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Abstract: The paper describes the results of investigations on shrink-fitted joints. Models of the marine engine cranks and
pivots were made in the scale of 1:5 considering real conditions of the large-sized crankshafts fabrication. The results of
ultrasonic measurements of stresses were compared to the temperature distribution during the cooling process of the
assembled couplings. The conclusion was that the unsteady stress distribution might be caused by the unsteady cooling
process. The proposed model of the cooling process provided an explanation on how the stresses and deformations appear. As
a consequence, more tight joints may not reveal a better ability to bear a torque load.

Badania modeli potaczen skurczowych sktadanych watéw korbowych

Stowa kluczowe: budowa maszyn, potaczenia skurczowe, sktadane waty korbowe, silniki wielkogabarytowe.

Streszczenie: Przedstawiono wyniki badan nad potgaczeniami skurczowymi. Pomniejszone modele korb i czopow w skali
1:5 zostaly wykonane z zachowaniem rzeczywistych warunkow technologicznych dla okretowych watow korbowych. Wyniki
pomiaréw naprezen metodg ultradzwiekowa zostaty poréwnane do rozktadéw temperatur w czasie chtodzenia ztozonych
potaczen. Wykazano, ze nierdwnomierny rozklad naprezen moze by¢ wynikiem nierdwnomiernego przebiegu chtodzenia.
Zaproponowano model procesu chtodzenia wyjasniajacy sposéb powstawania naprezen i odksztatcen w potaczeniu skurczowym,
ktore skutkujg tym, ze zwiekszenie wcisku nie przektada sie na zwigkszenie przenoszonego momentu skrecajgcego.

Introduction

There are three common technologies for the
marine crankshaft fabrication. Unlike the fully forged
crankshafts, production of the assembled and semi-built
crankshafts that may be considered as the most common
for large marine main engines involves the shrink fitting
method [4]. For example, the crankshaft 6S35MC type

is of 4,700 mm long, its crank radius is 700 mm, and the
weight is 11,730 kg, and it is assembled in the vertical
position. All of its elements, e.g., crankpin journal,
main journal, and crankwebs, are prepared separately
and joined together in an appropriate angle position
with a shrink-fitting technology. Figure 1 presents the
elements of such a crankshaft, and Fig. 2 shows how it
looks after assembling.
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Fig. 1. Elements of the assembled crankshaft: a) supporting journal, b) crank, ¢) main journal, d) journal with flange [16]
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Fig. 2. Scheme of the assembled crankshaft

The crankshaft is a very responsible element of
the marine engine, its failure, especially during the
operation in the storm, may lead to a threat towards the
lives of shipboard personnel and passengers. Moreover,
the industrial design requires knowledge based on the
investigation in the area of new materials and methods
[10,12] and knowledge concerning surface morphology
[7]. Because of safety reasons, the joints must be able to
bear the increased load. To calculate the loading causing
the shaft-hub detachment, Radi et al. [13] proposed an
analytical model based upon the Lamé equation and the
beam theory. In their solution, the shaft-hub contact was
modelled in terms of two elastic Timoshenko beams
connected by a distributed elastic spring. Its stiffness
was evaluated analytically. It is known that fractures in
crankshafts can occur by bending fatigue, by torsional
fatigue, or a combination of both [5]. Moreover, in
the assembled crankshafts, the hub must be axially
positioned on the shaft and resist the moments and
forces generated by misalignments [9]. However, it is
known that the residual stresses and their distribution
in mechanical components may cause them to fail
at a load level significantly lower than expected [1].
Siemiatkowski [16] demonstrated experimentally that
the relative interference above 2.2%o did not improve
the bonding strength of the shrink-fitted crank-pivot
joint, and Burenin et al. [2] proved theoretically that
plastic deformation in the shrink-fitted coupling under
temperature stress significantly reduced its tightness. The
effect of the shrink fitting ratios was investigated by Lee

et al. [8], and Kim et al. [6] proposed a technique based
on the 3D Finite Elements method for the shrink-fitting
procedure optimization. Strozzi et al. [17] reported the
results of a study on elastic stress concentration. Zhang
et al. [20] studied the initiation characteristics of fretting
fatigue cracks in the shrink-fitted shafts to analyse the
wear mechanism.

