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Abstract. Circular cylindrical shells, used in the paper industry, with small thickness variations along their body, when
submitted to rotation, present, in some cases, elastic displacements of their outside surface induced by centrifugal
forces leading to final oval like shapes. The main purpose of this study is to establish relationships between a given
thickness variation of cylindrical shells with their measured deformation during the rotation, and results of finite
element method (FEM) models. The studied cylindrical shells had their wall thickness measured by means of an
ultrasound device. The used material is flake graphite cast iron (gray cast iron). The graphite flakes act as reflectors,
what makes such measurements imprecise. The numerical results found are satisfactory in a qualitative way, but they
disagree in the quantitative form. Shell models with theoretical imperfections also were created and analyzed using the
finite element method in order to evaluate the behavior of the cylindrical shell under several configurations of
distribution of the shell thickness variation. Further research is necessary on new technologies to measure the
thickness of parts manufactured of flake graphite cast iron. The oval shape measurements were done by means of eddy-
current proximity sensors.
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1. INTRODUCTION

The imperfections related to the manufacturing esscof a part of equipment are characteristicsramtan any
mechanical component. In particular in the papenufecturing industry cylindrical equipment for weluidance
during and after its formation are widely used, agqavhich those of largest dimensions are calle@dcylinders (see
Fig. 1), responsible for a part of water removahirthe web by means of heat transmission duringmpaganufacturing
machine operation. With the progress of manufaatuand operating techniques of such equipmentimtipe of
industry, more and more the paper production speeus increased, making the rotary equipment mensitve to
imperfections remaining from the manufacturing s Thus, some equipment of this kind began rigcenpresent
excessive deformations on its cylindrical surfaog,larger magnitude thasimilar equipment and increasing as
rotational speed increased, suggesting the infeiefcentrifugal forces.

In an attempt to better evaluate the variationsdoand their causes, measurements of the dynamic tioe
cylindrical surface took during rotation were madehirty-six cylinders of a same project. In addit measurements
of the thickness variation of its cylindrical shelere made by means of ultrasonic equipment afigatbe surface of
the equipment.

The results indicated that dynamically the equipnteok an oval shape, which developed as the ootatispeed of
the cylinder increased, resuming its original shapeotation stopped, which characterized an eldstiormation. The
thickness measurements showed a non-uniform mas#dtion along the cylindrical shell, presentingnost cases an
elliptical and eccentric distribution.

The purpose of this work is to establish the refehip between the cylindrical surface thicknessgatian and the
oval shape arising due to the increase in rotatispaed, by making critical use of numerical angezimental
methods.

Figure 1 — Paper machine segment



2. METHODOLOGY
2.1. Obtention of experimental data
2.1.1. Description of the physical models measured

The equipment on which the measurements were masleatly consists of three parts: the cylindridaglsitself,
heads for cylindrical shell support, and journalsapport the whole assembly — see Fig. 2.
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/Cylindrical shell

Figure 2 — Main parts of the model analyzed
2.1.2. Model manufacturing process

The cylindrical shells are manufactured by castRiges (2006), in a vertical pit, by gravity, byingsa sand core.
The material employed in this case was SA 278 Glaggray cast iron, or flake/lamellar graphitetdéem).

After dimensional controls and removal of segmémm the ends - for manufacturing specimens fofuatang the
mechanical and metallurgical properties -, thentdr is machined both on the inside and outside loorizontal lathe.

It is important to point out that the thicknessighon distribution over this equipment does natwcsymmetrically
on the cylindrical shell centerline, but on itsidesdiameter.

The main dimensions of the analyzed shells werdobews: Length: 10070 mm, Outside diameteri812 mm
,Nominal thickness29 mm, Mass:=18t

2.1.3. Cylindrical shell ovalization measurement

To carry out the cylindrical shell ovalization mae=ments, inductive analog “eddy-current” (IA8-3063/model/
Pepperl) type motion sensors, horizontally arrangeeither cylindrical shell side, have been usasdshown in Fig. 3.
Measurements were made on a balancing unit, wiatadian of which was carried out by means of a geator
system coupled to the cylinder journal by a carslaait. The journals were simply supported on rellep as to allow
axial motion of the equipment at the end oppositdné cardan shatft.

