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This thesis parametrically explores the nonlinear design saetysif a fiber optic
pressure sensor (FOPS), based on selected thermo-mechaihical rfeechanisms
expected in the sensor diaphragm. The product under study is a neifi@BS that
can be embedded in, or installed on, a structure for pressure monépphcations.
The field operating conditions considered in this study areneifin terms of
temperature and pressure The FOPS probe has a Fabry-Pesgtwidivithe fiber tip
and a miniature diaphragm acting as the two mirrors. The dawiggh changes when

the diaphragm deflects under pressure. However, due to field operatidgians,



several failure mechanisms may affect the structural andabpharacteristics of the
sensor, such as nonlinear displacement of the diaphragm, cracksdiagheagm,
buckling of the diaphragm, high residual stresses in the opticaldfittedeformations
and failure in the epoxy sealant between the optical fiber andgbkecasing. With
the aid of nonlinear thermomechanical finite element analysisattiite investigates
conflicting design constraints due to sensitivity and selectégrdamechanisms in
the sensor, e.g. nonlinear diaphragm deformation, diaphragm fractudeaphdagm
buckling.

The study is divided into three parts. The first part of thislys considers the
mechanical loading due to external pressure which the FOPS xp#rience and
gives design guidelines based on the nonlinear diaphragm deflectiontrassl s
predictions. The second part accounts for the thermo-mechévackhg in which
the FOPS is placed in a temperature drop and the resulting nonimplmne
compressive stresses and diaphragm deflections are analpzibe. third part of this
study the combined effects of pressure and thermal loadingxarened for more
realistic application conditions. Design guidelines for both sanelbus and
sequential changes in temperature and pressure are examingpresent different

working environments.
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Chapter 1: Introduction

In dynamic pressure sensors, the dynamic pressure is usuabtedethrough the
displacement of a thin diaphragm. In this study, the diaphragm dspdat is

detected with a fiber optic sensor. Fiber Optic Pressure Se(BSQRBS) are
becoming increasingly popular because of their high sensitindyl@v sensitivity to

electromagnetic interference. The sensing is based on dgteleg optical phase
change induced in the light as it propagates along the optioel. fi Fabry-Perot
sensors are a sub-category of these sensors and offer higheacgcand better
signal-to-noise characteristics than optical sensors based gg Bratings [16].

These sensors can measure changes in pressure, displacememipandttees. The
FOPS probe has a Fabry-Perot cavity, with the fiber tip andnatoie diaphragm
acting as the two mirrors. The cavity length changes wherditggphragm deflects
under pressure resulting in detectable optical phase shifts. Howhwe to field

operating conditions, several failure mechanisms may affestiihetural and optical
characteristics of the sensor, such nonlinear deformation of tip&rdgm, and
fracture and/or buckling of the diaphragm. Sources of failure irstuaty are in the
diaphragm due to temperature and pressure. Additional errors maydue to fiber
expansion, changes in refractive index and changes in air propertiearebubt

considered in this study.



Choosing a suitable diaphragm design is important for optimizing é¢msos
parameters because the sensitivity of the sensor is retated behavior of the thin
diaphragm. Diaphragm thickness is an important factor in the is@gsdf the
sensor. As the diaphragm thickness is reduced, the sensitivitysesrbat at the
expense of increasing the stresses and risk of fatigue daamabuckling failure
under thermal stresses. Furthermore, the measurement rangesehtor decreases
with thickness because of nonlinear response of the diaphragm to pressling.
There has to be design optimization based on trade-offs betweesitigty and
reliability margins. To conduct the optimization, models must beloleee that
guantify the sensitivity of the sensor and the reliability mre,gunder pressure and
thermal loading. With the aid of finite element analysis, thésis investigates the
reliability of fiber optic sensor diaphragm under pressure and tampe loadings

and its influence on the design optimization of the diaphragm.

1.1 Background and Literature Review

Studies have been reported in the literature to optimize FOPS aimplsensitivity.
Shilpak and Dugungi [1] conducted static analyses of a clampadatiplate under
initial tension and studied the plate behavior and when the platéitassnto a
membrane/thin diaphragm in terms of tension paranketer his transaction occurs
over the range 1«20. Where the behavior is that of a thin platekidt, and when
k>20, the plate behaves like a thin membrane. Yu and Balachandraandi@dsthe
diaphragm response in terms of this tension pararketed showed that the analysis

and the results can be used to design a sensor diaphragm to ressensgivity. In
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recent work [3-5] there has been emphasis on the design studies cdndudier
optic sensors field to optimize the sensitivity of the sensgrsstbdying the

diaphragm deflection.

