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Abstract

Thrust bearings are designed to support the axial loads generated by the rotating component
of turbomachinary like turbocharger and turboexpander. Aerodynamic gas thrust bearing
like tilting pad, tapered pad, grooved has been successfully designed and developed.
Previously it was difficult and costly to generate spiral grooves but now it easily be
developed with laser machining process. Current research target to design and develop an
alternatve aerodynamic grooved thrust bearing with spiral pattern to find pressure profile,
load carrying capacity and friction coefficient etc. In this analysis Reynolds Equation is
solved by using the Finite Difference Method (FDM) to get the pressure digtnaer

the surface of the spiral grooved bearing. After the pressure distribution is known, load
carrying capacity and friction coefficient is calculated and their variation with different
parameters are presented. The suitability of designed beawhgdkel for the designed
turbocharger Here the resultant axial thrust load is calculatedtiier designed micro
turbochargernd this axial thrust load is compared with the load carrying capacity of the
designed bearing. The author believe that the datallprocedural analysis will help the
researchers to design and develop more alternative gas bearing for micromachinary like

turbocharger and turboexpander etc.

Keywords:- Turbocharger, FDM, Thrust Bearing
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Nomenclature

1. Fic The pressure force acting on the inlet surface.

2. F,c The pressure force at the shrauunface.

3. Fc The impulsive force acting on the CW

4, Fic The presgre force at the back face of CW

5. Fir The pressure force acting on the inlet surface.

6. F+ Thepressure force at the shroud surface

7. Fr The impulsive force acting on the TW

8. F.r The pressure force at the back face of TW

9. D, Inflow diameter of the compressor (mm)

10. A, Inlet crosssectional area of the CW

11. P, Inlet pressure of the atmospheric air (Pa)

12. 2 Outlet pressure of the CW

13. b Blade height at inlet (mm)

14. b, Blade height at inlet (mm)

15. D, Outlet diameter of the compressor (mm)

16. z Number of blades

17. t The blade thicknegsnm)

18. P, Outletpressure of the diffus€Pa)

19. e The reaction degree of the compressor

20. T, Inlet temperature inlet temperaty€)

21. F e Inlet density(Kgm-3)

22. A c Projected area in the axial direction (here alordjrection) of the
shroud surface

23. N RPM of the CW

24. e Mas flow rate of air through CW

Vi




25. Cs Meridional component of the air velogiat compressor inlet
26. R, Characteristic gas constant foe @ikg ' K *)

27. Few Resultant force acting on the C{N)

28. Ps The pressure of air in the vane less spadhefurbing(Pa)
29. P, The pressure at the outlet of the turbjRa)

30. D, Inlet diameter of the turbine (mm)

31. D, Outlet diameter of the turbine (mm)

32. b, Blade height at inlet (mm)

33. b, Outlet blade height (mm)

34. Dy, Diameter of the turbine tigmm)

35. Diub Diameter of the turbine hulonm)

36. z Number of turbinélades

37. t Blade thickness of the turbirfenm)

38. T, Inlet temperature of the turbifK)

39. Fint Inlet density of the turbinéKgm-3)

40 A Back face surface aredthe TW

41. Frw Resultant force acting on the TW (N)

42. Fr Resultant axiathrust force acting on the Rotor (N)
43. r Inlet radius of the bearing

44, r, Outer radiuof the bearing

45, a Spiral Angle (degree)

46. TG Groove Angle (degree)

47. TL Land Angle (degree)

48. P Atmospheric pressure (Pa)

49. h Film thicknesgm)

50. m Kinematic viscosity of air (Ra)

51. w Angular Velocity (rad/s)

52. %)) Bearing number

Vil




Chapter 1 Introduction

Chapter-1

Introduction

1.1 Basicsof Spiral Grooved Bearing
Rotorbearing system is an essential part in most ofrtleeo turbo machines whose stability

of functioning increases the efficiency of the machine. The stabilitg mfurnal bearing
depends upon several factors among which eccentricity is the most vital one. The low eccentric
figure associated with poor stability of the journal bearings and its stability enhances with the
gradual rise in the value of eccentricity. the working of Turbo machinery in general, the
power loss, frequency and the vibration amplitudes are the major parameters of efficiency
which mostly depends upon the nature of bearings used in the machine along with some other

factors. Therefore, it igery much important to discuss the stability of journal bearings.

Plain journal bearings are inexpensive and easy in manufacturing but, it suffers with poor
stability due to its low eccentricity. In order to improve the stability the journal wdsauled

by designing a geometrical shape in it such as dams, pockets, steps etc. In the as such design
of plain journal bearings the lubricants present inside the geometrical shape creates some
additional loads before running of the rotor and hence these adtlibads are able to increase

the stability of the rotebearing systems.

Tilting pad journal bearing is also able to provide more stability to the-bat@rning systems

however; its design is much more complex in nature.

