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ANALYSIS OF LUBRICATION GROOVE GEOMETRY

Noel John Noronha

Dr. Noah D. Manring, Thesis Supervisor

ABSTRACT

Lubrication is process of using lubricants in moving machine components to
reduce friction and wear between them and consequently to improve their running life. In
this thesis, an analysis into the introduction of a groove in these components has been
done and the various groove parameters that could influence better lubrication has been
analyzed. The lubricating system considered in this thesis is a moving flat plate with a
rectangular groove in it while its external housing is stationary. Equations that govern the
flow rate, force and torque for this groove have been derived and the lubrication analysis
has been done on these governing equations. Sensitivity analysis of flow, force and
torque has been done taking into consideration two cases of the groove i.e. a short groove
with deep depth and a long groove with shallow depth. Results are drawn from the values
and plots obtained for the above cases. Based on the results obtained it is possible to
determine the importance of each groove parameter in effective lubrication and to

eliminate those which do not have any influence.
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CHAPTER 1. INTRODUCTION

1.1 Introduction
Modern machinery has many moving parts that are in relative motion to each
other. In these parts when one surface moves over the other, there is bound to be some
resistance offered to its movement and the force that opposes this movement is called
friction. Lubrication is simply the use of a material, which improves the smoothness of
this surface-to-surface movement and the material that aids in this functioning is called a
lubricant. Thus a lubricant is any substance that reduces friction and wear and provides
smooth running and a satisfactory life for machine elements. Fluid film lubrication occurs
when opposing bearing surfaces are completely separated by a lubricant film. The
pressure generated within the fluid carries the applied load and the frictional resistance to
motion arises entirely from the shearing of the viscous fluid. Friction F is proportional to
the load W exerted by one surface on the other and its relation is given by
F =constant x W (1.1)

The constant here is called the coefficient of friction () and is dependent on the

materials that are in sliding contact. Its value varies from 0.003 to 3.0 (Lansdown 2004).
The coefficient of friction between two bodies is in fact not quite constant and varies with
change in load and with sliding speed.

The way in which liquids lubricate can simply be explained by considering the
example of a plain journal bearing as shown in Figure 1-1. As the shaft rotates in the
bearing, lubricating oil is dragged into the loaded zone and the pressure and volume of

the oil in the loaded zone both increase. The pressure rise and thickness of the oil film
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Figure 1-1.  Plain journal bearing lubrication

will depend on the shaft speed and the lubricant viscosity. Lubrication that is achieved by
the movement of a liquid is called hydrodynamic lubrication. In the case of the plain
journal bearing, the rotation of the shaft causes lubricant to move into the loaded zone.
Since the shaft and bearing surfaces come closer together in the loaded zone, the entry
into this zone is tapered, like a curved wedge. A wedge is usually essential to produce
hydrodynamic lubrication. In some cases a wedge may be generated on a perfectly flat
slider because the center of the sliding face warms up in use and expands. When one
bearing surface is moving towards the other, the lubricant between the two surfaces is
squeezed and forced to move out of the space between them. The viscosity of the
lubricant then tends to prevent the lubricant from being squeezed out. The oil film
thickness depends on the speed of the bearing surfaces and on the oil viscosity
(Lansdown 2004).

Hydrodynamic lubricated bearings depend upon the development of a thick film
of lubricant between the journal and the sleeve so that the surface asperities do not make
a contact through the fluid film. Since there is no contact in ideal hydrodynamic

lubrication, the material properties of the journal and the sleeve become relatively



unimportant. The lubricant property of greatest importance in designing
hydrodynamically lubricated bearings is the viscosity 7, which is the measure of the
internal shear resistance of the fluid. Figure 1-2 shows a layer of fluid interposed between
a solid flat plate moving with steady velocity U and a fixed flat plate, where 4 is the

lubricant film thickness (Collins 2003).

It

| | %3

Figure 1-2.  Illustration of linear velocity gradient across film thickness between
parallel plates.

In this thesis an analysis will be conducted on the lubrication effects on a flat
plate having a groove and moving with velocity U with respect to a stationary plate. The
pressure variation along the length of the plate and also the influence of the flow rate,
total force and torque effects on the flat plate system will be determined. The goal of the
project is to analyze the parameters of dependence of the flat plate and its individual
effects on the lubrication phenomenon. Important conclusions will be drawn at the end
from the results obtained. The potential applications of this research is mainly in pumps
like axial piston pumps where the grooves are placed on the piston thus aiding in
lubrication by preventing the piston from coming in contact with the housing during
longitudinal motion. They are also used in valves like spool valves where the grooves are

etched in the housing and thus preventing the spool from causing friction due to contact.



1.2 Literature Review

Blatter et al., (1998) have made an attempt to improve localized liquid lubrication
of flat surface with laser written fine grooves on the sliding part with the idea that this
groove would serve as a reservoir to increase the quantity of the lubricant and also
keeping the lubricant in the desired place. The work was done for sliding contacts in
performance of micromechanical assemblies like watches. A special laser technique was
employed to produce microscopic patterns on a highly polished single crystal sapphire
flat that was completely covered in the lubricant Moebius 941. A polished steel ball was
pressed onto the rotating sapphire disks. The results showed much longer sliding life of
the flat that indicated the grooves storing the lubricant and replenishing the track with
fresh oil. It was concluded that wear can be reduced and sliding life significantly
extended by appropriate size and form of the micropattern with the possibility of having
virtually no wear and unlimited sliding with fine grooves.

The use of micro pattern/pores on parallel mating sliding surfaces to show that
surface texturing can efficiently improve hydrodynamic lubrication on reciprocating
automotive components has been shown by Ronen et al., (2001). Microstructure plays an
important role in friction control because of its effect on the build up of hydrodynamic
fluid film between the mating surfaces. Increasing the number of pores along the axial
length of the system reduces friction sharply. Experiments showed that there was friction
reduction in surface texturing as compared to non-textured surfaces, which was seen to be
higher than 28%.

Similar work on micro-patterned surfaces on the load carrying capacity using

Computational Fluid Dynamics (CFD) was carried out by Sahlin et al., (2005). The



hydrodynamic performance in terms of friction force and load carrying capacity and its
dependence on groove geometry and flow conditions was analyzed using CFD. For the
CFD model the Navier-Stokes equations were solved considering constant viscosity and
density, assuming steady state conditions in x and y directions. The results showed an
increase in the pressure build-up in the groove with the value of Reynolds number and
the normal force increases with increasing groove width. A certain maximum groove
depth exists where an increase does not lead to further increase in load carrying capacity.
The authors concluded that an introduction of a micro-groove on one of the parallel
surfaces affects the flow and pressure pattern, giving a net pressure build up and load
carrying capacity on the film. It was also seen that friction forces decreases with
increasing values of groove depth and width.

Ivantysynova and Huang (2002) have worked on the design of the lubricating
gaps of displacement machines where the gap height changes with operating parameters
(pressure, speed, viscosity etc) and the gap flow condition is mainly influenced by this
height. The axial and reaction force causes the piston in the system to be inclined which
creates a wedge and thus develops a pressure field inside the gap due to the
hydrodynamic effect. The gap geometry strongly influences the volumetric and friction
losses (influence of surface roughness is neglected here relative to gap height), thus
affecting the system efficiency. A new piston contour has been analyzed comparative to a
conventional cylindrical form. Simulations were carried on macro (gap shape variations)
and micro (quality/roughness of sliding surfaces) geometry to calculate the flow velocity
field, load bearing and hydrodynamic pressure field in the lubricating gaps. The results

show that this contour improves the pressure field as well as leads to gaps heights above a



critical value of 1xm allowing viscous friction. However further investigations analyzing

all aspects of this new contour is to be examined.

Research on the lubricant spreading characteristics based on its molecular weight
in groove shaped textures has been done by Zhang et al., (2003). The experiment
included investigating the effect of nano textures (perfectly rectangular) on lubricant
spreading in a commercially available CD-RW and results showed that lubricant
spreading regions become smaller as molecular weight increases which indicates that the
larger the molecular weight, slower the lubricant spread. Findings show that increasing
the groove depth, aids in lubricant spreading and weakens the molecular weight
dependence. The paper also mentions of the surface energy characteristics of a material,
where at high surface energy, intermolecular interaction becomes less significant and the
dependence of lubricant spreading on molecular weight weakens. Similar work on the
lubricant spreading characteristics in minute grooves using experiments and Monte Carlo
simulations has been done by Zhang et al., (2002), the results prove that lubricant
spreading becomes slower as molecular weight increases.