1. Internal stress measurement in the models

There are many methods of the the analysis of
shrink fit couplings in different applications [19],
but, in case of such a large-sized elements, empirical
investigation and measurement is extremely difficult and
expensive. In particular, fabrication of the assembled
crankshaft just for the residual stress measurement with
the layer removal technique [3] would be financially too
expensive.

Therefore, 1:5 scale models were made in order
to make laboratory measurements possible [16].
The shrink fitted couplings were fabricated keeping
technology as close to the technical conditions of large-
sized crankshafts production as possible.

Surface topography has a crucial effect on the
precision of the obtained parts [11]. Thus, roughness
and form deviations of the models were measured in
order to ensure the appropriate relative tightness of
the couplings in the range between 2.0 and 2.5%o. The
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Fig. 3. An example of the investigated model of the crank (left) and the out-of-roundness of its orifice (right) [11]
roughness of the surfaces was kept between Ra = 0.32 The shrink-fitted elements generate internal

and 0.40 pm. Examples of the examined models of the
crank and the roundness measurements are shown in
Fig. 3. The surfaces designed to be in contact were dried
and degreased before the operation, but no substances
increasing friction were applied. To complete shrink-
fitted joints, each crank was heated in the area around its
orifice up to the temperature of 350°C, while pivot was
left at room temperature. After the pivot was inserted
into the crank, the coupling was left to cool in ambient
conditions.

stresses, which were measured using an ultrasonic
measurement device (Debro) in the laboratory of the
Institute of Fundamental Technological Research
(Polish Academy of Sciences). For each couple, crank-
pivot and ring-pivot, measurements were made before
they were joined together and afterwards. Examples of
measurement results for radial stresses in the assembled
models are shown in Fig. 4.

Radial stresses Or in the pivot and crank
shrink fitted with relative tightness Ww = 2 %,
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Fig. 4. An example of the measured radial stress distribution in the shrink-fitted crank and pivot along the axes [16]
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The stress measurement results should be treated
as the stresses averaged along the material thickness. In
the case when they were performed close to the border
between the details, they indicated the average along the
joint. Both digital simulation and the hole-drilling strain-
gage method confirmed the unsteady stress distribution
[15]. The extension of the concentrated stress over the
yield point is the factor most probably responsible for
the reduced tightness of the shrink fit.

2. Calculations of the shrink fitted joints

The interferences between the pivot and crank
were calculated with two methods: analytically as
a thick-wall pipe with constant inner pressure, and using
Finite Elements Method (FEM) as a pressure steadily
applied to the inner surface of the crank bore. The results
were obtained in form of stress distribution graphs and
deformation diagrams.

The Lamé equations for the pressure p could be
written for the known interference w as follows:

— EW | (Femrie) (Rpk—Tic) (1)
Tzc 2-r7_2c-(R§k—r‘£c)
where
w — radial interference between the crank bore and
pivot,
Mol —inner and outer radius of the shrink-fitted

orifice and pivot, respectively,

R, R, — inner radius of the crank bore and outer radius
of its cylindrical part, respectively,
E — Young’s modulus.

Assuming that the interference w is the difference
between the displacements of the pivot u , and the one of
crank u,, it could be written:

w=u,-Uu, ()

Thus, it can be written:

oo = — Tzc'P (r»%'t:"'rzzc _ 1}') (3)
EE E rzzc‘rt%'c
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where v — Poisson’s constant.

The stresses, both radial ¢, and tangential o, in
the pivot and crank, are calculated from the following
equations:

a) For the pivot:

2 2

Tzc'P Twe
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where r is the current radius of the pivot from the range
<r

wc; rzc>'

b) For the crank:

RivicP Rk
O = w7 \1 — 72 ™
zk “wk
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where R is the current radius of the crank from the
range <R ,; R >, which enables to calculate the stress
distribution.

Based on the von Mises—Huber’s hypothesis, the
reduced stresses for the pivot G, ., and the ones for the
crank G eqq) €N be calculated from the Equations (9) and

(10), respectively:

— 2 2
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In the above equations, the following values were
input: E = 2.1x10° MPa, r,, = 11.5 mm, r, = R, =
57.0 mm, R, =110.0 mm, v = 0.3, and the interference
w=0.1275 mm.

