative additive manufacturing approach has been successfully
used to print simple three-dimensional parts along with a piston for the hermetic

reciprocating compressor. It can be concluded that it is possible to formulate printable
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alumina-aluminum cermet slurries exhibiting shear thinning behavior with solid contents

as high as 50 vol.% that reached densities up to 97% after sintering.
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5.1 Overview

Chapter 5

CONCLUSION

A brief overview of the tasks which were performed during the present research work

and the main conclusions are given below.

An innovative approach to design, manufacture, and test a novel unibody axial
flow oil pump for a hermetic reciprocating compressor has been developed.
The 3D-printed unibody axial pump is capable to supply lubrication oil to all
bearings of the compressor at a wide range (1400 — 5000 rpm) of speed. Six
types of pumps were tested having helix angles of 15°, 25°, 35°,45°, 55°, and
65°. It was observed that the pump with a 45° helix angle has the maximum
oil mass flow rate comparatively. The results imply that the pump has the
potential to raise the lubrication oil to the outer helical channel of the
crankshaft at a low speed i.e., 1400 rpm. The effect of viscosity (4.6, 7.5, and
12.7 ¢St and it was found that viscosity and mass flow rate are inversely
proportional. Furthermore, the CFD simulation was also performed, and it was
found that the results are in good agreement with the experimental tests.

Numerical simulation could be used as a reliable tool for further studies of this
pump.

Laser surface texturing was successfully applied to the piston of a hermetic
reciprocating compressor by using Micro-Fab laser equipment. Four types of

textures were introduced and characterized in terms of coefficient of
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performance. Continuous radial, axial, and mesh grooves led to a lower COP.
It was realized that the continuous groove pattern suppressed the
hydrodynamic pressure. However, the micro-dimple pattern texture led to a
higher COP as compared to the baseline untextured piston. Furthermore, the
textured piston has a significant effect on the gas leakage from the piston
cylinder clearance. In addition, the cooling capacity of the compressor having
a micro-dimpled piston was found to be increased by 1 W as compared with

the non-textured piston hermetic compressor.

e This thesis also demonstrates the potential of negative additive manufacturing
using cermet materials (Al.Oz-Al). The MARC multi-material Mitsubishi
robotic additive manufacturing setup is capable of printing different types of
material in a single build. A multi-material additive manufacturing approach
is presented that involves the layer-by-layer manufacturing of PLA molds.
The cermet material paste is cast into the molds gradually as the PLA layers
are built. The PLA mold improves the shape retention of the cermet slurry.
The additively manufactured cermet green body is demolded by dissolving the
PLA mold in an organic solvent (DCM). A homogenous cermet mixture in the
form of Al2Os-Al with various Al compositions (5 vol%, 10 vol%, 15 vol%,
and 20. vol%) was achieved by high-energy ball milling. All the slurries were
made using these powders by mixing the CMC binder, and sodium silicate
(hydrogen inhibitor) in DI water. The negative additive manufacturing
approach has been successfully used to print various parts along with a piston
for the hermetic reciprocating compressor. It can be concluded that it is
possible to formulate printable alumina-aluminum cermet slurries exhibiting
shear thinning behavior with solid contents as high as 50 vol% that reached
densities up to 97% after sintering. The piston manufactured from the cermet
material was found to be 10 times lighter in weight as compared to the existing
piston of the hermetic reciprocating compressor.

5.2 Recommendations for future work

Although the unibody axial flow pump is able to solve the lubrication problem at a

low speed of 1400 rpm, further work still needs to be done to reduce the minimum
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working speed to 900 rpm as this is the lowest speed for an inverter-type hermetic
reciprocating compressor at which the mechanical losses are at a minimum. Furthermore,
this pump could be directly integrated with the crankshaft as a single body and its

efficiency could be studied.

Micro-texture on the piston shows good results in terms of the coefficient of
performance of the compressor. Such micro-texture could be studied further on the
crankshaft bearing too. Moreover, the texture produced by other ways such as micro-
milling, micromechanical texturing, shot blasting, diamond embossing, micro-casting,

reactive ion etching, and pulsed air arc treatment could also be explored in this field.

Designing a correct viscoplastic slurry that can flow easily under shear stress and
rapidly recover and retain its shape upon deposition is one of the problems associated
with Direct Ink Writing technique. Other than exhibiting the right and appropriate
rheology, high solid loading is also the most preferable parameter while designing the
paste. Increasing the solid loadings will not only reduce the shrinkage in the final part but
high density can also be achieved. Sometimes it is very hard to prepare slurry which has
the right rheology and therefore to print parts from a such paste that do not collapse and
hold their shape after deposition. In such cases, polymer curing can be done to fabricate
parts with minimum distortion. The designing slurry which can flow through extremely
fine nozzles (< 1 mm) to produce small parts with exceptionally fine details is another
challenge to tackle with. Using nano-sized powder particles with appropriate additives
might be one way to achieve this task. Air trapping is another challenge that needs to be
solved when manufacturing bulk materials that need the piling of many layers. One way
to solve this issue is to use the correct overlap degree between each layer and thus lower
the height between them to slightly deform the filament during the DIW process to fill
the empty spaces. In certain instances, cold/hot isostatic pressing, or lamination is applied
after printing to remove the trapped gases but, such post-processing treatments influence
the microstructure of the finished part. One of the critical and most important challenges
in Direct Ink Writing methodology is to manufacture large overhangs or spans with
perfect geometrical accuracy despite using slurry with optimized rheology. To address
this issue, researchers are using sacrificial supports to grow the range of geometries that
can be manufactured by the DIW. Printing of sizable parts with very delicate features

needs infinitesimal nozzles which means the printing time will be significantly large.
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Although DIW is an eco-friendly process that can be used to fabricate products on request
without mold or machining processes, post-printing processes such as sintering require a
lot of energy. It is essential to build a methodology by which post-printing procedures
can be minimized. Field-assisted sintering technique or cold sintering method can be

made more effective or they can be integrated into the printing process in a single step.
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