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Abstract

Dynamic structural analysis is an essential aspleenhgineering design; various structural
analysis techniques lead to enhanced designs,lhasifailure prediction and prevention.
Photoelastic stress analysis, a technique bas#dteaoncept of material birefringence, is a non-
destructive and highly-efficient method of struetieinalysis with great potential to be used in
dynamic analysis. This research explores the piisgithrough the synchronization of a strobe
light and a digital camera. Using this synchrotiarg it may be possible to capture progressive
images of the stress distribution throughout ait@lmodel rotating at variable and increasing
speeds. Utilizing a rapid prototyping technologjled stereolithography, the model can be
created such that it can be both prepared and zathlyy the method of photoelasticity. With the
possibility to make adjustments during the desigges of production comes considerable and
valuable cut backs on material waste and produciisits. The possibility of using dynamic
photoelasticity to analyze stress progression iapotential to create significant efficiency,

economical, and environmental benefits in all aspetengineering and industry.
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1. Background

The absence of dynamic stress analysis can haastagihic effects, as was seen in the destrucfitirecEuropean
Space Agency Ariane 5 rocket launcher in 1996. iktpsuffered a computer failure, the launcher tdrne
uncontrollably. The launcher may have been re@ujdvut unforeseen and untested aerodynamic fdestsoyed
the launcher. Had a dynamic stress analysis dilplesaerodynamic conditions been performed, itisison could
have easily been avoided.

Dynamic structural analysis is an essential aspleengineering designs, but one that is oftendiiffito
perform. Standard finite element methods can ptedeas of failure to a certain degree of accyrhowever,
these methods often make assumptions that mayenapicable to a real-life situation. In contrastrforming a
dynamic stress analysis of an architectural strattlesign provides an account of the loading mb¢ during static
conditions, but also possible dynamic conditiomshsas earthquake vibrations or hurricane-strewgids.
Dynamic stress analysis can lead to adjustmentaglthie design stage of production, creating botimemical and
efficiency benefits for all aspects of engineerir@ne such method is that of photoelasticity, adestructive
structural analysis technique. In conjunction vethynchronized stroboscope, it is possible toureptynamic
stress analysis using photoelasticity.



1.1. objective

This research delves into the possibility of caiptyphotoelastic dynamic stress analysis imagesitir the use of
a stroboscrope and digital camera. Specificdiig, technique was tested on a model turbine rajattrvarious
steady speeds. A stroboscope, which is a stralehsynized with periodic motion through a digitegjrel, is
capable of flashing with each complete rotatioa ofiodel turbine. This method creates the illusiba static
turbine to the camera, allowing one to captureaaikct progressive still frames of the stress pgegion
throughout operation. Inspection of this stresgypgssion provides valuable data about predictimhpaevention
of failure during dynamic operation.

2. Photodlasticity

Current structural analysis methods, such as faléeent and numerical methods, have limited apfitins when
analyzing intricate geometries. As the demandrfore intricate part designs increases, so musftteéency and
diversity of structural analysis techniques. Phistic stress analysis (photoelasticity) is ordhgachnique, with
many economical benefits to engineering desigrotdgtasticity, which provides both quantitative apdlitative
analysis, allows a loaded model to be analyzedengiill in the design stage, which means a desagnbe adjusted
before production. A non-destructive techniquiggtoelasticity allows the same model to be reasethg
analysis, again reducing costs. The universalfithis method provides for its application to akkas of
engineering design, such as analysis of architalcstiructural designs, prosthetic implants, variengines and
airplane landing gear.

Photoelasticity, a method based on material birgénce, is a simple technique, consisting of a raurob
polarizing plates (polarizers) surrounding the modepolarizer is a collection of parallel slisnly emitting light
components in the direction of the slits. The egimgy light is termed ‘polarized light’, and any &= of polarizers
allows the direction of the polarized light to ntrolled. [1] This polarized light is then incidesn the object
being analyzed, either reflecting or transmittihgpigh the material, depending on the opacity efrtiaterial.