Determining the pressure distribution over a square edged rectangular groove was
worked on by Hargreaves and Elgezawy (1998), where pressures were calculated at every
mesh point using the Reynolds equation i.e. a finite difference mesh set up over the
complete bearing surface, including the groove. Experimental pressure profiles along and
across a transverse groove machined on an inclined flat slider pad and also a theoretical
model to predict these pressures were developed. The loss factor that accounts for
lubricant inertia as the lubricant enters the sudden expansion (bearing land to groove) and

the sudden contraction (groove to bearing land) was calculated for each mesh point



across the groove. This loss factor modified the pressure calculation from the Reynolds
equation. Results show good correlation between predicted and measured pressure
profiles for a variety of operating conditions like relative sliding velocity, angle of
inclination of the pad, groove width, groove depth etc.

Costa et al., (2000) have studied the influence of groove location and supply
pressure on the performance of a steadily loaded journal bearing with a single-axial
groove. A test apparatus was set up which consisted of the test bearing, the shaft driving
system and the loading device and various measurement devices for torque, oil,
temperature, pressure etc were connected to this test device. The angular location of the

groove was changed from ¢ =-30 degrees to ¢ =430 degrees in relation to the load
line. The test results showed that for ¢ =—-30 degrees, the hydrodynamic pressure was at

its maximum with also an increase in friction torque while there was a reduction observed

for both oil flow rate and shaft temperature. For ¢ =+30, a reduction in maximum

temperature and friction torque and a moderate increase in oil flow rate and maximum
hydrodynamic pressure was seen. For all values of applied load and all groove locations,
oil flow rate increased significantly with increasing supply pressure.

A numerical model to study the effects of groove geometry on the hydrodynamic
lubrication mechanism of thrust washers was developed by Yu et al., (2001). The model
investigated the effects of radial groove width, depth, shape, number of grooves and
operating conditions on pressure distribution, lubricant film thickness, flow rate and
frictional torque. The model consisted of a smooth lower disk with grooves while the
upper disk rotates with a constant angular velocity and is ungrooved. The results

indicated that shallow and wide grooves could support significant loads and develop



sufficient film thickness to prevent the mating surfaces from coming in contact and that
an optimum groove number exists which supports a maximum load. However as the
groove number increases beyond a certain limit the load capacity decreases. A groove
depth of the order of minimum film thickness is necessary to establish hydrodynamic
pressure. The results also show that trapezoidal groove shape supports more load than
either round or triangular shaped grooves when the groove depth ratio is small and when
the ratio is large, the triangular groove supports more load. Torque decreases as groove
number increases, which is mainly due to the increase in the average film thickness

provided by the increased groove portion in the pad.

1.3 Research Objective

The papers in the literature review have covered the influence of microgrooves on
system surfaces, lubricating gaps on displacement machines and effect of molecular
weights in lubricating spreading in grooves. Also the papers included the pressure
distribution on grooves and influence of groove location and geometry. The objective of
this thesis is to determine the effects of a groove on lubrication in a simple flat plate
system. The various factors affecting the system will be individually analyzed and the
importance of each parameter in assisting the lubrication will be presented. The effect of
the groove size, depth and location for different cases of sliding velocity of the flat plate
will also be analyzed. The analysis is carried out in the non-dimensional form, which
helps in scaling factors, and also that engineers prefer equations in non-dimensional form.
However the final results are converted back and shown in its dimensional form.

Sensitivity analysis of flow rate, force and torque are done during this project, which was



not seen in other research papers during literature review. Suitable and important
conclusions based on the results obtained and prospects for future work will be made at

the end.

1.4 Thesis Outline

The thesis report is complied of four chapters. The first chapter gives a basic
introduction of lubrication and some of its properties and also the influence of lubrication
in bearings. A brief literature survey of the similar work already done in this area is
shown and finally the research objective of this thesis is outlined.

The bulk and the most important part of this thesis is Chapter 2 that analyzes the
flat plate system considered in this project. Here the two dimensional Navier Stokes
Equation is used to derive the governing equation of motion for the fluid and
subsequently the volumetric flow rate through a flat plate. This equation also gives the
pressure differential along the length of the system, which is then non-dimensionalized to
analyze its individual terms. Analysis of pressure along the length of the flat plate with a
groove in it and also flow, force and torque analysis of the system is made. To pick out
the influence of individual parameters on the lubrication effects of a flat plate system,
sensitivity analysis is done to get the equations of the volumetric flow rate, force and
torque. At the end of the chapter, these equations are converted back into its dimensional
form.

In Chapter 3, the equations derived in the previous chapter are studied in detail.
To broaden the results scenario, two cases of groove size are considered. Grooves with

deep depth and short width and grooves with shallow depth and long width were



considered. Sensitivity results of volumetric flow rate, force and torque for these two
groove cases are obtained for different sliding velocities U. The results are tabulated and
also plotted for better understanding. Each plot of the sensitivity and tables are then
individually analyzed for understanding the importance of each parameter affecting the
systems flow rate, force and torque.

Chapter 4 reports the conclusion of this thesis. Based on the results obtained in
Chapter 3, each groove case is analyzed and suitable and important assumptions are

made. Scope for future work in this area is also presented in this chapter.
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CHAPTER 2. ANALYSIS

2.1 Introduction

This chapter is devoted to the development of the governing equations for the
lubrication problem that will be studied in this thesis. To analyze the lubrication
conditions, the equation for conservation of mass and conservation of momentum for a
low-Reynolds-number flow is used. The Reynolds equation will then be non-
dimensionalized so that the individual terms in the equation can be analyzed. This form
will then be applied to analyze the model considered and various conclusions will be
derived based on the results obtained. Also, several designs and operating conditions are
taken into consideration during the analysis process and the conclusions are based on the

best performance characteristics of either one or of all the cases combined.

2.2 Lubrication Geometry
The model for the lubrication analysis is shown in Figure 2-1. The system has

been divided into three segments 1, 2 and 3 with lengths L, L, and L,. It has a groove of

depth 6 and width w. The flat plate moves with sliding velocity U in the positive x-
direction and has squeeze film velocity ¥ in the positive y-direction. The system is two
dimensional along coordinates x and y for the analysis, with a gap 4, between the flat
plate and its housing. This gap describes the lubricating film thickness between the two
flat surfaces and is of the order of 25um (about half the thickness of a human hair). The
pressure varies along the positive x direction and this will be analyzed to describe the

flow rate Q, force F and torque T acting on the system.

11
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Figure 2-1. Straight flat plate with groove depth o .

23 Governing Equation

Navier-Stokes equations are the fundamental partial differential equations that
describe the flow of incompressible fluids. For incompressible fluids, density remains
constant. In this section, the Navier-Stokes equations that are the classical governing
equations that govern the dynamics of fluid motion, are derived, (Fox and McDonald

1985). The differential equations of motion along x and y components are given by

oo, 07, ou Ou Ou
PG A= pl Zpu— v — (2.1)
ox oy Ot Oox oy
0 0
pg 400 O _ (00, OV, v (2.2)
Yooy ox ot Ox Oy

where p is the fluid density, ¥ and v are velocity components in x and y directions

respectively, o, o,, 7., 7, are the stresses along these coordinates. Equations (2.1)

12



and (2.2) are the differential equations of motion for any fluid satisfying the continuum
assumption, i.e. the fluid is treated as an infinitely divisible substance and we are not
concerned with the behavior of its individual molecules. For Newtonian fluid, the viscous
stress is proportional to the rate of shearing strain. The stresses may be expressed in terms

of velocity gradients and fluid properties in rectangular coordinates as follows:

ou 0Ov

rxy:ryx:,u(5+aj (2.3)

ou 2 (0Ou Ov
=—p+2u———pu| —+— 2.4
O =—PH2H— 3ﬂ[ax ﬁyj (2.4)

ov 2 (ou ov
=—p+2u———ul —+— 2.5
T ST 3ﬂ(6x Gy] (2.5)

where # is the coefficient of viscosity of the fluid, p is the local thermodynamic

pressure. If these expressions are introduced into the differential equations of motion i.e.