Based on these measurements, readings were prddasseeans of Fourier transforms, to obtain a pdlagram
showing the dynamic cylinder shape (Fig. 4), ad a®lthe signal decomposition into harmonics. Suelasurements
were made at constant rotational speed of 11.72 Hz.
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Figure 3 — Sensor Figure 4 — Dynamic shape acopitdithe readings of
the central sensors: front and rear
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The reason for having sensors on either side ofcttiedrical shell on the balancing machine is ® dble to
determine the external interference level or ndisat is being obtained at sensor readings. Ldgicle front and rear
sensor readings should result in identical valoasy displaced by 180 degrees, but a small diffeeclbetween them
was always present, so that the results considenadin are mean values of both sensors readings.

In addition, the balancing machine has a lasedatigpnent sensor (Fig. 5), which is positioned &dhntral bottom
part of the equipment, with which the signals aledi are processed to obtain the harmonics compositige motion
of the cylindrical shell. These results are alsespnted in the form of graphs (Fig. 6), where tWiéndrical shell
harmonics amplitude evolution is observed as tledpncreases.
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Figure 5 — Laser sensor Figure 6 — Amgétof harmonics

As well the ovalization measuring results obtaingith the aid of inductive current sensors, as thaisiained by the
balancing machine, were taken sequentially to edwodr, immediately after balancing the equipment.

2.1.4. Comparison of measuring results
A good correlation between 2X results is observeHig. 8, except for five cylinders shown at thagjr right-hand

end (cylinders 6, 10, 12, 19, and 22), but in a@sttito it Fig. 7, showing 1X results, presents ghéi dispersion
between the results, indicating only a correlatenmdency between the points.
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Figure 7 — Comparison of 1X of relationship Figure 8 — Comparison of 2X of relationship

between balancing machine results and measurements  between balancing machine results and measurements

A probable reason for this difference may be relate the magnitude of the results of both harmgniee 2X
results having a range of 74-5idfh, while the 1X ones just of 10-1%@n, which perhaps may indicate that for a same
measuring error the values of lower magnitude wdadnore subject to deviations.

In general, the balancing machine sensor resuisiawer than those of the ovalization measurem@assible
causes might be: Inductive current sensors arsuittble for such measurements, sensor calibratavle length and
sensor support vibration.

2.1.5. Cylindrical shell thickness measurements

After assembly and final machining the cylindrisaklls had their thicknesses measured by means aitrasonic
apparatus (DM4 model collector and DA0.8 head, bo#mufactured by Krautkramer), so as to obtainid gf the
cylinder planned with the thickness variation magpon its whole surface. The cylindrical shell veabdivided into
20 planes along its longitudinal axis, on each @ltre outside circumference was subdivided inte@8al segments



and the thickness of the position located at eadldisision crossing point was measured, totaling p6ints. Fig. 9
illustrates the surface division.
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Figure 9 — Thickness measuring point schema

One knows according to TAPPI (2001) about the inemxcy of carrying out thickness measurements iy geest
iron by ultrasound due to its metallurgical struefuconsidering the existence of graphite lamegliig. 10) acting as
material inside reflectors, providing readings thighificantly differ from the actual values.

Graphite lamellae/flakes

Figure 10 — SA 278 CL 40 micrography

Furthermore, due to the vertical casting processuch cylindrical shells, the material presentoand velocity
variation along its length, which implies that timeasuring apparatus will provide thickness readingseasing along
the cylinder length, from its base to its top (inméxgg it in vertical position during the castingogess). In order to
minimize this deviation, the data obtained fromstheeadings were corrected by applying a compamsatiall points
along the cylindrical shell length. Fig. 11 (a) geats the thickness distribution along the longitadaxis of the shell
(each color represents one of the 28 angular paositior thickness measurements - see Fig. 9), diogpto the values
found, Fig. 11 (b) showing the thicknesses afterahove-mentioned correction.