Material birefringence is the ability of a matéti@a split incident light into two component rayhis
property only exists when the material is stressEae direction and speed of the propagating lightalways
coincident with and proportional to the directiordamagnitude of the principal stresses, respegtiy2] The light,
out of phase as it emerges from the material, patseugh an analyzer. At this point, only the poments parallel
to the axis of the analyzer are transmitted, angatiterference patterns. The amount of interfeeda proportional
to the phase difference of the propagating lighd is therefore directly proportional to both thfedence in
principal stresses and the maximum shear strelss. [1
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Figure 1 Stressed translucent model in transmigsiteriscope set-up [3]
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The interference patterns, which appear as cdlfsmfiges unique to a specific stress distributiprgvide
an immediate representation of the shear streghdison throughout the model. In transmissiomfolelasticity
(in which polarized light passes through a trarstianodel) this pattern represents the shear stistsibution
throughout the entire model. However, in refleetphotoelasticity (in which polarized light refleaff of an
opaque model) this pattern represents only ther stiesss distribution on the model surface.

2.1. Grey Field Polariscope 1000 (GFP)

The Grey Field Polariscope 1000 (GFP 1000) wasldped by Stress Photonics, Inc., a Madison, Wiscebased
company specializing in photoelasticity and therlasticity. This polariscope performs reflectiveopdelasticity,
applied to opaque models. The GFP 1000 is capdilpeoducing fringe patterns of very high resolaticAt points
where the principal stresses are equal in magnbutiepposite in direction, black fringes calleddknics appear,
which can be confused with fringes of zero sheasst also appearing black. [3]
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Figure 2 Grey Field Polariscope 1000 setup [4]

The GFP utilizes circularly polarized light, a medhin which quarter-wave plates (45° to both the
polarizer and analyzer planes) are inserted irecs#t-up. [4] These quarter-wave plates breakigheihto two
components, equal in magnitude and 90° out of pljak&he emerging light is termed “circularly pdleed”. This
method does not change the interference betwedigtiteomponents, but eliminates all isoclinic3] Once the
circularly polarized light is incident on the objethe reflected light passes through an elliptahrizer, which
breaks the light into two components, 90° out cgghand of unequal amplitude. [5] The emerging lighn passes
through the analyzer, producing the colorful irgeghce, or fringe, pattern. The fringe pattedpased on a contrast
between the colors blue and red. Areas that aiefglpresent areas in compression, and areag¢hagcarepresent
areas in tension. The variation of intensity anades of the two primary colors represents thewdiffce and
strength of the stress magnitude. [1]



Figure 3 Aluminum ring undergoing diametrical coegsion, demonstrating
the color pattern produced by the GFP [4]

The GFP allows for photoelasticity of opaque, n@nefingent objects through use of a thin, birefemt
epoxy coating applied to the outer surface of tieeleh The coating thickness need not be completeifprm, as
the GFP automatically measures and accounts fiirtghickness variation. The object itself mustéha reflective
covering, such that the light can be reflectedugtothe epoxy coating. The strain distributiortloa surface of the
model is then transmitted to the coating, whickuim is the strain distribution pattern that isilvis during analysis.
[6] This strain distribution is directly proportiahto the stress distribution, so an immediateitptale stress
analysis is available. A quantitative stress asialis available through the use of Hooke's retatiof principal
stresses and strains. [7] In order to make thiseion, the Young's Modulus and Poisson’s Ratialfe specific
birefringent material must be known.

3. Rapid Prototyping

Rapid prototyping is an additive process, as cospb&r traditional methods of subtractive manufaotur Rapid
prototyping creates models and parts directly feooomputer file, creating the three-dimensionaéobjayer by
layer. There are various machines able to perfapid prototyping; one such machine is the stettemijraphy
apparatus (SLA). This machine uses an ultraviaksr to cure a thin of layer of liquid photopolymi@] The laser
selectively cures the liquid photopolymer into seggive cross-sections (on the order of 0.002 @80iiiches thick)
of a three-dimensional object, which is built oplatform descending in a vat of the liquid polyni8j.

One patrticularly interesting aspect of this ligpimlymer is that it is a birefringent material. i material
property eliminates the need to apply the epoxyicgdo a part created on the SLA, therefore making
photoelasticity one step easier. The objectrsiids to be coated with a reflective paint; howether reflective
coating is applied to the inside of the objeciider to prevent light from transmitting througle thbject without
being reflected.
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Photoelasticity, a highly efficient stress analygsomplemented by rapid prototyping . Rapid
prototyping can be used to create models of extyeammplex geometry; models not achievable usiaditional
prototyping methods. Photoelasticity is a straifgintvard and accurate method of analyzing theseptexparts
under loading. In addition, the quantitative strealues found using photoelasticity are proposdida the Young's
Modulus of the birefringent material used. Dudhis proportionality, there exists a direct cortiela between rapid
prototyping material and production materials.