Equations. (2.1) and (2.2), the resulting expressions are

L0 0,0 2 fOu OV O [Ou Ov)i_
PET ol TP e T3 o o )T | Ml o
(2.6)
ou Ou Ou
ol —+u—=+v—
ot ox Oy
L O 2 fOu vy O fou Ov)_
PE; oy P ”ay 34 o oy Oy a oy Ox
(2.7)
ov. ov 0v
ol —+u—+v—
ot ox 0Oy

These equations of motion are called the Navier-Stokes equations and are greatly
simplified when applied to incompressible flows in which variations in fluid viscosity can

be neglected. Under these conditions the Equations (2.6) and (2.7) reduce to

13



2 2
p(a_u+u%+v8_uj=pgx—8—p+y(a—z+a—uj (28)
Y

ot ox 0 ox x> oy
2 2

P @4_14@4_\;@ =pg —6—p+‘u 6_\2/+8_\2/ (29)
o  ox oy Yooy ox” Oy

Let forces pg, and pg, be written as f, and f, respectively. Since there are potentially

different scales of phenomenon occurring within the flow field, it is useful to write the
Navier-Stokes equations in non-dimensional form. To do this we introduce the following

definitions:

(2.10)

where the carets denote the dimensionless quantities. Here 7 is a quantity of time that is

typical of some transient behavior within the flow, F and F) is a characteristic force

acting on the fluid, p is a characteristic pressure of the fluid. Substituting Equation (2.10)
into Equations (2.8) and (2.9) yields the following dimensionless results for the Navier-

Stokes equations:

3 ] (o i )5
“ o a 2l (2.11)

FL2 ( pLs | 0P o’ +82u

(e

5 J (i e
“ @ (2.12)

Fnyf (Pl (0%, O
w o wy)op okt &

For steady flow, in the absence of body forces, the Navier-Stokes Equations (2.11) and

(2.12) reduce to the following form:
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R N A 28 A2A
PUL, |0 [ PVE NG00 (pola 10D [0 O 5y
u ox U oy uU jox \ox~ Oy

L, .0V VL, \.0v L, \op 0
PUL 1, O N PV OV [ ks O[OV O (2.14)
u ) ox u ) oy wvojoy \ox” oy
Equations (2.13) and (2.14) can be written as
A A ~ 2 2A
Re i yRe 3o [Pl )P af2‘+af2‘ (2.15)
ox Yoy uU Jox \ox* oy
A A ~ 2A 2
Re iV sre $ [ Pl | ajﬁj (2.16)
ox oy uv oy \ox* oy

where Re, and Re, is the Reynolds number in the x and y directions and is given by

Re, = 2% 2.17)
Y7,

Re, _ AL (2.18)
Y7,

For low Reynolds number flow, the Reynolds number must be much less than unity.

Under such conditions, it can be seen from Equations (2.15) and (2.16), that

L L . . . o
Re_ and Re [ P U3 and £ sz . Then the governing equation of motion for the fluid is
ou 7

given by

A 2 A 2 A
pils O _[Ou O (2.19)
uU jox \ox® oy

A 2 A 2 A
pils | [0, OO (2.20)
wojoy \ox~ oy

In dimensional form, this result is written as
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Su, o) _ap

Py 4 221

“law "7 ) ax (221)
2 2

p a_¥+a_¥ _ P (2.22)
ox~ oy oy

Since v is small compared to u i.e. u[] v, it can be assumed that v is insignificant and

2—pD % Thus Equation (2.22) can be dropped from the analysis. If a one-dimensional
X

flow field is considered where the pressure varies only in the x direction (the direction of
flow) and the velocity varies only in the y direction (normal to the direction of flow),

Equation (2.21) may be written more explicitly as (Manring 2005).

d’u dp
=L 2.23
7 o dr (2.23)
Integrating and solving for u in Equation (2.23)
M:La—pszrDlerD2 (2.24)
2u Ox

Where D, and D, are the constants of integration. Applying the boundary conditions

u(0)=0 and u(h)=U into Equation (2.24), then

D, =0 (2.25)
D, _1 U—La—ph2 (2.26)
h 2u Ox

Substituting D, and D, back in Equation (2.24) and rearranging

1 op y
=—— 2 (h- +U = 2.27
u 2 8x( )y . (2.27)

Using this result, the volumetric flow rate in the x direction is written as
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f 1 9 h
O=[uty=——=L0+ U= (2.28)
0 121 Ox 2,

Poiseuille flow Couette flow

Steady, incompressible, viscous flow through a channel with flat parallel walls is called
the Poiseuille flow and its velocity distribution is usually parabolic. The term Couette
flow traditionally denotes a uni-directional, non-rotating flow confined between two
plates, of which one is moving with constant velocity. Its velocity profile is usually

linear. Equation (2.28) can be rearranged as

4 U
G—{z:lZﬂ(ﬁ—h—%j (2.29)

which describes the pressure gradient along the length of the system shown in Figure 2-1.

2.4 Pressure Analysis
It is useful to non-dimensionalize Equation (2.29) because the individual terms of

the equation can be analyzed. Let

A

p=pp, » x=%L, , h=hh, , 5=6h, , w=WL, , L, =LL, ,

=WL, ,
3 2 2.30)
. ~ poh ~ . o
L=LL ,0=0—— , U=U—"—— |, F=FplL, , T=1pL
2 Ly 5 O QIZ,UL3 61 L, Ppls Pyls

where p, indicates the pressure at x=L,, A, is the fluid film thickness, F' is the total

force per unit width and 7' is the total torque per unit width acting on the system. Here
the terms with the carets are dimensionless. Substituting the above values in Equation

(2.29), the non-dimensional form is given by

o (U O
gz(ﬁ_ﬁJ (2.31)
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Equation (2.31) is solved to determine the pressures in segments 1, 2 and 3. Note: This
equation can be re-dimensionalized by substituting Equation (2.30) back into (2.31).

Considering the film thickness /4 at each section of the system,

h = h,, O0<x<L
h=h,=h+0, L <x<L, (2.32)
hy = h,, L, <x<L,

substituting Equations 4 = h hy , 5=$h0 from (2.30), Equation (2.32) reduces to

le:l, 0<x<lL
h={h =146, L <%<L, (2.33)
h, =1, L<x<l1

Thus Equation (2.31) for the pressure differential along segments 1, 2 and 3 are given by

8]51_ T A

g—(U—Q) (2.34)
af’}:( v___9 J (2.35)
o8 | (1+6) (1+6)

6133_ T A

= _(U_Q) (2.36)

Integrating Equations (2.34) through (2.36) to determine the pressures at segment 1, 2

and 3
bh=[Lric=0-01+G 237)
ox
. (op, U-0+Ud)x
= +C,=—=—+C 2.38
P J. % 2 (1+3) 2 ( )
b= [Lrvc,=O-0)5+C, (2.39)
ox
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Integration constants C,, C,, C, and volumetric flow rate O can be determined by

considering the following boundary conditions.
hx=0) = 0
hx=L) = p,(x=1)
py(x=L +W) = p,(x=L +W)
pi(x=1) =1
Solving Equations (2.37) through (2.39) for C,, C,, C, and Qyields
C =0

_ ]:15‘(R - U)

P (1+6) -WwoR
_ WS(R-U)

—(1+8) +WoR

3

5 (1+5)[(1+$)2(1—0)—w5(2+3)]

(14 35) —WSR
where

R=(3+35+3%)

(2.40)

(2.41)

(2.42)

(2.43)

(2.44)

(2.45)

(2.46)

(2.47)

(2.48)

Substituting Equations (2.44) through (2.47) back into Equations (2.37) through (2.39),

the resulting expression for pressures in segments 1, 2 and 3 is given by

b= fc[z} 1+ 9)A-U)(1+5) ~5(2+ )] 040
(1+6)’ - Rwo
C [U(Hé)_ (1+5)[(1—U)(}J3r5)2 - AM(2+5)]}
Ty Loy ko Lo so
(1+6) - RWS 113y
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(2.51)

. (R-U)Wé P U_(1+$)[(1—0)(1+$)2—w$(2+$)]
P RWS—(1+6) (1+3) - RWwS

Variation of pressure along the length of the flat plate is now plotted for segments 1, 2
and 3. Considering nominal values of 5=40 , U=10 , il =0.25, iz =0.75and w=0.5,

the plot is as shown below.

P
1t

0.8

0.6 ¢

0.4

0.2

Figure 2-2. Pressure variation of the straight flat plate at segments 1, 2 and 3.

0.5015
0.501
0.5005
0.5
0.49%

0.49

0. 0.3 0.4 0.5 0.6 0.7

Figure 2-3. Pressure variation between section A-A.
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The variation of pressure along the width of the groove (Section A-A) is shown enlarged
in Figure 2-3 for clarity and shows that pressure is not constant but varies linearly along

the groove.

2.5  Force Analysis

Now that the pressure analysis is done, the force that is accompanied by the
pressure differential along the length of the flat plate system is analyzed. This force acts
between the flat plates keeping them parallel to each other. The total force F acting on the

system is the sum of the individual forces in sections 1, 2 and 3 and is as shown below.
L L+ 1
F o= [pdi+ [ podi+ [ pos (2.52)
. ) .