The obtained results are as follows:

a) For the maximal radial interference w = 0.1275 mm,
the relative tightness was W. = 2.24%o, the pressure
in the joint p = 167 MPa, the crank radius increase
U, = 0.092 mm, and the pivot radius decrease
u, =-0.035 mm.

b) For the minimal radial interference w = 0.117 mm,
the relative tightness was W. = 2.05%o, the pressure
in the joint p = 153 MPa, the crank radius increase
U, = 0.084 mm, and the pivot radius decrease
U, =-0.033 mm.

The graph of calculated pressure in the shrink-fitted
pivot and crank is presented in Fig. 5, and the stress
distribution is presented in Fig. 6.

It can be also calculated that the maximal bearable
torque for the shrink-fitted coupling is as follows:

Ms =2 u 7RL:p (11)

where

p  — friction coefficient,

R, — nominal radius of the shrink-fitting,

L — axial length of the interference, equal to the crank
thickness.
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In the experimental model, the theoretical pressure Figure 7 presents the examples of the stresses
was p = 167 MPa, nominal radius R = R, = r, ~ compared to the deformations calculated with the Finite
= 57 mm, contact length L = 48 mm, and friction Elements Method (FEM), and Fig. 8 shows the examples
coefficient was i = 0.2. Thus, the maximal torque was of the components of stresses in different directions.

calculated as Ms = 32.7 kNm.
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Fig. 5. Theoretical (Lamé) pressure distribution in the pivot and crank for the interference w = 0.1275 mm
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Fig. 6. Theoretical (Lamé) stresses in the shrink-fitted pivot and crank for the radius R = 57 mm and interference
w=0.1275 mm

Fig. 7. Reduced stresses ¢__ . (left) and deformations (right) in the crank
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Fig. 8. Components of the stress tensor in the crank in different directions: a) XX, b) XY, ¢) XZ,d) YY, e) YZ, f) ZZ

From Figures 7 and 8, it can be seen that the crank
geometry generates a specific kind of stress during the
shrinkage and the rise of respective pressure on the
crank bore. As a result of unsteady and irregular stresses,
deformation takes place, so the axis of the crank bore
moves along the X-axis. The maximal von Mises stresses
can be seen in the front side of the cylindrical part of
the crank. In Fig. 7 (left), the place where the maximal
reduced stress 6, . = 467.3 MPa appears is marked.
Similarly, the maximal displacement 0.122 mm is seen
in the front side, where the maximal stress appeared
(Fig. 7 right), while the minimal one takes place on
the back side. The abovementioned phenomenon is
caused by the varying stiffness of the crank in the radial
direction from the crank bore.

3. The experimental rig for the shrink-
fitted joint temperature measurement

Apart from the stress measurements, the local
temperature was measured in the area of joint between
cranks and pivots or rings and pivots, respectively. In

order to perform the measurement and distribution
analysis of the temperature during the cooling process
of the shrink-fitted joint, a dedicated experimental rig
was made. The equipment made it possible to simulate
the full assembling cycle of the pivot with crank, i.e.
heating, insert of the pivot into bore, and the cooling of
the coupling. The experimental setup is shown in Fig. 9.

During the measurement, the model crank (1) is
placed on the supports (2) of height projected in the
scale 1:5 related to the real dimensions of the assembled
marine diesel engine crankshaft. From the bottom side,
the burner is placed to heat the examined element up to
350°C.

In the special measurement ring (5), eight
independent thermocouples PTT-K (NiCr — NiAl) were
placed (6). They were distributed at 45° increments
(Fig. 4 above), and their measurement diameters were
10 mm and thickness 1 mm. The measurement ring was
placed in a way that ensured a small pressing force on
the crank surface around the bore. The special pads and
silicon lubricator provided appropriate heat transfer and
electric isolation between thermocouples.

The thermocouples were connected with the
measurement card (DAC-pad 71B) produced by
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Fig. 9. The experimental rig for the temperature measurement (details explained in the text)

“Advantech” (7). The card was installed in a computer
(Aristo  FT-6000E) equipped with a Pentium 120
processor (8). The measurement card made it possible to
perform temperature compensation. The thermocouples
were adjusted at the temperature of 0°C.

The metal plate cover (9) eliminated the noises that
may affect the measurement results, especially those
caused by the air swirling around the measurement area.

Temperature T [°C]
—“o<-v}

Hom-zmoz-

B —

The signal sampling was made with a frequency 30 kHz.
The measurement inaccuracy was estimated at the level
of 2% on the basis of the comparative test measurement.

