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Abstract. IC engine crankshaft bearings are amongst the loadéd parts of the engine. Forces,

acting on crankshaft bearings are changed verysitely during the engine operating cycle.

Therefore, it would be very useful to have a vigegresentation of the bearings wear. For that
purpose, a computer program has been developeshrate theoretical wear diagrams for all

the crankshaft bearings of the engine. Theoretiealr diagrams provide a picture of the bearing
material wear distribution resulting from the begrload. The bearing load calculations used in
the program are based on a statically indeterminmethod. The description of the program,

followed by some illustrations of its applicatidras been given in the paper.

1. Introduction

In the majority of internal combustion (IC) enginésrces between crankshaft journals and bearings
have high magnitudes, and as such, are considetesithe most important factor affecting the wdar o
the elements in contact. It is very difficult todemstand and describe the wear phenomenon, edpecial
if all the possible influence parameters such asmgtry and temperature of contact, physical and
chemical properties of the contacting materials ate taken into account.

Many diverse research works have been presentedtheshowing the great significance of wear
in mechanical systems [1-5]. In [1-5], the authdeseloped the models to compute the wear depth in
order to predict wear after a certain period ofetior number of cycles. However, as far as the main
bearings of an internal combustion engine are aoeck it is not of much interest to predict the wea
depth, but rather to determine the most jeopardogadings of an IC engine and to estimate the most
critical areas on the bearing surface in terms efrnwFor that reason, Nikolic et al. [6] proposed a
algorithm for constructing a theoretical wear daagr by the use of which one can determine the most
jeopardized crankshaft bearings and estimate tist onitical zones on their surface.

The theoretical wear diagram has the form of a vauinbearing profile and it is therefore called a
theoretical wear diagram [7]. It is constructedhatitte assumption that a contact between the journal
and the bearing is unlubricated. The assumptioeladed to the theoretical case, when the joumndl a
the bearing are in a direct contact, but it cao als related to critical operation regimes withrspa
lubrication or no lubrication of IC engine bearings
During the research described in reference [6hraputer program has been developed, that is able to
automatically generate wear diagrams for the ap@tEplC engine input data. The computer program
is given the name after the final results thardidoce - "Wear diagrams". It is the aim of this graip
describe what the computer program is capable dham it operates.
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The paper is structured as follows. Basic pringptef crankshaft bearings load and wear
determination and final equations used in the agmaént of the "Wear diagrams" computer program
are given in Section 2. Section 3 describes the ingerface of the program in detail. Some resaofts
the program, obtained by its application on a fiyender diesel engine, are presented in Section 4.
Section 5 contains conclusions.

2. Determination of wear based on crankshaft bearingboad

The computer program "Wear diagrams" is an upgeatk improvement of the computer program
"Polar diagrams" described in reference [8]. bbased on the procedure for constructing a theaietic

wear diagram of IC engine crankshaft main bearsigsvn in reference [6]. Therefore, an interested
reader can there find a detailed description oftgerithm developed as well as complete mathelatic

model with the appropriate equations derived.

In the model, crankshaft is treated as a stati¢atlgterminate beam and the load distribution en th
contact surface between a journal and a beariagsismed to be elliptic.

Figure 1 shows the schematic view of an in-lineiemgrankshaft with (n+1) main bearings with the
forces acting on them. Two coordinate systems laeshown in Figure 1, one of which is stationary
(OXY) and the other one (OX1Y1) rotates togetheéhwhe crankshaft with the angular velocityThe
position of the coordinate system OX1Y1 with respgedhe coordinate system OXY is defined by the
crankshaft anglé. It should be noted that all the forces depicteBigure 1 depend on this angle.

Each crank forcemc; (i=1,...,n) that originates from the crainis distributed to all the bearings, not
only to the adjacent ones. The fordes can be calculated in a common way taking into actgas
forces and inertia forces that dominate over oftv@es in IC engines. The gas forces can be medsure
or modelled by using some of the known methodsthadnertia forces can be easily determined by

using Newton’s second law of motion assuming that ¢rankshaft rotates with a constant angular
velocity. Therefore, the forcelsg; can be considered as known.

