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Abstract

Thermoelastic stress analysis on mechanical components has been already conducted in static
conditions. The present study aims to develop a thermoelastic stress analysis in a dynamic state, in
particular on a fan blade during its working condition. The test was conducted by capturing the data
through a thermal camera, analysing them with a proper software, that is able to de-rotate the
frames using particular markers, applied on the fan flange. The data were processed using two
different approaches. The first one is based on Discrete Fourier Transform (DFT), while the second
uses the digital lock-in technique. The obtained results were compared with those from the study
conducted in static condition.

Nomenclature

Ao1 + Aay = trace of stress tensor plane-stress isotropy;

a = thermal expansion coefficient;

Cy, = specific heat at constant pressure;

p = density;

T = absolute temperature of the component.

Keywords: Thermoelasticity, thermal camera, thermal marker, lock-in, Discrete Fourier Transform.

I.
I1. INTRODUCTION
The Thermoelastic Stress Analysis (TSA) is a full-field, no-contact technique, that detects the temperature
changes caused by a dynamic load. The thermoelastic effect is explained using the first law of thermodynamics:
an increase in volume, under adiabatic condition, is associated with a decrease in temperature and vice versa [1-
2]. The thermoelastic principle is expressed using the Kelvin equation by:
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During thermoelastic measurements, the rigid displacements of the body in object need to be reduced to assure
the measurement accuracy and avoid edge effect that can lead to unreadable results [3-4]. Thermoelastic Stress
Analysis is commonly applied for to experimentally determine stress concentration distributions [5]. Moreover,
since in the last years experimental vibration fatigue damage evaluation methods were grown [6-7],
thermoelasticity was also used in order to identify modal damage using modal damage decomposition [8].

In this article, a methodology to perform TSA on moving and/or rotating mechanical component is presented.
This methodology is applied on a fan blade, in order to obtain the stress distribution on its plastic shell; the main
steps are:

. development of test bench
. recording the thermal film of the fan blade during rotation and movement
. post-processing the thermal film

The stress map distribution has been compared with that one of the fans in static condition (i.e., no rotation or
movement), to verify if the stress distribution is the same of the previous one.

11l. MATERIALS AND METHODS
The test bench
As already said, the test case used to develop the methodology is a plastic fan blade, and this investigation
method is applied to obtain the stress distribution on its surface.
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Figure 1. The fan analysed.

A thermal marker (Fig. 2) with high IR emission is developed, to allow to follow the rotation of each fan blade
using the software Termoimage. This marker (Fig. 2) is a micro tungsten-filament-lamp, covered with alcohol
cotton soaked. All these components are assembled inside a plastic tube of diameter about 5 mm.

Connector

Tungsten filament
lamps

Cotton with
alcohol

Plastic tube
Figure 2. The thermal marker.
The marker is connected to the electric wire, using wrapping techniques, and they are powered by a battery

9V).
Finally, the marker and the battery are glued on the fan flange as shown in Fig. 3:

Figure 3. The four markers and the battery on flange.

The test bench is designed to be assembled on the electrodynamical shaker (Fig. 4), and at the same time the
shaker stresses and spins the fan. In order to guarantee the fan rotation as in working condition, it was decided to
use an electric engine that is powered by a voltage generator.

www.ijceronline.com Open Access Journal Page 18



Thermoelastic stress analysis on rotating and oscillating mechanical components

Figure 4. The shaker LDS 650, its amplifier 1000 PA (on the left), and the HP voltage generator.

The motor is rigidly joined to the vibrating head of the shaker, using a support, as shown in Fig. 5.
Subsequently, the fan is joined to the motor shaft. The assembly is performed using the fan flange as in Fig. 5.

Figure 5. The test bench assembled on the shaker, and the CAD model.

Data Acquisition and Elaboration
Full-field thermal images were acquired using a DeltaTherm 1560 thermal camera (Fig. 6) [9], produced by

Stress Photonics.
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Figure 6. The thermocamera DeltaTherm 1560, and the zoom for high spatial resolution.
Two thermal acquisitions were performed, in the following load conditions, shown in Tab. 1:

Table 1. The testing conditions.

Load Frequency (Hz) Applied mass (kg) Acceleration level Rotational speed (rpm)
Test #1 20 0.2 1g 65
Test #2 61 - 109 15

During the Test #1, a mass 0,2 kg was applied on the free edge of the blade, to increase the stress condition; the
thermal acquisition was about 20 s, and the frame rate was 100 frame/s.

In the Test #2, the fan was stressed at the first resonance frequency (61 Hz), with an acceleration amplitude of
10g, measured on the shaker table; the sampling frequency was set at 200 frame/s for 10s length.

At a later time, all the film frames were processed by the software Termoimage, that it compensates the rotation
of the fan.