In this context the discussion @piral groove bearing or helical groove bearings are much

more important as they are now widely used in micro machines as thrust journal bearings.

Spiral grooved bearinig one among the many successful attempt whichmagly used as
thrust bearing in mro machinesn which gas, gease or oilare usedas lubricants Spiral
groove bearing are designed by cuttirepme shallow groovedther on the surface of the
journal or on the bearing surfac&@here is somdeaningof the groves withrespect tathe
rotatioral direction ofthe rotor or journalThis angle of inclination is known as groove angle.
This designed grooves enalaletomatic pumping of lubricants into the spiral groodes to
which additional pressure is generategide the bearing. Thigeneatedpressure reloads the

bearingwhichincreases theotor stability. The spiral groovebearingperformancedepends on
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groove depth, groove dih, groove angle, angroovesnumber orbearing surface. There are
severaltypes of spiral groovéhrustbearings However, we will explain onlyhree important

ones such as:

I.  Symmetrical spiral groove bearing.
II.  Asymmetrical spiral groove bearing and
lll.  Partially grooved bearing.

Symmetrical spiral groovéhrustbearing are those in whidl the designedgroovesare of
equal length about the mid axial plane of the bearinguél angle isn oppositeto therotor
rotationaldirections Here due to rotation of the rotahe lubricant is pumped towards the
centre of the bearing and there is no lubricaaitflow oftakes plac®ut of the bearing except

some leakag#ow.

In the asymmetricapiral grooved thrudiearing, the groovdengthon one side of the bearing

are marginally longer than those on thather side and therefore, a resultant axial floiw
lubricant takes place inside it. Inetipartially grooved bearing, grooving is done onlyhaif

of the bearing surface and tresnaininghalf is left plain.

Similar to Asymmetrical bearingesultant axial flow of lubricant also takes plac@antialy
groovedthrustbearings. A large part of thermal energy generated during friction is dissipated
by the outward flow of lubricants and leenthe ability of pumping keepsuch importance in

these bearings.

1.2 Objective of the Present Work

The mainobjective of the present work was to design a spiral grooved thrust bearing which
can be used to support the rotor of a designed &xpander.

In order to fulfil the desired objectiyenet generated thrust load for the designed turbo
expander was caltated. Depending on th@bove calculated data a spiral grooved thrust
bearing was designed. All thealculations and results giresent work ar@xplainin the
differentchaptersas below

Chapter2 is dedicated to the Literature review. In chafghe resultant thrust load generated

in the deggned turboexpanderis calculated.Chaptef4 explains about the mathematical
formulation of the governing equation and it also explains about the FDM followed in order to
solve the Reynolds equatiorhe spiral grooved thrust bearing characteristics algsed and
presented in chapt&: Lastly, conclusion anduturework recommendatiomarementionedn

chapter6 and the chapter is dedicated to references.
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Chapter 2: Literature Review

In general we use the Reynolds equation to derive the pressuiteutistr of lubricated film

in all type ofbearing. In the case of spiral groove bearing the profile of pressure along the
circumferential direction is of saw tooth shape.

It was Wipple[1] who successfully described the working of a spiral groove bedyng
applying basic hydrodynamics theory. He however, considered the assumptions similar to that
of analysing the smooth bearings like plain journal bearings.

Again it was Muijdermari2] who also successfully tried to solve the problems related to the
lubricated spiral groove bearing. He assumed different initial parameters to analyse the
b e a r loadgabrging capacitgs well agpower losses due to frictionde had also reported

the effect ofgroove parameters on the \Worg performancef the bearing

However, it was Vohr and Cho}8] and separately by Hifg] who successfully forwarded a
theoretical model to apply the Reynolds equation to spiral groove bearing for the first time and
derived the required solutions for such beariddeey proposed thactual pressure profile is

not needed always find the load carrying capacity and stability of the spiral grooved bearing
instead, it isufficient toidentify the mean pressure across the width of a groovéaadgair.
According to them this proposguessure profile is known as a smoothed pressure profile, is
applicableonly when there is infinite number of grooves either on the surface of the bearing or
on the surface of the journal. But in real life it is not possible to generate infinite number of
grooves eitheon the surface of a journat on the surface of a bearinfhough the proposed
theoretical analysiss quite accurate wheit is applied to bearinghavingfinite number of
grooves.

It was Hirsand Bootsm45] who verified this proposettheory experimentally and opened the
door for further study in this direction.

In another approach fihite difference methodSmally[6] solved the differential equation for

the smoothed pressure profile. Thagsumed that the lubricawmiscosity remainsconstant
across the film. Basing upon this assumption they found results which were very close to the
experimental onéOn the other hand, Reinhoyd{ used the method of finite element analysis

to solve the problems relatedttee helcal grooved beargs. In an extensive approach it was
Yavelo [8] who tried to increase the load carrying capacity of a spiral groove bearing by
optimizing several affectingarametersf the grooves.

