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Appendix—A

Calculation of stoichiometric amount of 12-hydroxystearic acid and lithium

hydroxide monohydrate required in the formulation of 250 gm grease sample

The molecular weight of thickener ingredients is listed in Table A.1.

Table A.1: Molecular weight of thickener ingredients

Name of thickener ingredients Molecular weight (gm/mol)

12—hydroxystearic acid 300.53
Lithium hydroxide monohydrate 41.96
Lithium 12-hydroxystearate 306.40

CH,~(CH,),-CHOH-(CH,),,-COOH + LiOH—» CH,-(CH,),-CHOH-(CH, ),,-COOLi + H,O

12—hydroxy stearic acid lithium lithium 12-hydroxy stearate =~ water
hydroxide

Moles of lithium 12-hydroxystearate in mixture ~ — Weight of compound

molecular weight

35 gm

= ——= = (.1142 mol
306.4 gm/mol

Weight of 12-hydroxystearic acid required = number of moles x molecular weight =34.321

gm

Weight of lithium hydroxide monohydrate required = number of moles x molecular weight

=479 gm
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Appendix-B

B.1 Calculation of Hertzian contact stress in case of four—ball tester

The four—ball tester form a point contact geometry and the area of contact will be circular.

The radius of contact area is calculated as follows:

"\3
a= ( ,R ) (Stachowiak and Batchelor, 2013) Eq (B1)

Where,
a = radius of contact area or Hertzian radius [m];

FN = Normal load [N];

R'= the reduced radius of curvature [m], i.c.,

[
=

where the subscripts ‘x’ and ‘y’ refer to x—direction and y—direction, respectively

while subscripts ‘A’ and ‘B’ refer to body A and body B, respectively;

- > . 1 1 1-01 I-DZB E
E = the reduced Young’s modulus [Pa], i.e., = = 5 + , Where L ,

A EB

and E; are Young’s modulus, V, and Vzare Poisson’s ratio of body A and B,

respectively;

Maximum contact pressure (Pmax) developed between contact point is calculated as follows:

3F
L Eq (B2)

max

2w a
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0.25
cos 30°

=0.28868" .

* 0.25" P = Applied load
0.5" . 0.5"

= Total contact load on 3 balls
PL = Cos (35.26°) N, = 0.8164965 N,
N, =1.224745P

—{ [ Friction radius = 0.14434"

—

0.28868"
Figure B.1: Free body diagram of steel balls during tribo—test in four—ball tester

In case of AW test in four—ball tester, the diameter of steel balls (12.7 mm) is identical, and

material properties are same. Therefore, E,=E;=210GPaand Poisson’s ratio

v, =V, = 0.3, Figure B.1 shows free body diagram of steel balls during tribo—test in four—

ball tester.

The reduced Young’s modulus is calculated as follows,

11 1-u§+1-u$3
E 2| E E

1-0.3? N 1-0.3?
210x10° 210x10’

E'=2.3077x10" Pa

N | =

The diameter of steel balls is 12.7 mm.
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The reduced radius of curvature,

1 1 1
= +—+ +

1

1
R R, R, R

VA

1 1 1
+ +

R

y,.B

1
R 635x10° 6.35x107°  6.35x107

R'=1.5875%x10" m

In case of AW test with four—ball tester, the applied load (P, ) was 392 N.

Total normal load on 3 balls,
N, =1.224745 P,

Normal load on one ball,

1.224745 P,

N
F,=—*=
N3 3

 1.224745%392
Ro= = ——

F, =160.03 N

The radius of contact area or Hertzian radius,

_ [ 3x160.03x1.5875x10°°
2.3077x10"

ji

6.35x107°
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=1.4892x10" m

Maximum contact pressure or Hertzian contact stress

_ 3x160.03
2m (1.4892x107 )2

= 3444741785 Pa or 3.44 GPa

B.2 Calculation of Hertzian contact stress in case of SRV-5 test machine

The SRV-5 test machine forms a point contact geometry and the area of contact will be

circular. The radius of contact area is calculated as follows:

1
"\3
a=(3FNRj Eq (B1)

1 _1 1-0.3? n 1-0.3?
E  2[210x10° 210x10°

E'=2.3077<10" Pa

In SRV-5 test machine, 100Cr6 steel ball (¢ = 10 mm) and disc (24x7.85mm) were used

as the test specimen. Herein, the radii of the disc in rx, gisc, and 1y, the disc is oo
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The reduced radius of curvature is,

1 1 1 1 1
— +—+ +—
R 5102 o 5x107° oo

R'=2.5x10" m

In case of AW test with SRV-S5 test machine, the applied load ( F, ) was 200 N.