Fetan;
Fe,

(b)

Figure 1. The forces affecting the bearings of a crankshaft:
(a) an isometric view; (b) a side view.
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In [6] it is shown that each forc&b,(¢) acting on the main bearing;, (=1,...,n+1) can be
expressed by its projections on X and Y axes:
FbX (¢) = FbX1; (¢) [cosp + FbY1, (¢)Sing

FbY; (¢)=-FbXL, (¢) (3ing + FbYL, (#) [tosg @

where FbX1, and FbY]; are the projections of the fordg; onto the coordinate system OX1Y1:

FbX1, (¢) = il (- o, CFerad, (8, )sing; + o | CFctan, @, Jicosy;) @)
oYL () =3. (41, Ferad, 6, Yeosy; + o Fotan )i3ings)

Fcrad, and Fctan are radial and tangential components of the cfarde, p, ; are the influence

coefficients [6],¢, is the counterclockwise angle between cragkand ¢, (Figure 1b) andp is the
angle that indicates the position of crajmlduring the appropriate engine cycle. Considettirag €ngine
cycle in cylinderi advances by anglé relative to the engine cycle in cylinder 1, thdildwing

relationship between anglgs and ¢ is valid - ¢ =¢ + 8 . The forceFb defined by equation (1) is

transferred from the main journal to the main begrcausing the contact between these two elements
to be established, as shown in Figure 2. Presssmgbdtion within the contact area is assumedeo b

elliptic [6],
1/2
ﬁ 2
= 1-| = 3
p(B) pmaxEE [ﬂcn (3)

where p,x IS maximum pressure in the contact area and depenthe load, the contact geometry and
bearing and journal materials properties [6]

Fb (1
= 0553 []— + 035 4
Prrax L[Rbﬂﬁﬂc J 4)

Assuming that the wear of the bearing is propodian the pressur@(ﬂ) and gradually increasing
parameterg to the end of the engine cycle, it is possiblecatculate non-dimensional cumulative

conditional wear depth as it is shown in [6]. Basedthat calculation a computer program "Wear
diagrams" has been developed.

(a) (b)

Figure 2. Geometry of the journal-bearing contact: (a)
a front view; (b) a side view.
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3. Description of the program

The computer program “Wear diagrams” is writtenusyng Mathworks Matlab software. The user
interface of the program is shown in Figure 3 andivided into seven segments that are enumerated
accordingly, indicating the order of data input.

) Wear_diagrams - o IEN
Copyright ©, Nebojsa Nikolic

ENGINE DATA AND CRANKSHAFT FORCES:

1. Basic data 2. Masses of moving parts 3. Crank forces
Bore [mm] Piston mass [kg] "] Save crank pin force
Stroke [mm] Conrod mass [kg) ("] Save crank force

Length of conrad [mm)] ["] Plot crank pin polar load diagram

Crankpin mass [kqg]

Revolutions number [1/min] Crank web mass [Kg) Calculate crank force

6. Journal and haéﬁng data:
— Bearing material data

4. Crankshaft data-

Import configuration angles Calculate influence coefficients Import bearing lengths

: Modulus of elasticity x100 [GPa]
— Imported data review Bearing lengths [m]:
Angle theta [deg): Angle psi [deg] Crankshaft spans [m]: Poisson’s ratio ——
A -~ SHIE
—Joumal material data:
Modulus of elasticity x100 [GPa]
Poisson's ratio
Joumnal radius [m] v

v v o, -
: - = Clearance coefficient

5. Bearing and journal forces

[_] Plot load rectangular
= Calculate forces
[¥] Plot journal polar diagrams

— 1. Plotting wear diagrams

(] Save maximum and minimum wear data

Plot wear diagrams

[¥] Plot bearing polar diagrams

Close all figures Exit

Figure 3. The user interface of the program “Wear diagrams”.