The locations of the temperature measurements
and an example of the graphs obtained for each sensor
during the cooling are shown in Fig. 10.
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Fig. 10. The temperature registered by the sensors T1-T8

4. Measurement results and discussion

The temperature is closely related to the
dimensional changes of the heated crank and its bore
diameter. Theoretical calculation was made for the ideal
assumption of proportional linear diameter change AD
at the mean temperature obtained from the opposite
thermocouples, e.g., T1 and TS5 or T3 and T7. The
following formula was applied:

Time t[ min ]

during the cooling in the air

AR, =R, 0 AT (12)

where

R, — crank bore radius,

a —linear thermal expansion coefficient (for steel
S34MnV o =14x10° [1/°C)),

AT — absolute increase of the temperature on the crank
surface.
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The differences between the theoretical and
measured values of AD did not exceed 0.02 mm. The
results for the same crank (relative tightness W =
2.25%0) are presented in the Table 1. The problem,
however, appears because the axis of the crank bore is

a)

T5
30°C

Fig. 11.

moving during the heating process. For example, for the
same crank, the radiuses related to the thermocouples T1
and T5 increase for the values AR_(T1) = 0.226 mm and
AR_ (T5) = 0.265 mm, respectively. The illustrations of
the thermal deformation resulting in the axis movement

are shown in Fig. 11.

b)

W = 2.25%o, b) for the relative tightness W_= 2.00%o

Table 1. Increase of the bore diameter during the crank heating process

Thermal deformation of the crank bore immediately before insertion of pivot: a) for the relative tightness

H;ar‘r?;lg Mean absolute increase of the temperature Me_asured increase of the Cal_c ulated increase of

around the bore in the crank dlametgr between two the dlamgter between two
t [min] corresponding thermocouples corresponding thermocouples
(TI+T5)2 | (T2+T6)/2 | (T3+T7)2 | (T4+T8)/2 | DDl | DD2 | DD3 | DD4 | DDl | DD2 | DD3 Fm]if]

[’C] [’C] [’C] [’C] (mm] | [mm] | [mm] | [mm] | [mm] | [mm] | [mm]

0 0 0 0 0 0 0 0 0 0 0 0 0
10 93 98 100 97 0.14 | 015 | 015 | 015 | 015 | 0.16 | 0.16 | 0.15
20 162 166 168 165 0.25 025 | 025 | 025 | 026 | 026 | 027 | 026
30 207 210 213 211 0.33 032 | 032 | 032 | 033 | 034 | 034 | 034
40 240 243 245 243 039 | 038 | 038 | 038 | 038 | 039 | 039 | 0.39
50 263 267 268 267 042 | 041 041 041 042 | 043 | 043 | 043
60 279 283 283 282 045 | 044 | 044 | 044 | 045 | 045 | 045 | 045
70 290 294 296 293 047 | 047 | 047 | 046 | 046 | 047 | 047 | 047
80 299 301 303 302 048 | 048 | 048 | 048 | 048 | 048 | 048 | 048
90 304 306 307 307 049 | 049 | 049 | 049 | 048 | 049 | 049 | 049

As reported in other papers, e.g., Sun et al. [18],
there is a difference between the heating time of the pin
side and round side around the bore. In the current study,
the most interesting observation of the cooling process
is the slight increase of the crank temperature near the
bore after the initial fall to the value of ca. 210°C. As it

is seen in Fig. 10 above, such an increase is indicated by
the thermocouples T1, T2, and T8 placed where there
is much more material to be cooled than in case of the
other thermocouples. No phenomenon of that kind takes
place in the case of the ring-type detail, as shown in
Fig. 12.
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Fig. 12. Graph of the temperature during the shrink-fitting process for the ring and pivot of relative tightness W = 2.25%o

Moreover, Fig. 12 indicates another problem
with unsteady cooling. After the pivot is inserted, the
thermocouple T2 indicates evidently quicker cooling to
ca. 300°C than the other ones. At ca. 280°C, the cooling
speed becomes almost equal, but again, T5 reaches
235°C more quickly than other thermocouples. This
may be the evidence of non-axial insertion of the pivot,
which resulted in increased heat transfer along the main
contact line between the pivot and bore.