Thickness variation
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Figure 11 — Thickness variation along the longmadliaxis of the cylindrical shell

Thus, additional errors are supposed to be intrediucto these readings, besides that already pgreabeneviously.

Fig. 12 and 13 illustrate some results of the desigckness deviation mapping associated with thers, so as to
allow better visualization of its distribution:
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Figure 12 — Ellipse type cylindrical shell thicksegriation distribution
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In Fig. 12 the horizontal axis represents the cyloal shell longitudinal direction and the vertioae its developed
length @t x outside diameter). A thickness distribution ¢snalso observed, which in this case suggestslipticall
form along most cylinder length.

Based on the measurements carried out, the slaellbegrouped in the following main groups:

» Ellipse aspect thickness distribution (Fig. 12)
» Eccentric circle aspect thickness distribution (Fig. 13)

Type Il - eccentric

Figure 13 — Cylindrical shell thickness variatiastdbution, eccentric type
2.2. Finite element method (FEM)

2.2.1. Cylindrical shell 3D modeling

Thickness measurements mentioned under 2.1.5 vgeré as model input data. Besides the previouslgrithesl
errors, some discrepancies between adjacent poditating unreal values such as 1163, 1.8. as well in longitudinal
as in circumferential direction also occurred & theasurements, such values having been replacen logsult of the
simple arithmetic mean of two adjacent points ie ofthe directions, chosen according to each case.

By using macros, the thickness measuring resulewaported directly to the 3D modeling softwaremihich the
points corresponding to the measurement were atddr each spreadsheet column (cylindrical shestisn), thus
creating a spline curve (Fig. 14) through all psiaf that plane. After introducing all sectionsuaface was generated
and passed through all existing sections (loftyet.she cylindrical shell faces were longitudinagtijojected, so as to
obtain the actual length of the cylindrical shelpresented by this model.

2.2.2. Finite element analysis

As the 3D model was ready, the geometry was expaotdinite element program ANSYS. To perform timalgsis,
it was decided to use high order solid elementsn@fes) in an attempt of representing the thickwastion with
reasonable precision.

In order to simulate the influence of the equipmegdds, which are responsible for supporting thi@dnjcal shell,
they were modeled by means of rigid links betwdenexisting nodes at the ends and an element wgligible mass
and inertia, located in the position correspondmghe journal centerline, thus limiting the circi@mential movement
of the nodes in that area, as shown in Fig. 15.
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Figure 14 — Sections represented by splines Figbire Representation of the rigid link
between shell and bearing center

Boundary conditions were applied to the model, andne end the movement was blocked in the thmeetdins
(using the cylindrical coordinate system), whiletla¢ other one the cylinder could move in axiakdiion. This
boundary condition was adopted because it represdet conditions under which the cylinder had iysainic
deformation (ovalization) measured. In additiom, thtational speed of 11.72 Hz was imposed.

It is important to note that the analysis is statid thus it was not tried to determine any vilorati



3. RESULTS AND COMMENTS
3.1. Simulations of cylindrical shells with imposedmperfections

Aiming to evaluate the thickness variation influenon the cylindrical shell ovalization during racat the
following simulations were done by imposing detanistic variations.