It wasCunning and Fleminf] who carried out aexperimental stabilitgnalysis of the gas

lubricated herringbone bearinghey were successfully attained a speed of 60000rpm without

3
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the application of any radial load with perfect stability. In addition they also found that the
stability can be improved by reducing the beguitearance.

Malanoski[10] also reported of attaining a speed of 60000 wathout instability in an ultra
stablegas bearing of 40mm diameter and led@ccentricity of 0.3

Again, MolyneauX11] also reported atainless steel rotor running at a spee850000 rpm

used in a 9mm spiral groove journal bearing which is suitably applied in industries. It is also
reported that for the working of an expansion turbiekcH groove journal bearing is used to
support a rotar

It is observed that in an airducated spiral groove bearindgetload carrying capacigye too

small for most engineering applicatiod$erefore, it is very much importatd increase the

load carrying capacity of the bearif@y which a high viscous substance should substitute air
as a lubricant in the bearingsreaseas a lubricant can be a suitable alternative fovbhare a
selfsealing action for the bearing is requirBéwar[12] and Muijdemanj13] haveexplained
theaetically as well as experimentalliye application of Grease as lulannt in spiral grooved
bearing.

Apart from thisFredrick[14] conductedsomeexperimentgaking sodium as lubricant. They
have chosen four different journals bearing varying in grawateire and conducted their
experiment within a temperature range of 500 °F to 800 °F, maintained the diameter of the
bearings as 40mm and speed to 12000ifnom the above experimenthey concluded that

the tilting pad bearing is thenost stablefollowed by the plain journal bearing with a
herringbone grooved journdlowever, the stability of thaxid groove bearing is the leash

a separate experiment carried by them taking water as lubricant they observed that the stability

of the rotor was nadffected by the number of grooves present in the journal.

A theoretical investigation on turbulent flow journal bearing was carried ddbbyand Chow

[15]. They have chosen spiral grooveddferent configurationso know the effect of nature

of mourting of grooving For an incompressible lubricant they observed that the mounting of
grooving whether on the surface of journal or on the surface of bearing has no significant effect
on the performance of the rotor bearing system.

First time it was BootsmfL6] who investigated the effect of lubricant on the performance of
the bearing whose viscosity varies with different parameiérs.application of spiral groove
bearing as a supportive part to the milling machine was studi&Gwsglov[17]. Nobuyoshi

and Yashumi[18] have studied the performance of a spiral groove bearing using reversible

herringbone journal bearing. Their theoretical investigation found that the load bearing

4
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capacity of reversible herring bone journal bearing is comparatively smhbber the
conventional type.

There are twalifferent methods to generate grooves either on the bearing surface or on the
surface of a journal. The first one is the chemical etching procash whexplained by Hirs

[19]. The second one is the generatiog@ovesover the surface by milling

Yuan Huang and BGong Chen [20] are followed the perturbation method to investigate the
effect of partial grooving on the performance of the spiral grooved spherical and conical
bearing.They concluded that the load carrying capacity and stiffness of the bearing was not
significantly affected by the partial grooving as long as pagtiabving ratio (PGR) is below

0.2.

Liu Ren and Wang XiaoliZ1] had studied about the effectstfuctural parameters like groove
depth ratio, spiral angle, groove angle, land angle etc., on the behaviours of micro spiral
grooved thrust bearing. They explored the optimum structural parameters of the spiral grooved
bearing and presented the resulieirms of maximum noedimensional load carrying capacity.

Ren Liuet al., P2] had investigated the dynamic characteristics of the spiral grooved thrust
bearing having slifflow. They also investigated the effects of gas rarefaction on the dynami
characteistics of the spiragrooved thrust bearing.

Huang, J. B et al[23] proposeda design for the fabrication of a micro hydrodynamic thrust
bearing.They also discussed about the different issues related to scaling of the design.
Wong, C. W et al., P4] explain the design, fabrication and testing of a-aeting grooved
thrust bearing which was integrated in a hagieed micro turbine.

Grigor 6ev, B. S [25] wege faBawedramomerical BethodBand solve the
Reynolds equation by finite elemteanalysis to know the characteristics of thelgasicated

thrust bearing. All the design parameters were optimised on the basis of load carrying capacity
w.r.t. the number of grooves and the compressibility number.

Wang, B., et al., [26] wereumericdly obtained the turbulent field of a spirgtooved dry

gas seal to know the effect of turbulence on the seal performance. They sued the Direct
Numerical Simulation and Reynoldseraged NavierStokes (RANS) method to know the
velocity field propertiesn the lubricant film. They calculated the forces acting on the sealed
by integrating the pressure distribution.