4. Testing

In order to test photoelasticity using a strobosc@pmodel turbine, created on the SLA and attathedhree
speed box fan motor, was analyzed using the GFP [b@@ted at Stress Photonics, Inc. The strobasoas
automatically synchronized with the motor such ftegthed once per revolution. This analysis inekidecording a
still image of the turbine rotating at various spee

4.1. birefringence test

The efficiency of this photoelasticity method afests analysis depends entirely on the materiariigence of the
SLA liquid photopolymer. Therefore, it was essaiftinat this particular material property was tdstad confirmed
before photoelasticity was performed. In ordetett the birefringence, a simple experiment wasigeanalyzing a
disk (0.1 inch thickness, 1.5 inch diameter) créate the SLA. The disk was placed into a C-claamg a uniaxial
compressive force was applied. The loaded disktixers placed between quarter-wave polarizers,iogeatsimple
transmissive polariscope. When polarized lightliis case, produced by a white computer screesgepbthrough
the polariscope, the presence of birefringenceimagediately visible to the naked eye, evident aelarful fringe
pattern.

4.2. turbine model design

A turbine is essentially an elaborate fan, and fiubjected to extremely hot exhaust in variousnesg In
particular, this experiment was carried out on @ified model of a turbojet turbine, based on desigy the
National Aeronautical and Space Administration (M)$L0], as well as turbine blades designed at Gieor
Institute of Technology. [11] The design, creatsthg Solidworks software, was altered to provide ltbst
analysis; the model has only five blades, muchtless an actual turbine would possess. This isifral
purposes, as photoelasticity is an analysis basaasaentirely on visualization. The blades, d52inches, are also
much longer in proportion to the hub (3 inch dia@ngthan those on an actual turbine, again foralization
purposes.

Each blade also possesses fourteen cooling tealek, with a diameter of 0.05 inches. The coolioig$
on the model serve a dual purpose; in additiorotardbuting to the accuracy of the model, the hgles/ide a
guaranteed stress concentrator on the model. Hhess concentrators assure that areas of higgssts exist
around the holes, marking areas which were of @dai interest during the photoelastic stress amaly

Another area of great interest is the junctiomieein each blade and the hub underside. Fillets aeded
to the attachment point on the outer hub, for addiezhgth. The hub design had to be modified tmaat for an
attachment apparatus between the hub and the mbhis.attachment involved a simple 0.25 inch s¢r@nforced
washer, and hex bolt. However, the attachmentetwtalbe designed such that the model can be hiysic
reversed for analysis of the underside attachmaint.p

4.3. model preparation

In order to execute photoelasticity on the modehe preparation was necessary. The model is hddoa good
reason; because the analysis uses the actual Stekiahas the birefringent material, the insideshef blades and
hub were coated with reflective aluminum paint.e T®FP 1000 is specifically calibrated to a coatihtrylon™
Dull Aluminum Metallic Paint. Each blade hollow svapray painted at close range with that partidylae of



paint. The layered surface of the part, due tantkéhod with which the SLA builds, prevented thanprom

uniformly coating the insides of each blade. Thasible layers decreased the accuracy of the ghadtic analysis.
A reflective coating was needed on the undersfdamyp hub area that was analyzed. Since undeofittee

attachment points between the blades and the hslamalyzed, it was necessary to paint the outditleechub.

This area was spray painted as uniformly as passibinaximize design balance.
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Figure 5 Photograph of model completely prepareddtiective photoelasticity

4.4. experiment methodology

The photoelasticity experiment was carried outaitiy the GFP 1000 located at the facilities oBS& Photonics,
Inc. The light source was consistent flashes faostroboscope, synchronized with the rotation eftthbine model
by a LED illuminator-sensor. One blade was markea calibration point, indicating to the LED illumator-sensor
when one rotation has been completed. The camasasynchronized to the stroboscope, but only recbitiages
when controlled. A slower shutter speed was usextder to ensure that the entire strobe flashtauravas
captured; therefore a necessary recovery time waitahle to the camera. The still images captuvete then
collected and compared, revealing the stress psegne on the model surface during dynamic operation