From Fig. 10, an additional explanation can be
derived for the deformation mentioned above. At the
time when the pivot is to be inserted into the crank
bore, the difference between the temperature at the
points T1 and T5 is ca. 55°C. This fact results from the
deformation of axis, even though the mean temperature
for AD1 is almost the same as for other diameters (304°C
compared to 306 and 307). Sun at al. [18] reported that
the displacement of centre of the bore may reach 0.5
mm, coaxially it may be distorted by 0.4-0.9 mm, and
a rotation of 0.044° may occur.

The obtained measurement results led to conclusion
that the inevitably unsteady cooling process is the main
source of irregular shrinkage and subsequent unsteady
distribution of the residual stresses that also result
with the deformations of the assembled crankshaft. To
understand it better, the cooling process may be divided
to four stages, as follows:

— Immediately after the pivot is inserted to the hot
crank bore, the heat transfer goes faster on the outer
surfaces of crank than along the surface inside the
bore. As a result, the upper and lower edges of the
bore are shrinking faster and getting in contact with
the cold pivot as shown in Fig. 13a.

— The contact circles around the pivot provide more
intensive heat transfer than the rest of joint where
air remains between the hot crank bore surface and
the cold pivot surface. The pivot receives heat and
expands, so its length and diameter increase, and
simultaneously, it is squeezed by the shrinking crank
bore. The contact circles grow into tight rings in the
upper and lower parts of fitting (Fig 13b).

— The heattransferand dynamic gradient of temperature
cause deformations of both coupled elements. The
axial extension of the pivot after the appearance of
tight rings results in different contract forces between
the pivot and crank bore. The most important and
dominant force is the radial interference force p, but
axial friction forces F, and F, directed against one
another inevitably appear, as shown in Fig. 13c.

— The last stage starts when the pivot reaches its
highest temperature and the coupling is cooled
down together. The shrinking process is finished and
interference fit is formed with its residual stress that
provides the desired bonding strength. However,
the resulting boundary surface is formed in the way
presented ideally in Fig. 13d; however, in reality, it
is more deformed and also has gaps as reported by
other researchers [18].

These 4 stages of the cooling process provide the
explanation on how the stresses are being generated
in the large size assembled crankshaft and why their
concentration leads to the reduced bonding strength. The
deformations found after the reported destructive tests
[16] stay in conformity with the above explanation.
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Important stages of the cooling process: a) first “contact circles” between hot crank bore and cold pivot,

b) appearance of the tight rings, ¢) growth of the shrinking force p and friction forces F, d) resulting boundary

surface

Conclusions

The present study enabled us to indicate some
important problems concerning the shrink-fitting
technology applied in assembling large-size marine
diesel engine crankshafts. First of all, temperature
measurements provided a better understanding of the
process. Secondly, residual stress calculations were
performed according to the Lamé method and using the
Finite Elements Method. Thirdly, deformations were
analysed, and theoretical expectations were compared
with experimental results. And finally, a model of the
process was proposed based on the obtained results.

It was found that, in any analysis and project works,
the shrink-fitting procedure should be divided into three
stages: heating, insertion, and cooling. In the cooling

process, unsteady temperature distribution is caused
by the different thickness of the material around the
bore. The registered temperature difference at the bore
opposite sides reached 55°C.

Next, the insertion of the pivot into the crank
bore causes the rapid fall of the temperature, which
may end with a slight temperature increase before the
proper cooling process starts. No such increase of the
temperature takes place in the ring-pivot shrink-fitting
process. In some cases, when the pivot is inserted non-
axially, the temperature may decrease more quickly
along the main contact line.

The last phase of the procedure, the cooling, is
responsible for the appropriate joint between the crank
bore and the pivot squeezed in it. During the cooling
process, the stresses cause the displacement of the crank
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bore axis. The analysis of stages of the cooling process

gave some explanation on why the resulting surface

between shrink-fitted crank and pivot is not cylindrical
and the residual stress distribution is unsteady.

The presented researches can be the basis for some
practical recommendations, as follows:

— It is not advantageous to make the joint too tight,
because the unsteadiness of process itself will
generate larger deformations making the joint
weaker.

— The deformation and stress distributions should be
calculated taking into consideration unsteady heat
transfer in different directions.

— Simplified calculations may result in much larger
deformations than expected, including the axis
displacement.

The abovementioned processes should be taken
into consideration from the very beginning of the project
stage, in order to keep the accuracy and reliability of the
shrink-fittings in the assembled diesel marine crankshaft.
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