3.1.1. Influence of thickness variation distributiam in the central plane

It can be observed in the thickness measurememitsdiveral cylindrical shells have variations ofikr magnitude
among themselves, but that during rotation the ipadn amplitudes differ enormously, the causewdfich is
supposed to be the way in which the thickness tianiaistributes. Thus, some modelings were caroedby FEM
with an imposed thickness variation distributioea@cling to Eqg. 1, Buelta (1997):

Thickness = base value + A.sin(n.6) (1)

Where:

n=2-> corresponds to an elliptical thickness variatigsirtbution, Fig. 16 (a);

n=3-> corresponds to a distribution with three thicknessation peaks, Fig. 16 (b);
n=4-> corresponds to a distribution with four thickngasiation peaks, Fig. 16 (c);
6= angular coordinate, G> 360°;

A=thickness variation, adopted=0.25 mm (initially);

base value= cylindrical shell average thickness, adopted=2%nn;

(@) (b) (©)

Figure 16 — Thickness variation distribution

For n=2, these values generate an elliptical #istion, with 29 mm as minimum and 29.5 mm as marmu

thickness.
At these models the above function was only apgliethe central area, while an inside surface with@riation

was considered at the edges, as per Fig. 17.
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Figure 17 — Sensor measuring points accordinget sitation

The function was subdivided into 32 points and fitegkin the form of a spline curve in the centrialne, adopting
the same procedure as mentioned under 2.2.1.

The results for 11.72 Hz are shown in Fig. 18, wliecan be observed that for a same thicknesati@mj the more
distributed it is (i.e. the higher the number oék®), the less is the resulting cylindrical shetiptitude during rotation.
Since this is a model with imposed thickness vemmatthe harmonics have their maximum correspondiainly to the
number of peaks that each internal geometry hast.the inside distribution in the oval form theximum is in the
second harmonic (2X), at the three peak distriloutice maximum is in the third harmonic and so on.
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Figure 18 — Thickness distribution influence on dival form

3.1.2. Influence of the number of planes with thickess variation on the ovalization

The cylinder central plane modeling was initiallpaae, by using two central thickness measuring 1 rege shown
in Fig. 19. As previously described under 2.2.% points describing these coordinates are insent@da spline,

considering the thickness variation at the cylioarshell ends to be null.

Figure 19 — Central range considered to perforimalgied model

The same operation was repeated later for fouraeranges, increasing the amounts by pairs, atititylindrical
shell sections measured were encompassed.

The results obtained demonstrate that the varisitéza small when compared to the complete modélkthieugain
for making thickness measurements at future equiprsleows rather expressive, since the time spenméasuring
twenty planes is rather considerable, besides altpva greater care in their accomplishment, evemeasing the
number of circumferential points (twenty-eight pisimere measured per plane). Fig. 20 illustrategélults found for

cylindrical shell 16.
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Figure 21 — Influence of the increase in the nunder

Figure 20 — Influence of the increase in the number
planes in 2X (imposed imperfection)

of central planes

This occurs due to the fact that most thicknesgatian distribution takes place within a wide cyliical shell

central plane range.
Adopting the same procedure for an ideal theoretiglinder with a thickness variation inside dibtrtion in

elliptical form, was obtained that shown in Fig., Z&r which the second harmonic (2X) amplitudesultesl in a
quadratic distribution.



3.1.3. Influence of thickness variation in the cemnal plane

In this case, making use of the elliptical fornthie central plane, a fixed minimum thickness (29)mras adopted

and the maximum thickness value was increased.
Figure 22 indicates that the amplitude of the doah increases linearly with the thickness increase
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Figure 22 — Influence of thickness increase inddatral plane
3.1.4. Influence of thickness variation in the cemnal plane with the minimum thickness increased

The purpose of this comparison is to evaluate hawimis the influence of thickness increase in #naral plane on
the cylindrical shell ovalization, assuming an pitial distribution, but keeping constant the diffiece between

maximum and minimum values - see Table 1.