L Li+w

Substituting Equations (2.49) through (2.51) in Equation (2.52) yields

il il+v?z ~ A NGy A
F = [[0-03+G ai+ | wwz &+
0 i (1+9)

j [(U—Q))HC}]dfc

L+
and solving them, the total force acting on the system is given by

. UWS+(1+8) + WL, + W)SR- WS [U(zL] + W)+ 2R]
r= - - (2.54)
2[(1+5)3 —MR]

Equation (2.54) shows that the total force £ depends on Length il , width w, groove

depth 5 and sliding velocity U of the flat plate system.
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2.6  Torque Analysis
The force that tends to cause rotation is called torque and is determined by
multiplying the applied force by the distance from the pivot point to the point where the
force is applied. Torque acting in this flat plate system tends to keep the flat plates
unparallel to each other. The total torque T acting on the system is
L L 1
T = [pxdi+ [ p, 2di+ [ p, i (2.55)
0 L L+

Substituting the values of pressures p,, p, and p, from Equations (2.49) through (2.51)

in Equation (2.55),

I L+ AooA A A A
7 = I[(U-Q)£+Cl]£d£+ | {wwz}cdm
0 L (1+§)

(2.56)

j [(U-Q)x+c3])ed)e

L+W
Solving the above equation, the expression for the total torque is given by

Uwé[l ~ (L7 +3L W+ wz)] +2(1+6) + ng[(3i12 +3L W+ wz)—ﬂ

= 6[(1+ Sy - WSR}

(2.57)

Equations (2.54) and (2.57) shows that the parameters on which the total force & torque

depend are length il , width of the groove w, depth of the groove 5 and sliding velocity

A

U . By varying these parameters it is possible to determine the importance of each
parameter on the lubrication effects and this will help single out the most significant

entity. This process of singling out parameters is discussed in the next section.
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2.7  Sensitivity

Sensitivity is the process of analyzing the design parameters having the largest
impact on a system and singling them out. Sensitivity coefficients of flow rate, force and
torque for the flat plate system are now analyzed in this section.

Consider Equation (2.47), which is the flow rate in the flat plate system and is
shown here again.

(1+5”)((1+$)2(1—0)—w3(2+3))
(14 35) —WoR

O=— (2.58)

The parameters on which the flow rate depends are groove width w and groove depth 5.

Notice that Equation (2.58) does not contain length f,l , which indicates that the flow rate

is independent of the effects of length ]:1. The Taylor series of expansion for the flow

... |00
o 2

where ( denotes the nominal condition. The sensitivity coefficients of the flow rate with

rate is given by:

~

00
oW

Q = Qo"'[

j(é—éo) (2.59)

0

respect to parameters w and S are calculated and are given by:

0 _ 5(1+5)(R-U)

. (2.60)
ow [(fv—l)SR —1}

00 v”v[—3(l +87 +0 (1+ (v 3+ 23))}
EEl [(v-13R —1}2

(2.61)

Similarly the sensitivity coefficients of force and torque are analyzed. Equations (2.54)

and (2.57) showed that the important parameters on which the sensitivity coefficients
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depend are length il, depth of groove S and width of groove w. The Taylor series of

expansion for the total force for these parameters is given by

o~ [OF] ) s s oF OF| | » =&
F=F+ — |(L-L)+|—| [((W=—w)+|—| (-0 2.62
0 (aLloJ(l W) (MJ( ) [650]( ) (2.62)

The sensitivity coefficients of the force with respect to the parameters il, S and W are
calculated and are as shown below.

OF  WS(R-U)

- . 2.63
oL, (1+0)’—WoR (2.69)
5 S(R-U)| (1+6)° (2L, +2Ww—1)—W*SR
or _ [ SR } (2.64)
ow 2[R5(w— 1) —1]
of W1+ 2ﬁ1)[—3(l+5)2 +0(1+ (w—1)$2(3+2$))}
LA (2.65)

06 Z[SR(W—I)—IT

Similarly the Taylor series of expansion for the torque is given by

o2 I =iy +| &
8w0 00

(£1 _[z10)+
)
o WO(R-U)(2L +W)

](5”—50) (2.66)

0

where,

1
= et (2.67)
of, 2+2(W-1)SR

o SR —0)[(1+$)3(3£f +307 ~1) =2 R~ 3L,w( (- 2)8R —2)}

- i (2.68)
ow 6[81@(»@—1)—1}

of W(3L,(L, + W)+ —1)[—3(1+$)2 +02(1+ (W—1)52(3+25))J o)
06 6| ROV -1)-1]
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The results of the sensitivity coefficients of flow rate Q, force F and torque 7 will be

discussed in the next chapter. These equations indicate the importance of each parameter
in the analysis of the lubrication groove and also help determine the design aspects that

need to be implemented to improve the lubrication in the flat plate system.

2.8 Dimensional Results

The equations in the previous sections were written in the non-dimensional form and now
those equations will be converted back to its dimensional form. Substituting Equations
(2.10) and (2.30) into Equations (2.47), (2.54) and (2.57), the dimensional form of the

flow rate Q, total force F' and total torque 7 are

h? | (hy+8) (B =6uU)(hy +5)’ —wS(S +2h,))

0= (hy +8) —wS(5% +36h, +3h?)

(2.70)

_ 6UwSu+ (8 +hy)’ +wS(5* +35h, +3h" ) w+2L)

F
2[ (hy+0)’ —wS(8 +35h, +3h,) |

i (2.71)
2wS[ 8% +3U p(w+2L) +3hy (5 + hy) |

2[ (hy+03)’ —=wS(8 +35h, +3h,) |

, wO(3h,’ +6° +308)| 3L, (w+ L) +w —3]
6] (B +5) —wS(S” +35h, +3h, ]

(2.72)
2[(5+h0)3 +3Uwus (1-w* 3L, (W+Ll))i|

6| (hy+03)’ —wS(S” +38h, +3h’ |

o0

The dimensional form of the flow coefficients ™ and Z—g are obtained by substituting

Equations (2.10) and (2.30) into Equations (2.60) and (2.61).

00 S(8+hy)'[ 8 —64U +3h,(5+hy) |
oW 12p] (w=1)5 (6> +35h, +3h} )~y |

(2.73)
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20 w[6,uU(h03 +(w=1)6(25 +3h,)) - 3(h, +5)2h03]
2l 124 (w=1)(S* +35h, +3h,) ' |

(2.74)

Sensitivity of the force coefficients are obtained by substituting Equations (2.10) and

(2.30) into Equations (2.63) through (2.65) and are as shown below.

oF WO 5" —6uU +3h,(5+h,)]

or _ 2.75
oL, S(w—1)(82+38h, +3h>)—h,> @75)

(3h, +(8> —64U)+35h, ) x
oF | ((0+h) @w+2L ~1)=w5[5" +3h,(5+hy)]) 076

ow 2[5+(6% +3m, (5 + 1))~ h)' |

oF [w(le +w=1)(=3(h, +8)* b, +6uU[(w—1)8> (3h, +25) + h;])]
oF __ . 2.77)
06 2[ (w=1)8>(3h, +28)+ 14’ |

Similarly the torque coefficients are obtained by putting in Equations (2.10) and (2.30)

into torque Equations (2.67) through (2.69).

or wo(w+2L,)| 8> —6uU +3hy(5 +hy) |
oL, 2[ =)o (5” +35h, +3h, )+ |

(2.78)

S(3hy’ +(8” —6U) +35h, ) {=2w'5 (57 +3h, (5 + hy)) +
or | (hy+8)(3(W + L) =1)=3Lw((w=2)5(5" +35h, +3h,")~2h,’ )}

: (2.79)
ow 6[ (w=1)5(6* +35h, +3h)~h,’]
—w(w’ =1+3L (w+L)) x
or _|[ 300 +87 1! +6uU (' + (w15 (31, +20)) | (2.80)

05 6[ (w—18(5” +38h, +3h,7)~ k' |
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Equations (2.70) through (2.80) are the complete lubrication analysis results of flow rate,
force and torque in its dimensional form. The reason for conversion from non-
dimensional to dimensional form is that results are best explained to an Engineer for
calculations in dimensional form and also that they help in quantifying the magnitude of

the results.