The segment 1, with an example basic engine dagseshinto the form, is shown in Figure 4. The
data involve cylinder bore, piston stroke, lengtthe connecting rod and engine speed.

Then, the masses necessary to calculate inert@ddmf the crank gear should be entered and it is
done in segment 2. These are the masses of tloa ptsinnecting rod, crank pin and crank web, as it
can be seen for the example data, shown in Figure 5

— 2. Masses of moving parts

— 1. Basic data
Bore [mim] 105.3 Pistan mass [ka) 1.42
Stroke [mm] 1119 Conrod mass [ky] 264
Length of conrad [mm] | 210 Crankpin mass [kg] | 0885
Revolutions number [14min] 2400 Crank weh mass [kg] | 0503

Figure 4. Input of basic engine data. Figure 5. Input of crank gear elements masses.
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To calculate crank force, cylinder pressure valhesughout the whole engine cycle are needed.
These values are imported from an excel file to“'Wear diagrams” program. By pressing the button
“Calculate crank force” in segment 3 of the progi@igure 6), a dialog box is opened so the user can
choose the appropriate excel file containing tHmdegr pressure values. Figure 6 also shows aadditio
options by which the user can choose whether te seank force and crank pin force values to excel
files or not and also whether to plot crank pingodbad diagram or not. After succesful crank force

calculation, a message box apears (Figure 7) amdtdithe user to the next step i.e. to enter the
crankshaft data.

— 3. Crank forces r L_l_]g
Segment 3 completed —

[] Save crank pin force

[] Save crank force
. . Crank forces have just been calculated. Now input crankshaft data.
[]Plot crank pin polar load diagram

Calculate crank force

- J

Figure 6. User interface segme Figure 7.“Segment 3 completed” message box.
for calculating crank force.

Crankshaft data involve so called configurationles@nd crankshaft spans. Engine cycle phase
angles (theta ¢) and spatial crank angles (psy-) are here named configuration angles. Phase angles

depend on the engine firing order and spatial cramyles depend on spatial configuration of the
crankshaft. All the mentioned crankshaft data amgorted from excel files and this is done in segmen
4 of the program (Figure 8). By pressing the buttarport configuration angles”, a dialog box opens,
offering the user to select an excel file contagrémgles theta and psi. After the excel file i®skd,
the imported data appear in appropriate listbogeshawn in Figure 8 for a five-cylinder in-line émeg
Further, by pressing the button “Calculate influeoefficients”, another dialog box opens, wheee th
user can choose an excel file with the crankshadhs data. The rightmost listbox in Figure 8 is
populated with the data from the chosen exceldild influence coefficients are calculated thereafte

Then, a message box appears, informing the useththadegment 4 is completed and suggesting the
user what to do next.

— 4. Crankshaft data

Import configuration angles | | Calculate influence coefficients |

— Imported data review

Angle theta [deg]: Angle psi [deg]: Crankshaft spans [m]:
I - I ~ Al ;
7 144
i4§ 216 g 133 Segment 4 completed w
432 288 0.132
288 72 0.141
Influence coefficients have been calculated.
Now you can calculate bearing and journal forces.

" S

Figure 8. Input of crankshaft data and influer  Figure 9.“Segment 4 completed” message box.
coefficients calculation.

With the crank force and influence coefficients Wmgit is possible to calculate journal and bearing
forces. This is done by simply pressing the but@alculate forces” in segment 5, shown in Figure 10
After the calculation has been completed, appropuagagrams are plotted for each crankshaft main
journal and/or bearing, depending on the checkbolResked in segment 5.
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5. Bearing and journal forces

[_] Plot load rectangular
) Calculate forces
[¥] Plot journal polar diagrams

(V] Plot bearing polar diagrams

Figure 10. User interface segment for calculating
bearing and journal forces.