The radius of contact area or Hertzian radius,

a:(3FNIR')
E

1
_(3x200x2.5x107
2.3077x10"

| -

=1.8663x10" m

Maximum contact pressure or Hertzian contact stress

_ 3 F
2ma’

max

3% 200
2 (1.8663x107)°

=274164250 Pa or 2.74 GPa
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Appendix—C

C.1 Calculation of wear volume of worn surfaces of steel balls used in four—ball

tester

The diameter of wear scar of each stationary balls was measured parallel and perpendicular
to the sliding direction and geometric mean of these two diameters was reported as WSD
of that particular ball is given by Eq (C1). Further, the average of three stationary balls was

reported as mean scar diameter is given by Eq (C2).

Mean WSD, d,=4yd d, Eq (C1)
Average WSD, du, = d-n,1+dr§,z +d,.; Eq (C2)
1
"\3
Hertzian diameter, d, = 2(3 F]'j: R ] Eq (C3)
Where,

d , = diameter of contact area or Hertzian diameter [m];
dm’1 = mean WSD of stationary steel ball 1 [m];
dm,2 = mean WSD of stationary steel ball 2 [m];
d,,s=mean WSD of stationary steel ball 3 [m];

Fy = Normal load [N];
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, . ) 1 1 1 1 1
R = the reduced radius of curvature [m], i.e., — = + + + ,
R R R R, Ry

X,A x,B

where the subscripts ‘x’ and ‘y’ refer to x—direction and y—direction, respectively

while subscripts ‘A’ and ‘B’ refer to body A and body B, respectively;

- : S N S R E
E = the reduced Young’s modulus [Pa], i.c., = = Sl g A 4 - B | where L,

A B

and E; are Young’s modulus, V, and VUgare Poisson’s ratio of body A and B,

respectively;

TEd4 dav ) dav
Wear volume, V=2 == - == Eq (C4)
64R || d d

In case of AW test with four—ball tester, the diameter of steel balls (12.7 mm) is identical,

and material properties are same. Therefore, E,=E;=210GPaand Poisson’s ratio
v, =0,=0.3

The reduced Young’s modulus,

1 1| 1% | 1}
= — +—B Eq (C5
E 2{ 1(C3)

E, Ey

E 2

11 1-0.3? N 1-0.3°
210x10° 210x10°

E=2.3077%10" Pa

The diameter of steel balls (d) is 12.7 mm.

The reduced radius of curvature,
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1 11 1 1
— = —t—t—+ Eq (C6)
R R, R, R, R

x,B Y.A y,B

1 + 1 4 1 4 1 :
6.35x10” 6.35x107 6.35x10 6.35x10"

1
=
R'=1.5875x10" m

In case of AW test with four—ball tester, the applied load (P) was 392 N.

Total normal load on 3 balls,

N, =1.224745 P, Eq (C7)

Normal load on one ball,

1.224745 P,
3

E =

N

% = Eq (C8)

_ 1.224745%392

F, 3

F, =160.03 N

The diameter of contact area or Hertzian diameter,

o
(=]
[
Y
7~ N\
(99)
m zﬂ'j
=
N—-

(3x160.03x1.5875x10_3j3
=2x

2.3077x10"

=2.978x10" m
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The mean WSD of three stationary steel balls lubricated with paraffin grease were 895.59

um, 841.98 um, and 824.74 um. Therefore, the average WSD of three stationary steel balls

_ 896.59+841.98+824.74
3

= 854.43 um or 8.544x10™ m

4
_ wx(2.978x107) [(8.544x10_4 ]4 _(8.544><10*1 j]

64x1.5875%107 || 2.978x10™* 2.978x107*

V =7.945%x10"" m® or 79.45x10* mm’

Similarly, the wear volume of each worn surfaces of steel balls lubricated with various

grease samples were calculated.