2.9  Conclusion

In the previous subsections, Reynolds equation for low Reynolds number flow
was derived from the Navier Stokes equation. This equation was solved for the pressure
differential and then non-dimensionalized by applying the expressions in Equation (2.30).
The reasoning behind this technique was to produce a dimensionless equation that will
contain constants to determine the significance of the individual transient terms. Pressure,
force and torque acting on a straight flat plate system were analyzed and expressions for
each of them were derived. Finally sensitivity analysis of flow rate, force and torque to

determine the importance of the system parameters was carried out.
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CHAPTER 3. RESULTS AND DISCUSSION

3.1 Introduction

The previous chapter discussed the equations of the flat plate system for flow rate,
total force and torque and also their respective sensitivities. In this chapter, two cases of
groove length, for analysis of the flat plate system is considered. The results of the flow
rate, flow force and torque sensitivity acting on them will be tabulated and also plotted.
These results will indicate the importance of the parameters that affect the lubrication and

the significance of each of them in the lubrication improvement of the system.

3.2 Geometry Considerations
The two cases of the groove for the flat plate system analyzed in this chapter are

shown in the following figures:

=

-~
.

D

Figure 3-1.  Groove width is small & deep depth.

W

Cy

Figure 3-2.  Groove width is long & shallow depth.
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Where w is the groove width, S is the groove depth and il is the length till the start of

the groove as shown in Figures 3-1 and 3-2.

As the groove case in Figure 3-1 is the type most commonly used, to consider the
lubrication effects of other possible cases, a groove with long width and shallow depth is
considered as shown in Figure 3-2. These two cases are analyzed at sliding velocities of
U =-10,0 and 10 . Sliding velocities given by U =-10,0 and 10 indicate that the flat
plate is moving in the positive x direction, standing still and in the negative x direction
respectively. The reference source of equations to plot the values of the sensitivities are
given by Equations (2.60), (2.61), (2.63) through (2.65) and (2.67) through (2.69) from
Chapter 2.

In this chapter, the results are tabulated for the sensitivities of flow rate, force and
torque considering the nominal conditions. The nominal conditions for the flat plate
system considered are given by:

For groove with small width as shown in Figure 3-1,
5=40; w=0.03; L, =0.485 (3.1)
For groove with long width as shown in Figure 3-2,

5=1; w=0.25; L, =0.375 (3.2)

The discussion of flow rate, force and torque sensitivity results are done in the

subsequent sections. Note: The difference between S for small groove width and long

groove width is large as seen in Equations (3.1) and (3.2).
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3.3 Volumetric Flow Rate Sensitivity
The small gap between the moving flat plate and housing holds a certain amount
of lubricating medium and this section analyzes the flow rate of this lubricant and the

various factors of the flat plate system that influences this flow rate.

3.3.1 Flow Results

Consider the flow rate Equation (2.58) from Chapter 2 given by:

(1+5”)((1+$)2(1—0)—w3(2+3))

)=— ) . 33

Q (14 3) —WoR (3-3)
where

R=(3+35+5%) (3.4)

Equation (3.3) clearly indicates that the factors of influence for the flow rate are the depth

of the groove 5 and the width of the groove Ww. Considering the sensitivity coefficients
of the flow rate with respect to these two parameters, the resulting Equations (2.60) and
(2.61) from Chapter 2 are given by:

20 _ 5(1+38) (R-0)
o [(w-DSR —1}2

(3.5)

50 fv[—3(1 +87 + 0 (1+(h-13 G+ 28))}
N [(-13R —1]2

(3.6)

Equations (3.5) and (3.6) show that of the flow rate sensitivity is independent of the

length ]:1. This is a very important inference from the flow sensitivity point of view,
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which indicates that one would not need to bother about the placement of the groove

along x direction if one is trying to alter the flow rate. The above equations also show that

sliding velocity U holds some influence in the flow sensitivity analysis, the effects of
which will be further discussed in the subsequent sections.

Now the results for the sensitivity coefficients for the flow rate with respect to
groove width and groove depth are tabulated and shown in Tables 3-1 through 3-3. The
nominal conditions considered for each groove width case to get these results are given

by Equations (3.1) and (3.2).

SHORT WWIDTH =10 LOMNG WIDTH — IF =10
w =0.027|w = 0.03|vw =0.033|w =0.225| w= 0.25|w = 0275
-1.05 -1.057 -1.083 0.551 0614 0.65
S=3% | S=40 | S=m4 | 3=09 | §=1 §=11
=3 -1 18E-05 | -8.68E-0G | -6.59E-06 | -0.258 0,253 -0.243

Table 3-1. Sensitivity coefficients of flow rate for nominal conditions w and S at
sliding velocity U =10 . Nominal conditions given by Equations (3.1) and (3.2).

SHORT WIDTH IF=0 LONG WIDTH 7721
w=0027|w= 003|vw=0033|w=0225| yw=025|w=0275
%
55 | 1058 -1.083 -1.063 1357 -1.434 1517
§=% | &=40 | S=44 | S=05 | 5=1 F=11
dg
% -4 A7E-0R | -3.03E-08 | -2.09E-08 | -0.093 0.077 0.064

Table 3-2. Sensitivity coefficients of flow rate for nominal conditions w and S at
sliding velocity U =0. Nominal conditions given by Equations (3.1) and (3.2).
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SHORTWWIDTH 7= _1( LONG WIDTH  T= —10
w=0.027|w= 0.03|w=0033|w=0225| w=025|w=0275

% -1.062 -1.0B5 -1.076 -3.285 -3.482 -3.6B5
S=36 | b=40 | S=44 | S=09 | &=1_ | =11
g
35 1.04E-05 | 7.73E-06 | 5.87E-06 0072 0.0939 0116
Table 3-3. Sensitivity coefficients of flow rate for nominal conditions w and S at

sliding velocity U =-10. Nominal conditions given by Equations (3.1) and (3.2).

Tables 3-1 through 3-3 show that the values of flow rate sensitivity with respect to
groove width w are higher in all the three sliding velocity cases and can be seen that its
magnitude is greater compared to flow sensitivity for groove depth. This clearly shows
that for effective control for flow rate sensitivity, changes in groove width have a more
significant effect and that groove depth could be least considered in flow rate analysis for

the flat plate system considered. Also an interesting aspect to notice in Table 3-1 is that

A

o0

flow sensitivity oy changes its sign when the groove width is changed from short to
W

long for the same sliding velocity. The explanation is given in Equation (3.5), where the
quantity that influences the change of flow sensitivity sign is R-U., as the rest of the
terms in the equation are positive. Thus for a positive sliding velocity U , when the

groove width changes from short to long, groove depth S changes from a higher value to
a lower value i.e. from 40 to 1, thus resulting in a change of flow sensitivity sign.

The three values for each sensitivity as shown in Tables 3-1 through 3-6 for both
short and long width cases is because the sensitivity parameter has been varied along the

nominal values i.e. one value each at +10% of the nominal value and one value at the
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nominal condition. For nominal conditions of the flat plate, length il is varied by a tenth

of the grove width W, whereas groove depth S and groove width w is varied by +10%
of its nominal value respectively.
Now that the tables have been tabulated, the plots for the flow rate sensitivity for

clearer understanding of the above tables are shown below from Figures 3-3 through 3-8.

The plots from Figure 3-3 through 3-5 show that sensitivity lines for both Zg and %

are almost flat which indicate that sensitivities don’t change much with parameter
variation for short groove width cases.
Sensitivity plots of flow rates for short groove width geometry conditions for

different sliding velocities are plotted below from Figure 3-3 through 3-5.

Case 1: Short width, U=10

Flowate 0 FloRate 0
28 m 28
w 5
0.7 0.8 00X 0.8l 0.02 003 3B D vio} XA
02+ 02
04! 04
06+ 06
08! 08 i
. Y
0 ow
,,,,,,,,,,,,,, g - o

Figure 3-3.  Flow rate sensitivity for parameters S and W along width w and depth 5.
Nominal conditions are & = 40; w=10.03; il =0.485.
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Case 2: Short width, U=0

Flowate FlowRate

Sersitivity 20 0
25 W 25
0.zr 0.8 0.0 0.8 0.0 0.0 3B 0 D M

02+ 02
04+ 04
0.6+ 0.6
08+ -08

Y 4%

-1 ow -1 ow

Figure 3-4.  Flow rate sensitivity for parameters 5 and W along width W and depth 5.
Nominal conditions are & = 40; w=10.03; fq =0.485.

Case 3: Short width, U=-10

Sﬂgioma.te FlowRate
w 5
0.a2r 0.8 0.0 0.8L 0.(IQa QO.(IB 3 D 2 0 M
0.2} s 02 86
04 04
0.6 0.6
08} 0.3
2 2
-1 oW -1 oW

Figure 3-5.  Flow rate sensitivity for parameters S and W along width w and depth 5.
Nominal conditions are & = 40; w=0.03; ]:1 =0.485.
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Sensitivity plots of flow rates for long groove width geometry conditions for

different sliding velocities are plotted below from Figure 3-6 through 3-8.