Gi mek, J. 8[27]Lwiene designeds ingnufabtured and tested an aerodynamic
bearing suppothaving operating speed up to 65000 rpmifferent characteristics variation

like stiffness, damping with speed were presented.
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Villavicencio, R. et al., [28] were experimentally tested a micro thrust bearing used in a high
speed compressor to generate electricity in a vebgiteg fuel cell sym. They were tested

the designed bearing with a test bench at 100000 rpm in stable rotational speed. They were
done the comparison between the spiral grooved and taper land thrust bearing and find that
they have good correlation between them.

Muhammad zbair Khan[29] had done the experimental as well as theoretical analysis of
different types of spiral grooved journal bearings. He had calculated the load carrying capacity,
stiffnessand dampin@nd stability characteristics of different types of smgralbved bearings.

From boththeoretical and experimentaésultsshows that at low load carrying capacity the
spiral grooved bearings are more stable especially when the eccentricity ratio is low. On the
other hand he also found that partial groovedasgrooved journal bearing is suitable in
practical life due to its misalignment behaviour above certain load.
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Chapter-3
Thrust Load Calculation

3.1 Thrust-Load Calculation of the Rotor

To design the thrust bearing used for the high speed turbomachinery, the thrust load calculation
must beesolute Thrust load is generated by differ@néssure acting upon the compressor and
turbine wheels as well as the impulsive force generated due to the flow in axial direction. Since
the turbomachinery operates at various speeds therefore the thrust load depends on the speed

of the rotor

There aregenerallytwo ways to calculate the thrust load on the rotor: either using the CFD
(computational fluid dynamics) or DbYFDsi mpl y
method gives the precise result bumeedshuge computationaéxertion at all stage of
turbomachinery, whil e using the nébdedsbroen 6 s s €
thermodynamics and turbomachinery knowledgeughi t 6 s anal yti cal resul
compared to th@umerical resulbbtained byCFD. The resuldifferencebetweenboth the

methods is generally lower than the safety tolerance of the thrust load taken in the bearing
design. Therefore the Newtonbs second | aw i s

calculation on the rotor.

P
I@ diffuzer VTG l"-fﬁfl

ON|d (=)

Fop—= LF — B

P b /= Fr==’ .
'._ E‘:mf'_l.'."::::l-_"_ wa % -
0 R e P A g T AT A
1 'HP1Lf=t W e ][Ii.?.y B
Foe=p "™ hr
- > X
. Fro >0 s
_Fn. F!'l-'

Figure 3.0:1: Forces acting on Turbaharger [30]
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As the rotor is symmetric, the resultdatce on the rotor acts along the axial direction (i.e.,

along x-direction), here it is representedfasx( Fig.3.1).

The F axis the resultant thrust loaatting on the rotgris the resultant of all forces acting on
the mmpressor as well darbine wheel aindicated in the Fig.1. Different forces acting

the compressor wheel (OWvhich isin the left side of the diagrar cis the pressure force
acting on the inlet surfacej Eis the pressure force at the shroud surfagejgthe impulsive
force acting on the CW and Eis the pressure force at the back face of CW. Similarly, different
forces acting on the turbingheel (TW, in left portion of the Fig.1) can be represented as
Fi1, o1, BBrand R .

Fromreference [3Pfor D,=15mm andp, =1.01x1G Pa pressure forcé, . can be calculated
by using the equation

2

D
Fe=Ap 4”41 p, E.848N e 3.1)

Where D, is the diameter of compressor at inlet
p, is the atmospheric ainlet pressure

From the reference [30for given value of blade height at inldf =3mmand at outlet

b, =0.657mmone can calculate the mean blade height as
m:% 4.82885mm

Therefore the projected aretthe shoud surfacén the axial direction (here alongdrection)

A for given value of the outlet diameter of the compreBsar 33.7/mm, number of blades

z=12, and thickness of the blade= 0.75mm from the reference [30can be calculated as

p(D;- D})
4

A= -z B 136.9878 10 = e S (3.2)

The inlet and outlet pressure, temperature fand mass flow rate of the compressor cab be
computed by using the turbomachinary processing. However, the value of the prgssure

between the CW outlet and the diffuser are unknown. It is very difficult to calculate the above

said presures by means of measurement due to very narrow geometries of the gap between the
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wheel and their dusings. Therefore, it igstimatedin termsof reaction degrees of the

compressor.