C.1 Calculation of wear volume of worn surfaces of steel ball and disc used in SRV—

5 test machine

The planimetric wear (Wq) of the disc was acquired across the wear track via profilometric
measurements. The radius of the steel ball (R') after the test was measured by a profilometer

and estimated the wear volume (Wy) of ball and disc using following equations (C9—C11):

Comediedi (101
WV,ball - 64 R R Eq (C9)
n-di-df 1
WV,disc - 64 F +AX ! Wq Eq (CIO)
W, = WV,ball+ WV,disc Eq (C11)

The wear coeftficient (k) was computed by using the following equation:
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__ W

- Eq (C12
2.Axn-F 1(C12)

Herein, Wv, paii, and Wy, gisc represents wear volume of ball and disc, respectively. The d 1

and d“ express WSD perpendicular and parallel to the sliding direction, respectively. R and

R' represent radius before and after the tribo—test, respectively. The Wq, Ax, and n are the
planimetric wear (cross—section of wear scar from the profile), stroke length, and the

number of cycles, respectively. Figure C.1 explicitly illustrates the schematic diagram for

the computation of wear volume.

Fn %
(a) l @ (b) (C) d. /Pruﬁ]u line
. E -5
E; wq R
-104
R’
-“:5 0 T";U 1UICD0 12‘50 15‘00

Length (um)

Figure C.1: Schematic view of (a) tribo—pair, (b) worn out specimens (c) profilometry of
worn surfaces (d) 3D surface profile of worn track
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Appendix-D

Film thickness calculation in case of four—ball tester

The minimum film thickness (hmin) was computed considering hard elastohydrodynamic
lubrication (EHL) regime and calculated using Hamrock and Dowson equation

(Stachowiak and Batchelor, 2013):

h u 0.68 0.49 F -0.073
=3.63(#j (oE') ( Nj (1-e2%) Eq(D1)
R ER ER
H=3.63(U)"" (G)""(W)"" (1) Eq (D2)
The non—dimensional film parameter H= hRmi,“
: . un,
The non—dimensional speed parameter U= ER

The non—dimensional materials parameter G = ( OLE')

. . N
The non—dimensional load parameter W= ;

Where,
hmin = minimum film thickness [m];

u,tug

u = the entertaining surface velocity [m/s], i.e., u= , Where U, is velocity

of body A and Uyis velocity of body B;

1, = viscosity of base oil at atmospheric pressure [Pas];
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E = the reduced Young’s modulus [Pa], i.e.,

2 2
i. _ L1 | Ty , where E
E 2| E, E,

and Egare Young’s modulus, V,and Vyare Poisson’s ratio of body A and B,

respectively;

1 1 1 1 1
— = + + +
R R R R R

x,B V.A y,B

2

R = the reduced radius of curvature [m], i.c.,
X,A

where the subscripts ‘x’ and ‘y’ refer to x—direction and y—direction, respectively
while subscripts ‘A’ and ‘B’ refer to body A and body B, respectively;

0. = Pressure—viscosity coefficient [m?/N];

Fy =normal load [N];
k = ellipticity parameter, i.e., k = % , where ‘a’ is semiaxis of the contact ellipse [m]

(in the transverse direction), ‘b’ is the semiaxis of contact ellipse [m] (in the

direction of motion)

The pressure—viscosity coefficient (o) was calculated by the empirical relation derived by

Wooster, is given by equation (D3).

= (0.6 +0.95log,n, )10~ Eq (D3)

Where,

0. = Pressure—viscosity coefficient [m?/N]

N, = Atmospheric viscosity [cP]

In case of AW test with four—ball tester, the diameter of steel balls (12.7 mm) is identical,

and material properties are same. Therefore, E,=E;=210 GPaand Poisson’s ratio

0, = 0;=0.3
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The reduced Young’s modulus,

1-0.3% N 1-0.3?
210x10° 210x10°

N | —

E'=2.3077x10" Pa

The diameter of steel balls (D) is 12.7 mm.

The reduced radius of curvature,

1 1 1 1
= +—t—

1
R' Rx,A RX,B R YA R

y,B

1 1 1

i‘ 3+ 3+ 3
R 6.35x107 6.35x107° 6.35x10"

R'=1.5875x10" m

In case of AW test with four—ball tester, the applied load (P) was 392 N.