Case 4: Long width, U =10
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Nominal conditions are 8 =1; w=0.25; il =0.375.

Case 5: Long width, U=0
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Flow rate sensitivity for parameters S and W along width w and depth 5.
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Case 6: Long width, U =—-10
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Figure 3-8.  Flow rate sensitivity for parameters 5 and W along width w and depth 5.
Nominal conditions are & = I; w=0.25; ]:1 =0.375.

Figures 3-6 through 3-8 show that the plotted lines for both flow rate sensitivities

with respect to W and S are varying with the nominal conditions which indicate that flow

sensitivities change much with parameter variation for long groove width cases.

3.3.2 Discussion for Flow Sensitivity with Respect to Groove Width

00

W

Consider the flow rate sensitivity given by Equation (3.5). It can be clearly

seen from Tables 3-1 through 3-3 that for all groove geometry cases and also for varying

sliding velocities, flow sensitivity with respect to w has the highest magnitude compared

to the flow sensitivity with respect to 5. Plots in Figures 3-3 through 3-8 also validate
this. This indicates that for effective flow control, the most influential parameter is
groove width w. Any change in this quantity has a significant effect on the flow rate in a

flat plate system.
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3.3.3 Discussion for Flow Sensitivity with Respect to Groove Depth

A

o0

The effects of the flow sensitivity 23 given by Equation (3.6) are discussed now.

The values from Tables 3-1 through 3-3 show that flow sensitivity with respect to groove
depth is very small which helps conclude that the effects of groove depth in flow rate
sensitivity analysis is very minimal comparative to groove width. Almost all the plots
from Figures 3-3 through 3-8 show that the flow sensitivity line follows the zero
coordinate axis, which indicates that its magnitude is very low and can thus be neglected
in this analysis.

Another aspect to notice is that plots in Figures 3-3 through 3-5 look similar and

thus it can be concluded that the sliding velocity U is not very influential in flow rate
sensitivity for short width deep groove cases. The same could not be said about long
width short groove cases as they vary as seen in Figures 3-6 through 3-8.

Thus from Tables 3-1 through 3-3 and Figures 3-3 through 3-8, flow rate

sensitivity results showed that for all groove width geometries, groove width w is the
most influencing parameter to be taken into consideration comparative to groove depth 5

and length L, .

3.4  Force Sensitivity

Lifting force of the flat plate against its housing aids in better lubrication because
of the lubrication gap created. The sensitivity analysis of this force has been done in
Chapter 2 and the sensitivity coefficients of force and its dependence on the individual

parameters is as shown in the next section.
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3.4.1 Force Results
Consider the force Equation (2.54) from Chapter 2 and are shown here again for

convenience.

. Uw3+(1+3)3+W(2ﬁ1+W)$R—W$[U(2il+W)+2R] 67
F = p p 7
2[(1+5)3 —W&R]

Equation (3.7) show that the lifting force in the flat plate system depends on the

parameters il, wand &. The sensitivity coefficients with respect to these are given by:

oF  WS(R-U)

S wa 3.8
oL,  (1+6)’—WwoR (3:8)
oF 3(R—U)[(1+5)3(2ﬁ1+2W—1)—w2$R] 69)
—= - 3.9
oW 2[135(»%—1)—1}2
oF W(W—1+2il)[—3(1+$)2+(}(1+(W—1)5‘2(3+2c§))}
o __ (3.10)

a5 2[ SRGv-1)-1]

where the value of R is given by Equation (3.4).

Equations (3.8) through (3.10) shows that force sensitivity depends on
parameters, length il along with groove depth S and grove width w. These equations

will help determine the influence of each parameter when the force sensitivity

coefficients are varied with the nominal conditions given by Equations (3.1) and (3.2).

The results are calculated for the different cases of sliding velocity U and groove width
geometry and the respective values are tabulated and shown in Tables 3-4 through 3-6

below. Also seen in these tables is that for all cases of sliding velocity, the value for force
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sensitivity

~

so small that the tool Mathematica could not solve for its value.

Table 3-4.

are not tabulated. The reason for this being that this force sensitivity was

SHORTWIDTH  fT=10 LONG WIDTH 7 =10
§=3% | d=40 | S=u4 §=09 | &=1 =11
aF
— | BAOE-19 | 5.30E-19 | 4. 50E-19 -
asé
Z =04m2|Z =04m5|F =n488| | £ =035|% =0375| 7 =04
AF
— | 0031 0.031 0.031 0012 0.012 0012
oL
w=0027|w= 003|w=0033| |w=0225w= 025|w=0275
aF
55 | 0012 0.016 0.019 -0.045 -0.06 -0.076

Sensitivity coefficients of force for 3, il and w at sliding velocity

U =10 . Nominal conditions given by Equations (3.1) and (3.2).

Table 3-5.

SHORTWIDTH  Fr=0 LONGWIDTH  Fr=0
§=9% | d=40 | S=u4 §=09 | &=1 =11
ar 1.30E-18 | 1.00E-18 | B.70E-19
SS . - . - . - -
£ =0482|% =p485|f =0488| | =035|%Z =0375| F =04
ar
— | 0031 0.031 0.031 0.28 0.28 0.28
oL
w=0027|w= 003|w=0033| |w=0225w=025/w=0275
aF
55 | 0012 0.015 0.019 0.106 0.14 0177

Sensitivity coefficients of force for 5, ]:1 and w at sliding velocity

U =0 . Nominal conditions given by Equations (3.1) and (3.2).
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SHORT WIDTH  7=-10 LONG WIDTH 7 =-10

. n . " . EX

& =36 & =40 S=44 d=09 | &d=1 &=11
ar
—= | 6.50E-19 | 5.30E-19 | 4 50E-19 - - -
as
L =0482| % =04B5|% =0488 f =035|Z =0375| £ =04
aF
f 0.031 0.031 0.031 0.68 0.68 0.68

w=0027|w= 003|w=0033| |w=0225|w=025|w=0275

ar
E7) 0.012 0.016 0.0$14 0.286 0.34 0.431

Table 3-6. Sensitivity coefficients of force for 5, ]:1 and w at sliding velocity

U =-10. Nominal conditions given by Equations (3.1) and (3.2).

Now the sensitivity plots for force are shown for varying sliding velocities in
Figures 3-9 through 3-26 where parameters il, 5 and W are plotted against il, S and W

individually for the nominal conditions. The discussion of these plots will be done in the

further sections of the chapter.

Case 1: Short width, U =10 . Nominal conditions & = 40;Ww = 0.03; L, = 0.485 .
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Figure 3-9. Force sensitivities for parameters il, S and W along length Z:l )
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Figure 3-11. Force sensitivities for parameters il, S and W along width w.

Case 2: Long width, U =10 . Nominal conditions & = Lw= 0.25;]:1 =0.375.
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Figure 3-12. Force sensitivities for parameters ]:1, S and W along length l;.
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Figure 3-13. Force sensitivities for parameters il, S and W along depth 5.
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Figure 3-14. Force sensitivities for parameters il, S and W along width w.

Case 3: Short width, U = 0. Nominal conditions & = 40; = 0.03; L, = 0.485.
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Figure 3-15. Force sensitivities for parameters LAI, S and W along length il :
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Figure 3-17. Force sensitivities for parameters LAI, S and W along width w.

Case 4: Long width, U =0 . Nominal conditions & = Lw= 0.25;[z1 =0.375.
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Figure 3-18. Force sensitivities for parameters ]:1, S and W along length fq :
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Figure 3-19. Force sensitivities for parameters LAI, S and W along depth 5.
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Figure 3-20. Force sensitivities for parameters il, 5 and W along width w.

Case 5: Short width, U = —10. Nominal conditions & = 40;Ww=0.03;L, =0.485 .

0.0z E

0.0Z5 =
0.0z |
0,015 [ -
- -——.-.a--r—-—.-.-.-'— m

0.0l

0.a0s g
&

1

0482 0.484 0,485 0,485 0,487 0 438

Figure 3-21. Force sensitivities for parameters LAI, S and W along length ﬁl.
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Figure 3-22.  Force sensitivities for parameters il, 5 and W along depth 5.
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Figure 3-23. Force sensitivities for parameters ]:1, S and W along width w.

Case 6: Long width, U = —10. Nominal conditions & = 1;w=0.25; L, = 0.375.
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Figure 3-24. Force sensitivities for parameters LAI, S and W along length ﬁl.
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Figure 3-25. Force sensitivities for parameters il, 5 and W along depth 5.
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Figure 3-26. Force sensitivities for parameters il, S and W along width w.