The reaction degreg. of the compressor is deéd as the ratio of the enthalpy increase in the

CW to the enthalpy increase in the compressor stage. The value of the reaction degree of the

compressor is normally between 55 to 60% for all operating conditions and it can be expressed

as

ky-1
P 8
e 0
r :Dhc = ¢h -
C u,]s ky-1
t . ap, 8
1-&= o
¢h =+

Where

k, Is the isentropic exponent of the air for compressor (heres from reference [3));
p, Is theatmospheric aiinlet pressurea the CW
p, Is the outlet pressure of the diffuser (hgug=4.45 310 Pa from referencé30]);

The value ofr; from reference [34] is taken gs=0.55. By solving the above equation the

p, is given by

o5

o
iR
N

2:9344 1BPa  mmemmeemmemmmmmeemmemmeeeees (3.3)

B
2
I O 91‘
h_\

O
O
40228

e
1 =n g
g

The mean pressure of the compressor wheel on the basis of inlet prpssuré the outlet

pressurep, =2.9344 310Pa can be calculated as

pm:w 84.9722 16Pa
(; -

By using the above calculated value of the mean pressure, we can caigulasefollows
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ap +p, O
Fc = AP, =Asoge% 5 F87.816N S - (3.4)
Where

A .is the projected arezf the shroud surfade the axial direction (here alongdirection);

p, is the CWinlet pressure

p; is the CWoutlet pressure

For the inlet pressung, , inlet temperaturd, =300K and inlet densityr,, . =1.176&gmi° the

mass flow ratemc can be calculated as

. 23 3 A
Me=r, . %%JE—BN 8 6:016%gs*

Where

N is the RPMof the CW.

For the given value of the RPM of CW, shly=100000rpm.

The impulsive forceF, . can be calculated by using the momentum theorem and the perfect

gas equation as follows

o ~ 2
. Cag 0 .
Fo=me G, sm&® 6 RT 405y (3.5)
89’1A1 0 pA
Where

me is the mas flow rate of air through CW;

C,., is the meridional component of the air velocity at compressor inlet;

R, is theair characteristic gas constant
T, is inlet temperaturef air;
p, is the CWinlet pressure

10
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And A, is crosssectional area of the C\tthe inlet

According to the CFD result if the gap between bearing bushing and the back face of CW is

more than 1mm then the pressure at the back face of CW is nearly remain unchanged. Hence,

the pressure forc€, . corresponding to the pressupe can be calculated as
Fic = Ay cp, 90.088N

Where

A, cistheCW back face surface area

p, is the CWoutlet pressure

The resulting force acting on the CW can be calculated as

Fow=Fic F,c Fye Fic 668608 e (3.6)

The inlet and outlet pressure, temperature and mass flow rate of the turbineceddulaeed

by using the turbomachinary processiiihough the value of the pressung, between the

nozzle outlet and the vane less space of the turbine are unknown. It is very difficult to calculate
the above said pressures by means of measurement due to very narrow geometries of the gap
between the wheel and their housingsnce it is estimatedn termsof reaction degrees of the

turbine.

The reaction degreg of the turbine is defined as the ratio of the enthalpy decrease in the TW

to the enthalpy decreasetime expansion stage. Where the reaction degree of the turbine is

varied from 20% to 90% depending on the position of the west gate and it can be expressed as

=
[ay

. 8p, &
s 0
_Dhr _ Qp3 -
rT—Dhs W1
' ap, &
1-2&" 6
ch =

Where

k, =iS the isentropic exponent ekhaust gas (from reference [30 =132)
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Chapter 3 Thrust Load Calculation

P, is the pressure of air in the vane less space of the turbine
Here, the value of, from reference [35] igp, =4.319 310Pa
p, is the pressure at the outlet of the turbine (from referencel35]1.02 310 Pa)

The above expression can be solved to calculate prepsSuvhich is the inlet pressure of TW

as
kg
& Y 16 Gl
z o kg 9 as N\
D= pdl o éEL R S ot - — 3.7)
¢ asbs = U
e C U

Now, the pressure force acting on theet surface of the turbin€,; can be calculated for the

given value of inlet diameter of the turbine from refeme [30QD,=29.6nm as

2
Fir = AP, 4”53 B, $8LE30N e - (3.8)

From the reference [3@or the given value of blade height at inlgt=0.709mmand at outlet

b, =4.45mmof the TW one can calculate the mean blade height as

bm’T:¥ 2 5795nm 25795 O n

Therefore the projected area in the axial direction (here alalirg&tion) of the shroud surface

A, ;for given value of the tip anbub diameter of the turbiri;,, =17.8nm =17.8 1C m,
D.,,=8.9mm =8.9 30’ number of bladez=10 , and thickness of the blade

t=0.6mm =0.6 10’ m from the reference [3Dcan be calculated as

_ p(Dtlzp - thub)

A= 2 -z B . t35.3268 10%3nf

The mean pressure of the turbine wheel on the basis of inlet prggsame the outlet pressure
p, can be calculated as

pm’ngep?‘;—n‘ §4.9197 16Pa
g -
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Chapter 3 Thrust Load Calculation

By using the mean pressygg,, of the inlet and outlet pressure of the TW, the pressure force

F,; can be calculated as

RS
For = AsPrr =As gae—pa . Py 6 102.2606N e - (3.9)
Where

A ;is the projected area the axial direction (here alongdirection) of the shroud surface

p, is the inlet pressure of theAT
p, is the outlet pressure of th&\Vl

For the reference [30inlet pressuren,, inlet temperaturel, =104.5K and inlet density

rins =7.17%gm? the mass flow ratemr can be calculated as

me=r, aaae—p Do N 8@765kgm3

Where
N is the RPM of the TW.
For the given value of the RPM of TW, s&ly=100000rpm.