The final data input, before plotting the wear déags of the crankshaft main bearings, is performed
in segment 6 (Figure 11) of the “Wear diagram” pamg. As Figure 11 shows, the data related to jdurna
and bearing materials and geometry are needed.u$ée should enter modulus of elasticity and
Poisson’s ratio of the journal and bearing matsréa well as journal radius and clearance coeficie
At the end, the length of each bearing is neceskarylotting the wear diagrams. These data are
contained in an excel file and are imported togtegram by using a dialog box which is opened after
pressing the button “Import bearing lengths”. Timported data appear in appropriate listbox as shown
in Figure 11.

After segment 6 has been completed, all the negesksda are prepared for plotting the wear
diagrams for each main bearing. This is done bgging the button “Plot wear diagrams” in segment
7, shown in Figure 12. In segment 7, there is afsadditional option represented by checkbox “Save
maximum and minimum wear data”. By checking thieakbox, the user can save specific data in an
excel file. These data involve maximum and minimuatensity of wear and also their locations on the
bearing circumference for each bearing. Exampleékseofvear diagrams and the associated specific data
are shown in the next section of the paper.

— 6. Journal and bearing data:
— Bearing material data:

‘Import bearing lengths |

Modulus of elasticity 1.15' x100 [GPa] )
Bearing lengths [m]:

Poisson's ratio 03 0.037 7
[ | 0.037
— Journal material data: 0.037
0.047
Modulus of elasticity 2.2 x100 [GPa] 0.037
0.047
Poisson's ratio 0.34
Journal radius [m]  0.0355 L v

Clearance coefficient 0.001

Figure 11.Input of journal and bearing data.

— 7. Plotting wear diagrams

Save maximum and minimum wear data

Plot wear diagrams

Figure 12.User interface segment for
plotting wear diagrams.

4. lllustration of the program application
To illustrate application of the program developadive-cylinder in-line diesel engine is takenaas
example. Some of the basic data used are alreagynsin Figures 4, 5, 8 and 11.
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Figures 13-18 show the wear diagrams for all thggrenbearings. As it can be seen, bearing worn-
out surface is symbolically represented by a blletoed hatched area. Thus, the user can conclude
which bearing is mostly jeopardized and where erbéaring surface the wear is the most serious. Nex
to each wear diagram, one can see the maximum arichoem values foAR, that represent maximum
and minimum wear intensity. Further, there are al@®R) values written at the diagrams, precisely
showing the most and the least loaded locatiorte@bearing surface. Looking at Figures 13-18aiit ¢
be concluded that bearing 3 is exposed to the miestse wear, and bearing 6 to the least intense. we
The wear diagrams offer more useful informatior. &ample, taking the closer look at Figure 15, one
can conclude that minimum wear intensity of beairsgnounts 651 units and appears at asmgh21°,
measured from the positive X-axis. Further, maximuear of 1262 units appears at angtel4°,
measured also from the positive X-axis. These dataavailable for all the bearings in their wear
diagrams.

AR =213
i

in

AR =515
max

(AR ) =250°
mirt

a(AR )=336°

I

(AR )= 145°
it

AR )= 64°

I

@R

X X
111 v 111 v
Figure 13.Wear diagram of bearing 1. Figure 14.Wear diagram of bearing 2.
Y Y

AR =01 o(AR ) =221° AR =552 a(BR )=238°
ARM = 1262 “(ARM) = 14° ARM =976 “(AR,,,,U) =10

I 1 I

X A x

m v 11 v

Figure 15.Wear diagram of bearing 3. Figure 16.Wear diagram of bearing 4.
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Figure 17.Wear diagram of bearing 5. Figure 18.Wear diagram of bearing 6.

5. Conclusion

An interactive computer program for plotting weagitams of IC engine crankshaft main bearings has
been developed and described in this paper. Wagrains enable one to compare different bearings in
wear intensity and to determine the regions orbdaing surface that are exposed to heavier waar th
others. A part of the program benefits has beestihted by the results obtaind after the prograth h
been applied to a five cylinder in-line engine.
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