3.4.2 Discussion for Force Sensitivity with Respect to Length
Consider the force sensitivity with respect to length il given by Equation (3.8).

Tables 3-4 through 3-6 show that the magnitude of this force sensitivity is higher in all
the cases for all sliding velocities. Also a look into the plots shown in Figures 3-9

thorough 3-26 validates this point and thus it can be concluded that for effective force
sensitivity control, the most important quantity is length il compared to other

parameters.
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An interesting feature in Table 3-4 is the change of force sensitivity value with

respect to the length il from positive to negative, when the groove geometry changes

from short to long width for sliding velocity U =10. A look into Equation (3.8) shows

that the quantity R ~U changes its sign based on change in value of groove depth from
short width to long width. Also a clearer understanding of this change in force sensitivity
sign is shown in Figure 3-27, which shows this gradual transition from a positive force

sensitivity value to a negative value. Looking at Equation (3.8), it shows that force

sensitivity is depending on two parameters w and 5. Thus varying these two parameters
with respect to their nominal conditions given in Equation (3.1) and (3.2), Figure 3-27 is
obtained which clearly indicates the change of force sensitivity sign for variation from

short groove width to long width geometry.

Figure 3-27. 3D plot of variation of force sensitivity aA for changes of groove width
1

w and depth S from short to long groove geometry, U=10.
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3.4.3 Discussion for Force Sensitivity with Respect to Groove Width
This section analyzes the influence of groove width on force sensitivity. Consider
the force sensitivity with respect to width w given by Equation (3.9). Its magnitude

shown in Tables 3.4 through 3.6 indicates that this parameter has some influence on the
force sensitivity but not as much compared to the parameter il . The Figures 3-9 through
3-26 show that the plot lines fall in between the sensitivity coefficients with respect to
L, and 5 which shows that groove width is also one of the parameters to be considered

for force sensitivity control.
Analyzing Equation (3.9), it is clear that the factor for change in sensitivity sign
as seen in Table 3-4 is the quantity R ~U, and the reasoning as explained in the previous

section. It could also be explained by looking at the figure below.

T IFF7
7 ".” 77
"l"""""’"””’

Figure 3-28. 3D plot of variation of force sensitivity Z—If for changes of groove width
W

~

w and depth S from short to long groove geometry, length fq =0.375 is constant,

A

U=10.
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Force sensitivity in Equation (3.9) shows that it depends on three parameters

A, A .. .. OF -
L, wand § and thus to plot a 3D figure to show the force sensitivity Fr variation, one
w

of the parameters has to be kept constant. Here length il is kept constant and the other

two parameters are varied along the same nominal conditions. The results are shown in

. . . .. . OF
Figure 3-28 with the same explanation as for force sensitivity ——. The figures are shown
1

only for the force sensitivity cases but can also be shown for torque sensitivity as well, if

there is a change in its sensitivity sign from once case to the other.

3.4.4 Discussion for Force Sensitivity with Respect to Groove Depth

Consider the force sensitivity equation with respect to groove depth 5 given by
the Equation (3.10). An analysis of this sensitivity from the Tables 3-4 through 3-6 shows
that its value is very small compared to other parameters. Also it can be seen that since
the value was so low for long groove width cases, its value could not be plotted for all the
sliding velocities. The importance of groove depth in force sensitivity can also be clearly
understood by looking at the plots in Figures 3-9 through 3-26, where it is seen that this
sensitivity is on the zero coordinate axis for almost all groove geometries as well as
sliding velocity cases. This indicates that having any groove depth has little or no

influence on force sensitivity and that it can be safely neglected during this analysis.
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3.5 Torque Sensitivity
Considering the torque sensitivity coefficients now, the sensitivity equations with

respect to its influencing parameters were analyzed in Chapter 2 and shown here again.

US| 1—GL> +3LW+w?) |+2(1+8) + WoR| BL> +3LWw+w*)—3
1 1 1 1

T= R . (3.11)
6[(1+5)3 —MR}
of __#SR-0)2L +) 612)
oL, 24 200—1)5R
of SR —0)[(1+(§)3(3L‘12 +307 —1) =2 R~ 3L,( (- 2)8R —2)}
. . (3.13)
oW 6[ SR(W-1) —1}2
of  WBLE +w)+ W —1)[—3(1+$)2 +0(1+(W—1)5‘2(3+2$))J
= A (3.14)

00 6[$R(W— 1)- 1]
where R is given by Equation (3.4).

Equations (3.12) through (3.14) show that torque sensitivity depend on w, S and il .

3.5.1 Torque Results

Substituting the nominal conditions given by Equations (3.1) and (3.2) and their
variation into the above equations the results are tabulated and are shown in Table 3-7
through 3-9. The higher the magnitude of the parameter, higher its influence in the

operating lubricating condition of the system. The tables are plotted for torque

sensitivities with respect to quantities W, S and ]:1 for short and long groove width

geometries and for varying sliding velocity U at 10, 0,—10. The results obtained from

the table will be discussed in the coming sections.
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It can be seen from the tables below that the torque sensitivity for il and w have almost

the same values for all short width cases at different sliding velocities, which indicates

that these torque sensitivities are independent of sliding velocity.

SHORTWIDTH =10 LONGWIDTH 7 =10
§5=36 | 6=40 | 6=14 §=09 | =1 | 6=11
ar
55 | 490E07 | -3.B0E07 | -2.70E07 -1.00E-02| -8.B0E-03| -9.50E-03
£ =0482| £ =0.485|L =0.488 £ =035|L =0375| £ =04
ar
— | D015 0.015 0.015 -0.057 -0.06 -0.063
aL,
w=0.027|w = 0.03|w=0033| |w=0225|w=025/w=0275
a7
= | 008 | -00% | 003 -3.90E-04| -B.50E-03| -1.70E-02
Table 3-7. Sensitivity coefficients of torque for 5, il and w at sliding velocity

A

U =10. Nominal conditions given by Equations (3.1) and (3.2).

SHORTWIDTH &= 0 LONG WIDTH =0
§=36 | S=40 | &=m4 §=09 | d=1 | &=11
ar
55 | 210E-09 | -1.40E-09 | B.70E-10 -3.60E-03| -3.00E-03| -2.50E-03
I =0482| L =0.485|L =0.488 Z =035|L =0375| £ =04
ar
— | D015 0.015 0.015 0.133 0.14 0.147
oL,
w=0027|w= 0.03|w=0033| |w=0225w=025/w=0275
ar
35 | 008 | 00% | 003 2.30E-03| 1.98E-02| 3.95E-02
Table 3-8. Sensitivity coefficients of torque for 5, il and w at sliding velocity

U =0. Nominal conditions given by Equations (3.1) and (3.2).
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SHORTWIDTH  [7=-10 LONG WIDTH ~ {7=-10
§=3% | =40 | 5=u4 §=09 | &=1 =11
ar
3 | 490E07 | 360ED7 | 270E07 JB0E-03| 3.90E-03| 4.50F-03
L =0482| £ =0.485|L =0.488 £ =035 F =0375| £ =04
aT
o 0.016 0.016 0.016 0.323 0.34 0.357
w=0027|w= 003|w=0033| |w=0225w= 025|w=0275
ar
55 | 00 0,037 -0.035 £ GOE-03| 4.B0E-02| 9.60E-02

Table 3-9.

A

U =-10. Nominal conditions given by Equations (3.1) and (3.2).

Sensitivity plots for torque are shown below for varying sliding velocities where

parameters ]:1, 5 and W are plotted against ]:1, 5 and w individually for the nominal

conditions given.

Sensitivity coefficients of torque for 5, il and w at sliding velocity

Case 1: Short width, U =10 . Nominal conditions & = 40;w = 0.03; L, = 0.485

o.01 af o
aF
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001
.=
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Figure 3-29. Torque sensitivities for parameters ﬁl, S and W along length ]:1.
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Figure 3-30. Torque sensitivities for parameters ]:1, S and W along depth 5.

Torgqee Sasitivdtsy ar
)
001 b
ar
af
w
00E? 0023 009 o0=l 003 0.0
0.0l b
.0
00z | ar
e o

Figure 3-31. Torque sensitivities for parameters il, S and W along width w.

Case 2: Long width, U =10 . Nominal conditions & = Lw= O.25;LA1 =0.375
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Figure 3-32. Torque sensitivities for parameters il, S and W along length ﬁl .
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Figure 3-33. Torque sensitivities for parameters ]:1, S and W along depth 5.
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Figure 3-34. Torque sensitivities for parameters ]:1, S and W along width w .