The impulsive forceF, . can be calculated by using the momentum theorem and the perfect

gas equation as follows

o

a
F,y =mr G,, =m &

¢

myr mT&-E 7= 275 | —— (3.10)
|nTA3 0 p3A3

Where

mr is the mas flow rate of air through\:

C..; is the meridional component of the air velocity at turbine inlet;

is theair characteristic gas constaite., R, =287.058kg* K?);
R, g R g
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Chapter 3 Thrust Load Calculation

T, is theTW inlet air temperature;
p, is pressure of the T\&tinlet;

And A, is the TWcrosssectional area at inlet

According to the CFD result if the gap between bephbuashing and the back face diVTis

more than 1mm then the pressure at the back fatg/as nearly remain unchanged. Hence,

the pressure forc€, ; corresponding to the pressupg can be calculated as

Fr=A P AR BL6E30N e --(3.11)

Where

Ay 1 is the back face surface areahd TW;

P, is the inlet pressure of the TW.

The resulting force acting on the TW can be calculated as

Fw= f: ko F5y B4 1990634N e -(3.12)

Hence the resultant force actingttve rotor is

F o =Foy Fry 321730 e (3.13)

ax

Herel ve sign shows that the direction of the resultant thrust load is from turbine to compressor

side.
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Chapter 3 Thrust Load Calculation

3.2Variation of Axial Load w.r.t RPM of Rotor

By using the above mathematical calculation the variation of As#&d with RPM is shown

in Fig.3.2.

Sped Vs Axial-Load
0 T T T T T T T T

-100

-150

-200

-250

Axial-Load (N)

-300

-350

-400

0.2 04 0.6 0.8 1 1.2 14 1.6 1.8 2
Sped of rotor (RPM) % 10°

1

450 - - :
0

Figure 3.0:2: Axial-load Vs RPM

From the above graph it is clear that kb&d carrying capacity of the designed turbocharger
at the 1e5 rpm is 145.75 N. As our aim is to design the bearing which can sustain the thrust
load generated by the rotor at an rpm of 1e5. Therefore, now our aim is to designed a bearing

which can sustaiat least 145.75 N or more than that.
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Chapter 4 Mathematical Formulation

Chapter-4

Mathematical Formulation

4.1 Assumptions oReynoldsEquation
Generalised fluidequation for simple gas thrusedring is the simplified general fluid

mechanics equations. Here we will use the Continuity equation, Natokes equation
and energy equations in order to derive the generalised fluid equati®imple gas thrust
bearing. Differential equation for the aerodynamic bearing was derive@shprne
Reynold The mechanism of lubrication through the generation of a viscous liquid film
between the moving surfacissexplained by ReynoldEor the occuence ofaerodynamic
lubricationconditionsare required
a. The relative motion is requirdzktween the two surfaces so that the lubricating
film can carry the load.
b. There should be some inclination between the surfaces.
Assumptions of the Reynol@sjuation:
1. Newt on6s | aisfollowed by the lgbdcant t y
2. Theair film inertia forces are negligible.
3. The lubricantviscosityis constant.
4. The film curvatureeffect is neglectedith respect to film thicknes3he film
is assumed too thisothat the pressure &ssumed to beonstant across the
film thickness.
5. Continuous supply of lubricanakes place
6. There is nanyboundaryslip.
7. The shaft and bearing aassumed to begid.

4.2 Governing Equation
By considering gas flow asothermal, isoviscous, laminar and ideal, the lubricating

behaviour of the gas can be assumed to be governed by the Reynolds eghation. T
Reynolds equation in Cartesian fofan the compressible fluidan be written as

waph’ p 0 wgl pplo, (e (4.1)
wiom p £ ywi®myp ¥ x
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Chapter 4 Mathematical Formulation

The above Cartesian form of Reynolds equation can be written in Polar coordinates (in

d-R plane) as:
l1pad s B8 K& PH_D
——ph’— $— pr—  SHTw— dﬁ ------------------ (4.2
oY il el S L
Introducing thenondimensional variables.
H=".Rr=".p=P
h r.i pat

The above equation we can get the-donensional form of the Reynolds equation

becomes
1pds s BP9 Hods, PH_O
——PH = 5 —"PHER— -%}— {4.3)
Ru qu Ruéa Ru = é#ﬁ )
Where
Q_Bmw_r%2
P N