Table 1 — Values used to simulate thickness vanati
Thickness variation

I Il 1] \Y%
Minimum 29.0 29.5 30.5 31.0
Maximum 29.5 30.0 31.0 31.5
Variation 0.5 0.5 0.5 0.5

The results obtained are indicated in Fig. 23, hicv it can be observed that an increase in thiskmauses the
ovalization to decrease, which should be mainlysedwby an increase in the cylindrical shell rigidiit the central area.
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Figure 23 — Influence of minimum thickness increase

3.1.5. Influence of eccentric type thickness variain distribution

The inside circle center displacement was adoptétisasimulation, just in the cylindrical shellrteal plane in 0.5
mm increments, but maintaining 29 mm as cylindritall minimum thickness. Figure 24 shows thatitioeease in
eccentricity causes a linear ovalization incre&s¢his case the first harmonic presents the gstgi@rticipation in the

cylindrical shell amplitude.
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Figure 24 — Influence of eccentricity on the ovzdyse

3.1.6. Influence of speed on the cylindrical shedlvalization amplitude

Starting from a cylinder with elliptical thicknessriation distribution in the central plane (minimimaximum
thicknesses = 29/29.5 mm), the rotational speed wasied to verify the cylindrical shell outside fage amplitude
behavior. It is well known that this amplitude shkibuary with the rotational speed square. FiguresB&ws the results

obtained.
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Figure 25 — Amplitude variation as a function oéeg

3.2. Results of FEM models carried out based on ttkness variation measurements

As the equipments were balanced and the shell atiroak by FEM do not take account of the correctiop means
of mass introduction, it does not make sense t@bésh comparisons between the 1X harmonics, eXoeghickness
distribution (eccentric case). Figure 26 presemiscomparison between the second harmonic (2XEM Fodel and

that of the ovalization measurements carried out.
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Figure 26 — Comparison between 2X results



In Fig. 26 the red arrows indicate the finite elemsimulation results, which are close to thos¢hefovalization
measurements as well as by one or by both methgigslowhich provides fourteen modet89%). It becomes evident
that in most cases there is no clear relationshipiden them. The most probable cause for thisaigcthe results of
thickness measurements made by ultrasound, in wHighto the fact that the graphite lamellae act#isctors, a very
high deviation from the thickness values is caused only a measuring grid much deeper than thaptadomight
minimize this impact, by which procedure, on theesthand, the measuring time becomes too long daghtmmake
unviable the practical process for taking theseiesl

The yellow arrows indicate the cylinders describmdler 2.1.4, which present a discrepancy betwedunctive
current sensor measurement results and those etithinthe balancing machine sensor measurementyliddlers 10,
19 and 22 the finite element model approached s measurement results.

Figure 27 shows the cylindrical shell outside stefaentral area displacement graphs at the fitdt@ent model
according to the methodology described under 2Rerev it becomes evident that the simulation is ctiffe in
reproducing the effect the shell assumes duringpttgion.
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Figure 27 — Oval shape of cylinders No. 2 and #sed on FEM
4. CONCLUSIONS

Apart from some exceptions, the FEM comparisonk thie experimental results indicate a divergencesilts in
guantitative terms, the probable cause of which beyelated to the errors generated in the thicknespping, besides
the correction itself of the measurements for alhts in longitudinal direction, as already presbudiscussed.

The models with deterministically imposed thickngasiation demonstrate that more important thanttiekness
amplitude (variation) existing inside the cylindxicshell is the way in which this variation distrtbs, and it may
increase the cylindrical shell ovalization, whilétiis altered to a more uniform inside variatidistribution, an almost
exponential reduction in ovalization is achievedan be also observed that an increase in waktieiss (even if in the
central area only) causes a reduction in ovalinatae to the increase in cylindrical shell rigiditp addition, the
planes located in the cylindrical shell centralaaage the most significant ones for ovalizationration, which will
permit in future analyses to concentrate the tréskrmeasurements in the central area, with thedserin the number
of circumferential points, thus improving precisiorthe finite element model accomplishment.

Therefore, in a manufacturing process of this tgbeequipment these points are important to minamikis
phenomenon.

By way of suggestion for future researches it izessary to develop new ultrasonic thickness meaguri
methodologies for flake/lamellar graphite cast i(gray cast iron) and also to verify the graphimélla influence on
the inductive current sensor results.
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