Total normal load on 3 balls,
N, = 1.224745 P

Normal load on one ball,

1.224745 P,
3

F. =

N

N
3

F - 1.224745%x392

: 3
F, =160.03 N
The entertaining surface ‘A’ velocity, u,= T 6DON

tx12.7x107 %1200
60

+
6.35x107°

Eq (D4)

Eq (D5)

Eq (D6)

Eq (D7)

Eq (DS)
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=0.7979 m/s

Bottom balls were fixed, therefore u, =0
The entertaining surface velocity, u= WTHB Eq (D9)
_ 0.7979+0
2
=0.3989 m/s

The density (p ) and kinematic viscosity (1], ) of different base oils are summarized in Table

3.1.

For paraffin oil, the density (p) and kinematic viscosity (1) of paraffin oil was 0.854

g/cm?® (or 854 kg/m?) and 81.17 mm?/s (or 81.17x10° m?/s), respectively.

Therefore, dynamic viscosity of paraftin oil, N,~ NP Eq (D10)

=81.17x107° <854

=0.06931Pas or 69.31 cP

u
The non—dimensional speed parameter U= (%) Eq (DI11)

_( 0.3989x0.0693 j
2.307x107" x1.5875%x10°°

=7.548x<107"
The pressure—viscosity coefficient (o) was calculated by the empirical relation derived by

Wooster, is given as follows:

a.= (0.6 +0.95log,n.)x107° Eq (D3)

= (0.6 +0.95xlog,,69.31)x10™*
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=2.348x10"° m*N

The non—dimensional materials parameter G = (aE') Eq (D12)

=2.348x10"%*%x2.307x10"

=5400.4

E
The non—dimensional load parameter W= (EII: ) Eq (D13)

_ 160.03
2.307x10" x(1.5875x10° )2

=2.752x10™"
Note: for point contact k =1

Substitute the values of eq (D11), eq (D12), and eq (D13) in eq (D2)

H — 3.63(U)0468 (G)0.49 (W)-04073 (1_6'0'68]‘) Eq (D2)
H=3.63(7.548x107")"" (5400.4)"" (2.752x107* )" (1-e)

H=3.63x(1.309x107 ) x(67.435)x(1.819)x(0.493)

P _ 5 873x10°
R

h . =2.873x10°x1.5875x10°
h_, =4.56x10° mor ~46 nm

Further, the film thickness parameter (1) was also assessed to determine the lubrication

regime.

=

A= —mn Eq (D14)

Q

Where,
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o’ = composite surface roughness, i.e., ¢ = «/(51—0—(5123 , where, 0, and Ogyare the

surface roughness of body A and B, respectively.

A= ——min Eq (D15)

The specifications of test specimens used in the tribo—test are listed in Table 3.6. Therefore,

the surface roughness of ball A and ball B was 0.201 um.

4.56x10°
\/(0.201><10-6 )" +(0201x10)

7\12

A =0.1604

The L value is less than one that signifies that tribo—pairs was operating under the boundary

lubrication regime.

Similarly, for castor and coconut oil the hmin and A was calculated and summarized in Table

D.1.

Table D.1: Summary of calculated minimum film thickness and film thickness parameter
for different base oils

Base oil Minimum film thickness (nm) Film thickness parameter
Paraftin 46 0.1604
Castor 115 0.4042
Coconut 21 0.0733

The A < 1for all base oils that signifies that tribo—pairs were operating under the boundary

lubrication regime.
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Appendix-E

Calculation of energy consumption due to friction in case of four—ball tester

In AW test conducted on four—ball tester, the frictional power loss was calculated as

follows.

Ploss - T.O‘) Eq (E 1 )

Where,

P

'oss = Frictional power loss [N.m.s™'];

T = Frictional torque [N.m], i.e., T = Fper;;

o = angular velocity [rad/s], i.e., ® = 2mn ;

60

n = speed [rpm];

F, = Frictional force [N], i.c., F;= pFy;
;= Friction radius [m];

p = coefficient of friction;

Fy = Normal load [N];

Substituting all the values in eq. (E1), then frictional power loss

Ploss: 221)(“ [W] Eq (Ez)

1kWh = 3.6 MJ Eq (E3)
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