As we knowPE = EE Eq. 3.3 modifies as
Mg 2 g

1 pa , B 01 pa, Pu 0 iy

Lub 9L who Pu Gy

2R M -2 Rpg Rp = ﬁ;li)
1pad s BP0 pd, Pu 0 o
r §— HaR—" =25 B— 4.4)
Ru g Rug Rpz cgu) '

Equation (2.14) can be expressed as

A+B+C=0 e (4.5)
Where
2
A=i B sgRo (4.6)
Ruq aqu
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B= Rap%%_lsiﬁi S """""""""""" (4.7)
a ¢
c=2 gtlF u(qR ------------------ (48)

4.3Numerical Method

There are severahethods in engineering and computational fluid dynamics to solve the
Partial Differential Equations likReynolds equation. Some of them are Finite Element
Method, Finite Volume Method, and Finite Difference Method etc. Among all these
mentioned methods the Finite Difference Method is/y@pular for simple problems
due to its easy implementation and underding. Thereforehere we are following the
FDM to solve theabove differential fornof the Reynolds equation thscretisat into a

linear equationFinite difference Method is of three types:

a. Forward Finite Difference Method
b. Backward Finite Difference Method and

c. Central Finite Difference Method
Here we are following the Central FDMe detail ofwhich can be explained as follows.

The Taylor series can be utilised as follows

o 8) #() (8 2y . @9
o0 8) o) (A Zy8 . @10

By subtracting Eq. 4.9 from Eq. 4.8 we get

p(x+ B) p(x D2 %

yw_p>x+ B Ax (@.11)
X 2 R
In the same way one can write the above equation fpr as follows
2 2 2
WS _ Pay Py (4.12)
Hg 2 Dg
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“4.13

2 2
I:i)+1,j 2 Ii:)j PZJJ

(.19

By using the above kind of approximation we can write

K u R aH|j+05Fl)f'E. (Hi 8.5 +I—|13 0.5) PJZ Hi'|j3, ogj)z, 1.
TR (Dg)’

AH o P - (HP0g 0 )PP W2 0eP?

Hi . +Hi .
Hi|j—0.5:JT“

Where

2
Al B sF
Ruaq au

A 0sR] 4 (H] 0s Hi 0BT WY 0B o
& (Dg)’

1
-2 (.15

g
N
I-O: On
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_R HIEiOS] (H 0.5, +H Okﬁ)PJZ I.ll-l 0}-5|P2]l “1
=Ra& (DR)2 {4.16
¢
C= 2 EIJ(_R
Hg
2 Rédi,jﬂHi i aD'qu 1Hj, 1- {4.17)
¢

Equation (3.4) can be discretized by applying the Cekirate DifferenceMethod (FDM)

and after discretisation and some rearrangemercphation (3.4fan be expressed as

é ~ o 0 6
P B +%e?i; -l % O%Fﬁg o %e ----------- (4.18)

If we putp = P?, the above equation can be expressed as

Es

k B+ g
Where
k: H|3]+05+H|3,| -0.5 ggR(HFOS] 340.51')
= 2
£ Rogy %% (W
K=" L e

(DR) i+0.5,] -'mHij

— R 3 l 3
k2= (oRT Hosi Srom) (o7 HZ
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a2oR B
k6=g—— B
¢ Dg %"J_l

Now we will go for the MATLAB programming tgenerate the pressure profile. Flow

chart for the MATLAB coding is shown in figure below

4.4 Flow Chart

All the steps followed in order to find the static parameters like pressure profile and load
carrying capacity for the air thrust bearing using MATLA®Ie can be shown through a

floe chart as follows .

Input the variables, like inner and out
radius, groove depth ratio, rotor ar
bearing surface gap, spiral angle, land

Y

Generate the Ekh grid and find the Filrhickness.

<
<«

v

Solve the Reynolds Equation to find the pressure profile & o .
find the error. B, ))=F,.())

4&

Check for the No

Convergence

Calculate pressure and load carryir
capacity

Stop
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Chapter-5

Results and Discussion

Current work is an effort to understand different parameters and its effects on the
performance ofjas lubricated &aringby analysing it theoretically and graphically.
This paperexplains the static parameters like pressure distribution and load carrying
capacity of gas lubricatedpiral grooved thrusbearing. An attempt is done for
optimization of the bearing perfmance All these calculations are dométh respect

to different input parameters like inner and outer radius, no of groovesgrpave
angleland angle, spiral angle, inner to outer radius raji@ove depthatio, clearance
between the rotor and the bearing surtsicedHere we have desigdtwo types of spiral

bearing

a. Siple Spiral grooved bearing
b. Spiral & Deverging grooved bearing

5.1 Siple Spiral grooved bearing

5.1.1Design of Spiral grooves
Logarithmicspiral grooves were designed over the bearing surface and shown in Fig.