The main steps to process the files of the thermal segment film are:

o selection of the folder where the files are

setting of filter value to represent thermal images

contours location of the areas on thermal image

coordinates location of mass areas centre

selection of reference areas

Now the software calculates the displacement and/or rotation of the frames as regards the reference one; once
the computation is completed, the compensate frames are saved. Analysing the files processed, it can be
observed that the de-rotation of the film frames needs the rotation of the frames respect to marker, as illustrated
in Fig. 7.

Figure 7. The frames de-rotated with the new borders (green); the resulting new border (brown) processing all
frames.

For this reason, the new de-rotated films need a larger matrix to store the new frames.
The second part, consists in the files processing obtained using Termoimage: two algorithms were developed to
filter thermal signal of the frames, and to calculate thermoelastic effect.
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The first is based on DFT [10], and this algorithm was performed on every pixel time history; the second is a
digital processing implementation of the lock-in techniques [11], that uses square waves at the loading
frequency as reference signal.

Both the routines have as input the de-rotated thermal film and generate as output two images that represent
modulus and phase of the thermal fluctuation due to thermoelastic effect.

Therefore, the amplitudes spatial distributions image is proportional to the distribution of the first invariant
stress of the blade.

TSA on the fan rigidly join on the shaker

It was performed a full-field stress analysis on fan fixed on the shaker; these maps were compared with the one
of the fans not in motion. The frequency loads, acceleration amplitudes were the same of Test #1 and #2 (Tab.
1).

The maps of the blade are reported in Fig. 8, and show an elevated stress concentration on the zone near the
blade cone; this element joins the blade to the aluminium fan flange. This stress concentration is expected,
because they confirm the results obtained from previous studies [12].
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Figure 8. The stress maps of the blade (test 1: on the left, test 2: on the right).

Results and discussion
Total we obtain the fan thermoelastic maps, using the two algorithms previous described.

. DFT algorithm
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Figure 9. Stress maps of the fan (on the left), and the blade (on the right) relative to test 1.
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Figure 10. Phase maps of the fan relative to test 1.
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Figure 11. Stress maps of the fan (on the left), and the blade (on the right) relative to test 2.
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Figure 12. Phase maps of the fan (on the left), and the blade (on the right) relative to test 2.

All these maps show the same stress concentration zone, that is localized near the cone tip; in fig. 11, the fan
map highlights the stress concentration zone on three blades, on the contrary in Fig. 9 only one. This is due to

the different acceleration level of Test #2 respect Test #1;

in fact, we can see thermoelastic effect only on the

blade not painted. The phase on blade considered, has constant fields that shows low noise level.
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. Lock-in algorithm
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Figure 13. Stress maps of the fan (on the left), and the blade (on the right) relative to test 1.
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Figure 14. Phase maps of the fan (on the left), and the blade (on the right) relative to test 1.
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Figure 15. Stress maps of the fan (on the left), and the blade (on the right) relative to test 2.
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Figure 16. Phase maps of the fan (on the left), and the blade (on the right) relative to test 2.

These maps confirm the previous results and their stress distributions, but it is lost the stress gradient (Fig. 13,
15). To validate the developed methodology, the stress maps in Fig. 9, 11, 13, 15 were compared with those
(Fig. 8) of the fan joined to the shaker.

The qualitative comparison of those maps gives good results; in fact, the stress concentration is localized in the
same area.

Moreover, this technique has been applied also on plastic tab of a washing machine and the goal of these tests
consists in obtaining the stress of maps of this component in its typical working condition.

The area of the plastic tab was very large, and then was divided into parts to be studied; thermal films were
acquired during normal washing operation and centrifugation at the rotational speeds of 900 and 1600 rpm. The
thermal markers have been applied on each area examined of the component. Thermoelastic maps are displayed
in fig. 17, and gives confirmation of FEM modelling. Therefore, using the developed measurement techniques,
it was possible to validate the numerical model of the washing machine component analysed, in terms of
predicted stress concentration factors.

&0 200 240 0 a0 100 150 200 280

Figure 17. The stress maps of the shell in its working condition.

100

1V. CONCLUSION
A methodology was developed and tested to measure by thermoelasticity stress fields on moving mechanical
components, rotating and oscillating; this technique requires only to record a thermal film of the component
surface during its motion.
The second step was performed by means of Termoimage, software developed homemade, and it compensates
the movement and rotation of the fan.
The files, containing the frames realigned, were processed to filter the thermal signal to carry out the only
contribution of the thermoelastic effect; to this purpose it was developed two routines in Matlab code based on
DFT and digital lock-in.
Overall, the methodology permits to perform the TSA on mechanical component in movement, and this allow us
to analyse the stress pattern in normal working condition.
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