Case 3: Short width, U = 0. Nominal conditions § = 40;1 = 0.03; L, = 0.485
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Figure 3-35. Torque sensitivities for parameters ﬁl, S and W along length ]:1.
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Figure 3-36. Torque sensitivities for parameters il, S and W along depth 5.
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Figure 3-37. Torque sensitivities for parameters ﬁl, S and W along width w.

Case 4: Long width, U =0 . Nominal conditions & = Lw= 0.25;[z1 =0.375
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Figure 3-38. Torque sensitivities for parameters il, S and W along length ﬁl .
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Figure 3-39. Torque sensitivities for parameters ]:1, S and W along depth 5.

Toroae Baeiriwdtsy

_ —af
0,15 R — 531
e —
0125 — -
0.1
0.075
0.0k ﬂ_.;f'
.
0,025 ________——"_ af
.f.’.""f_._.__._. (PP B AP BRI 63 r

Figure 3-40. Torque sensitivities for parameters ]:1, S and W along width w.

Case 5: Short width, U =—10. Nominal conditions & = 40;% = 0.03; L, = 0.485
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Figure 3-41. Torque sensitivities for parameters il, S and W along length ﬁl .
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Figure 3-42. Torque sensitivities for parameters il, S and W along depth 5.
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Figure 3-43. Torque sensitivities for parameters ]:1, S and W along width w.

Case 6: Long width, U =-10. Nominal conditions & = Lw= 0.25;]:1 =0.375
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Figure 3-44. Torque sensitivities for parameters il, S and W along length ﬁl .
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Figure 3-45. Torque sensitivities for parameters il, S and W along depth 5.
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Figure 3-46. Torque sensitivities for parameters il, S and W along width w.

3.5.2 Discussion for Torque Sensitivity with Respect to Length
Consider the torque sensitivity with respect to length il given by Equation (3.12).

Its sensitivity values have been plotted in Tables 3-7 through 3-9 and it can be seen that

. . . . . .. OT
for short groove widths, it magnitude is less compared to torque sensitivity P whereas
w

its magnitude is the highest for long groove width geometries. This indicates that
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A

parameter L, is more influential in torque sensitivity control for long groove widths.
Figures 3-32 through 3-34, 3-38 through 3-40 and 3-44 through 3-46 clearly show the
importance of length il as the most influencing parameter in torque sensitivity control.

Also the plots for short groove widths are almost a straight line, which indicates that
sensitivities don’t change much for nominal condition variation.

As was the similar case in force sensitivity, it can be seen in Table 3-7, that the

. oT . .
sign for v changes from positive to negative for the change of groove geometry and
1

the explanation for this can be given from the Equation (3.12). The denominator is
always negative because of the quantity w—1 being less than zero, thus rendering the

whole sensitivity term positive. So the only influencing factor for the change of sign is

the quantity R —U . Thus when the groove width changes from short to long, the value of

A

0 changes from 40 to 1 resulting in R-U being negative, where U is positive. Other

sensitivity sign changes in the tables can be explained in the similar manner.

3.5.3 Discussion for Torque Sensitivity with Respect to Groove width
This section analyzes the influence of groove width W on torque sensitivity and
its values are shown in Tables 3-7 through 3-9. The higher magnitude numbers for short

groove widths clearly indicate that groove width is more influential for these groove

. . .. .. 0T .
geometries compared to long groove widths where sensitivity —— has a better influence.
1

Figures 3-29 through 3-31, 3-35 through 3-37 and 3-41 through 3-43 prove the above
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. L or . . . .
conclusion. The other plots indicate that P varies linearly for changes in nominal
W

condition and is more influential than torque sensitivity with respect to groove depth 5.
There is a change in torque sensitivity sign with respect to groove width as

observed in Tables 3-8 and 3-9. As seen in the previous sections, the quantity that

changed the sensitivity sign was R ~U. For long groove widths R —U returns a negative
values for sliding velocity 10 and positive values for sliding velocity 0 and —10. Thus the
force sensitivity values for long widths are negative in Table 3-7 and are positive in

Tables 3-8 and 3-9.

3.5.4 Discussion for Torque Sensitivity with Respect to Groove Depth
. . e . or C
Lastly consider the equation of sensitivity coefficient %’ which is given by the

Equation (3.14). For almost all the groove geometries cases at different sliding velocities,
the magnitude of this sensitivity is very low as seen in Tables 3-7 through 3-9. This
clearly states that the effect of groove depth is minimal in torque sensitivity. Figures 3-29
through 3-31, 3-35 through 3-37 and 3-41 through 3-43 show that the sensitivity values
are along the zero coordinate axis for short groove widths and for long groove

geometries, its magnitude is very small. Thus it can be concluded from these results that

groove depth S can be safely neglected during torque sensitivity analysis.

3.6 Conclusion
This chapter analyzed the flow rate, force and torque sensitivities effecting the

lubrication of the flat plate system and the results were tabulated and also plotted. Two
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cases of the flat plate system for analysis were considered: A short groove width and a

long groove width. The resulting tables as well as the plots gave an insight into the

individual significance of the system parameters ﬁl, 5 and . The analysis of flow rate

sensitivity has shown that it is independent of the effects of length f,l . Force and torque

sensitivity analysis has shown that for effective control of the flat plate system, the
parameter of influence depends on the groove width geometry and that groove depth
could be neglected. These results were analyzed and suitable assumptions that influence

lubrication are made which is shown in the following conclusion chapter.
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CHAPTER 4. CONCLUSION AND FUTURE WORK

In this chapter, conclusions that are based and supported by the results and
discussion of Chapter 3, considering the sensitivity of flow, force and torque for the two

cases of short and long width grooves and their effects on the lubrication of the flat plate
system because of parameters ﬁl, 5 and W are listed. Possible future work that could be

carried out after this project is also listed.

4.1 Conclusions

The governing equations for the results are given by Equations (3.5) and (3.6),
(3.8) through (3.10) and (3.12) through (3.14) in Chapter 3. These equations are used to
tabulate the sensitivity values and plots shown in Tables 3-1 through 3-9 and Figures 3-3
through 3-46 respectively. Valuable conclusions can be made based on the information

obtained from these tables and plots.

4.1.1 Flow Sensitivity Conclusions
1. Flow rate sensitivity is independent of length ]:1 as seen from Equations (3.5) and

(3.6) in Chapter 3. This implies that the groove can be placed anywhere along the
length of the x-axis of the flat plate system without having any effect on flow rate
sensitivity.

2. Sensitivities do not change much with parameter variation for short groove width
geometries as shown in Figures 3-3 through 3-5 and flow sensitivities change with

parameter variation as indicated by Figures 3-6 through 3-8 in Chapter 3.
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3.

Groove width W is the most influencing parameter in flow rate sensitivity. The

magnitude of flow sensitivity with respect to groove depth5 was seen to be very
low, which concludes that this quantity can be neglected during the sensitivity

analysis.

Sliding velocity U has no effect on flow rate sensitivity for short width deep

groove geometry cases.

Force Sensitivity Conclusions
Length ]:1 has the highest impact on force sensitivity followed by groove width
w. This is clearly seen in Figures 3-9 through 3-26.

The force sensitivity with respect to groove depth S have a very low magnitude
and follow the zero axis line when plotted, which indicates that groove depth has

little or no effect and that it can be in neglected in force sensitivity analysis.

Torque Sensitivity Conclusions

Torque sensitivities with respect to parameters il and w for short width

geometries are independent of sliding velocity U.

Length il is more influential for long groove widths whereas groove width w is
more important for short groove widths.

For short groove widths, torque sensitivity with respect to length il do not

change much for nominal condition variation i.e. it’s almost a straight line.
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4.2

Torque sensitivity with respect to groove depth S has low magnitude for all cases

and thus is of minimal importance and can be neglected during this analysis.

Scope for future work

The analysis done during this project gives some important results for the

lubrication groove in hydraulic machinery and valuable conclusions have been drawn

from it. However there is also scope for some future work that could be carried out to

further validate our results conclusively. Some of the suggestions are:

1.

The basis of the analysis, results and conclusions obtained in this project is on
theoretical calculations. These results could be further validated by real time
practical experiments.

CFD software has its limitations in the minimum dimension size a system could
have. Considering the extreme small gap between the plate and housing, if this
limitation is resolved, CFD analysis could also be done to validate the results.
One method could be to subprogram the commands in other software like C, C++
and then import and execute these commands in Fluent.

The analysis and results conducted in this thesis involved single groove geometry.
Analysis could also be done to determine the effect of multiple grooves on
lubrication effects in hydraulic machinery.

The analysis in this thesis was conducted for a flat plate system and could be
extended to a cylindrical geometry, as this is the most common form of geometry

currently used in the hydraulic industry.
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