180

270

Spiral Groove Design

Figure 5:0:1 Spiral Groove Design
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Figure 5.1:

5.1.2Film Thickness
MATLAB coding is done to calculate the film thickness for dipéimized no of grooves

as shown below.

Film Thickness Profile of Thrust Bearing at 25,000 RPM

/

brssssel

{

18

1dind

Dimension Less Film Thickness{h/hl)
N
/

Dimensionless distence along Y-Axis

Dimensionless distence along X-Axis

Figure 5:0:2 Film Thickness

5.1.3Pressure Profile
Because of the shearing action between fluid and bearing surface pressure generates.

At the same time due to tkariation of the film thickness between the groove and pad
pressure variation takes place. This presgar@tioncan baliscretised the differential
form of theReynoldsequation ly Finite Difference Mithod Now the linear form of
the equation is codedith MATLAB and the generate@ressureprofile is shown
below.
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5.1.

Non-dimensional pressure profile

1.7~
o 16~
% 15~
g 1.4~
§ G
£ 12
£
2

i

1
Non-dimensional y-distance Non-dimensional x-distance
Figure 5:0:3 Pressure profile of spiral groove

4Speed Vs Nordimensional Load Carrying capacity

The Nonrdimensional load carryingapacity at different speeds ware drawn and the

variation is shown in Fig.5.4

Speed Vs Non-dimensional Load Carrying Capacity
1 T 1 T

w
N

b
T

w
T

29

281

27+

Different parameters: -
ro=30e-3; Lamda=0.5; Spiral Angle=20; n=4 ;
251 TG=30

Non-dimensional loadcarrying capacity(W=Pact*(r*deltath)*deltarb)

| | | | | |
8 10 12 14 16
Speed in rpm <10

)
B~
=

Figure 5:0:4 Speed Vs Nordimensional Load
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The above grapbhows thafor given value of design input paramete#ith increase of

speed th@on-dimensionaload carrying capacity of thdesignedearing increases

5.1.50ptimization of the Design
5.1.5.1 Graph between No. of grooves Vs Natimensional Load- In order to optimize

the design we have finded out the raenof grooves which can take the maximum load
for the given design parameters. For this purpose we have drawn the graph between number

of grooves Vs load carrying capacity and we find the variation as showg.h3-i

No of Grooves Vs Non-dimensional Load Carrying Capacity
| 1 | | 1

>
o

r>
o
o

25

245 .

e /e\
—" 2 ©

o

o
=
T

—&—2.5e4 rpm -
—&—5.0ed rpm
—4—17.5ed rpm
—%—10ed rpm

Result: -
We should take number of grooves (n) equal to 4

Non-dimensional loadcarrying capacity(W=Pact*(r*deltath)*deltarb)

| | | | |
3 4 5 6 7 8 9 10 11 12

No of Grooves

>
[
=3

>

Figure 5:0:5 No. of Grooves Vs Nordimensional Load

The above graph shows that if we take four number of grooves then we can get the
maximum load carrying capacity. Therefore we desided to take four number of grooves for
our design.

5.15.2 Graph between L vs Nirdimensional Load - A graph between L, the inner and
outer diameter ratio, and Nahimensional load carrying capacity, at different speed, is

draown which shows the variation between them as shown i5.Big.

25



Chapter 5 Result and Discussion

L Vs Non-dimensional Load Carrying Capacity
T T T T

w
o

—6— 25¢3 rpm
=8 50e3 rpm
== T5e3rpm’ [:7777070 =
10083 rpm

(3%

)
o

Non-dimensional loadcarrying capacity(W=Pact*(r*deltath)*deltarb)

=
oo

1 0.2 03 04 05 06 0.7 08 09
L(=rilro)

Figure 5:0:6 L Vs Non-dimensional Load

The above figure shows that at all rpm the -donensional load is maximum when we
take L as 0.1, but at this ratio the outer radius will become ten times more than the inner
radius which brings the stability problem of the rotor. Therefore we have selected L as 0.5

for our design.
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5.2 Spiral & Deverging grooved bearing

5.2.1 Design of spiral and diverging curve

The Spiral and diverging grooves were designed thighhelp of MATLAB coding
and the desiged bearing is shown in Fig.5.7.

180

Spiral & Diverging groove Design

Figure5:0:7 Spiral and Diverging Grooves Design

5.2.2Film Thickness
For the above designed curves and the optimum designedoamaumeters the film

thickness coding is done and the result is shown i Big
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Figure 5:0:8 Combine film thickness

In the above figure we have taken rimensional value of distances alongaxd

Y -axes and along-aAxis direction we got the nesimensional pressure.

5.2.3Pressure Profile
The pressure profile for the designiedaring is obtained in Fig.5.$Here we have

converted the pressure into a rimensional quantity during mathematioabdelling

so that we can handle it without any dimensional handling problem.
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