The turbine model rotation was controlled via adified three-speed box fan motor. Photoelastinits
performed as the model was static, rotating atdivest speed, and rotating at the highest spe&é. speeds
recorded for conventional use of the box fan, wbitese to the actual speeds during experimentatiere no
longer accurate due to the model exchange. Whéatsag from the commercial plastic fan to the Simddel
turbine, material weight, as well as dimensiondl, ehiange the output rotational speed of the moidie speeds
were measured using the stroboscope, which receidéagtal signal from the turbine rotation speed arovides
the most accurate values for rotational speedeofribdel turbine. The aerodynamics of the modehgéd the
rotation speeds depending on the model orientati@hen mounted with the original configuration, thevest
speed was 1230 rpm, and the highest speed wasrp#il6When the model attachment was reversedpthesit
speed was 1452 rpm, and the highest speed wasrpgb4

As previously stated, specific areas of the medgek analyzed. These areas included the loweeblad
surface (particularly the cooling holes) and thdamide of a blade/hub attachment point Threerxgnts were
executed, examining different model areas: one idAade surface at various speeds, one hub/bléaehatent
point at various speeds, and a residual stressiengret of five static blades containing flaws, umting cracks and
cuts.

5. Reaults

The first area analyzed was the lower surface efldade, and images were captured when the blasli®eth static
and rotating at low (1230 rpm) and high (1416 rgteady speeds. A comparison of the photoelastitiages did
not show significant changes in the stress distiobs throughout the experiment. This particubgreriment was
inconclusive, neither proving nor disproving thghdmic photoelasticity is possible. The lack odiehes in the
stress progression could be due to the low cemndlif@rces present in the blade. Another possyhii that the
thickness of the blade was not great enough to strastic color changes, as the level of birefrirogeis directly
proportional to material thickness.



The second experiment analyzed the undersideedfltde/hub attachment point, while the area wés bo
static and rotating at low (1452 rpm) and high @%3m) steady speeds. A notable stress progressigsible in a
comparison of the photoelasticity images captusetha speed was increased. The stress progressiloly
becomes more compressive as the rotation speezhses, denoted by a decrease of the red fringe Area
comparison of the graphical representations obdafireen the images (data collected along the whitevapath)
further confirms the increased compressive stristglilition, particularly toward the inner hub area

Figure 6 Still images of the stress progressiothersurface of the model (blade attachment pogi) ia (a) static,
(b) rotating at 1452 rpm, and (c) rotating at 1%5wh
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Figure 7 Graphical representations of the stresgrpssion on the surface of the model (blade attedh point) as
it is (a) static, (b) rotating at 1452 rpm, andr@gting at 1554 rpm
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The images display areas of white vertical lingstipularly visible across the outline of the bladéhese
white lines are the result of the build layers etifeg the photoelastic analysis, possibly by distarthe polarized
light or preventing the reflective coating from pémating the thin layers. Further sanding of tag may lead to a
reduction in these visible layers in the dynamiotpklastic analysis.

The residual stress experiments yielded interesgénglts, displaying the predictable nature of ksao
propagate into areas of high stress concentratiéittough beyond the scope of this research,sbiof
experiments suggests an interesting topic of funtbsearch.

6. Conclusions

Although not entirely conclusive, this research ptates the first step in proving that dynamic pletdsticity is a
possible method of accurate dynamic stress analfigher confirmation could be made by analyzngodel
undergoing more significant stress distributionrgfes. However, the slight stress progressionbleign the results
of this research display the potential of dynantiotpelasticity to accurately analyze the dynamiessies existent
on the surface of a model undergoing dynamic ojmerat

If this technique of capturing dynamic stress pesgion is proven to be useful, the potential impact
engineering and industry is monumental. Photadelgshow allows for a non-destructive stress asalyn a wide
variety of engineering designs, regardless of stm@ggerial, or complexity. In conjunction with rdgirototyping,
dynamic photoelasticity is particularly valuablgot only will better designs arise, but adjustmeatsxisting
designs can be made during the designs stage afigtion, reducing both wasted materials and prodoctosts.
Using this method, dynamic stress analyses caretfermed throughout the lifetime of a part as neiaince,
allowing one to assess wear and fatigue duringatiper. The possibility of using photoelasticityvisually
represent stress progression during dynamic operats the potential to create significant efficigreconomical,
and environmental benefits in all aspects of ereging and industry.
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