If the diaphragm experiences compressive radial stresse® dherio-mechanical
constraints from the sensor housing, the sensor may become unsthblé af plane
buckling may occur without any external forces being prel§gnirhis phenomenon
is known as thermal buckling, and the temperature corresponding tatited twad
is called the buckling temperature [8]. Beyond this critical ldafhrmations are not
proportional to the applied pressure, and these deformations may become
considerable and may rupture the diaphragm [7]. In the previous worlajeet¥et.
al. [9], design margins were investigated not only for theitb@ts of the thin
diaphragm but also for the stresses developed on the diaphragm,anictitical to
failure and optimized the design of the same FOPS with regpsensor sensitivity
and fracture due to excessive stresses on the diaphragm. Majekdlg put forth
design margins for the optimal design of the FOPS diaphragm urtdemaxpressure
loading only. In reality, the FOPS will not only be exposed thanging pressure

environment, but also a varying temperature will be a factor in the loading cosditi

1.2 Problem Statement and Objectives

The internal construction of the fiber optic pressure sensor, FOPS, sindgris
shown in Fig. 1-1. The point of interest in this model is the thin degphrcircled.
The FOPS must withstand environmental temperature changes in aperdthen

the temperature drops, the outer steel shield will shrink more lieaimrier silicon

3



probe housing and the thin silicon diaphragm. The resulting compressiia r
stress in the diaphragm may cause the diaphragm to buckle adkidkeess is
reduced for better sensitivity. Thus the diaphragm thickness mustubded to
minimize the risk of buckling. This study investigates a desigrgin for not only
the sensitivity of the thin diaphragm but also the bending and buckiiegses

developed on the diaphragm, which are critical to failure.

2.5 mm

Optical B
Fiher —

Shaeld =
Probe __
Housing |
20 mm

Adhesive—7

Diaphragm

/_/'-

g
© 2000 Copyright s v
Pervasive Technology Engineering, LLC.

Fig. 1.1 Internal construction of the fiber

optic pressure sensor (FOPS)

1.4 Organization of Thesis

This thesis is divided into three chapters following the introduction. Two of these
chapters are taken directly from a paper which is being submitted for pialica
Chapter 2 discusses the design optimization of FOPS under external pressyre loads
both linear and nonlinear results are discusses. Chapter 3 discusses the design

optimization of FOPS under external thermal loads and then a combination of



pressure and thermal loads. These discussions are followed by the conclusions in

Chapter 4.

Chapter 2: Design Study of Fiber Optic Pressures@esrat

Ambient Temperature

The text of this chapter is taken from a paper that has beentsdfor publication.
This paper investigates the design margins under pressure loadirggnbient
temperature. The measurement sensitivity and static lineaatmgerange of the
diaphragm are parametrically assessed. The stress-mdugin® pressure-induced
stresses in the diaphragm are also assessed. This papeanizedgs follows. In
Section 2.2, a linear FEA modeling approach is described. The accuracy afdble m
is assessed in Section 2.3 with linear analytic results.metiia design methodology
is presented in Section 2.5, followed by a nonlinear study of thetogge range in

Section 2.6 and conclusions in Section 2.7.
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Abstract

This paper parametrically explores the nonlinear design sensi@witl design
margins of a fiber optic pressure sensor (FOPS), based on theigiotaihire
mechanisms expected in the sensor diaphragm. The product underistady
miniature FOPS that can be embedded in, or installed on, a strusctupeessure
monitoring applications. The field operating conditions considered instudy are
defined in terms of the operating pressure The FOPS probe (zmyaHerot cavity,
with the fiber tip and a miniature diaphragm acting as therwoors. The cavity
length changes when the diaphragm deflects under pressure. Hodweeo field
operating conditions, several failure mechanisms may affestiinetural and optical
characteristics of the sensor, such as nonlinear displaceméet ditphragm, cracks

in the diaphragm, buckling of the diaphragm, high residual stresses in the alpécal f



and deformations and failure in the epoxy sealant between the dpierabnd the
steel casing. With the aid of nonlinear thermomechanical fheent analysis, this
article investigates conflicting design constraints due to uneasent sensitivity and
selected failure mechanisms in the sensor diaphragm, eg. nondragdrragm
deformation, and diaphragm fracture under pressure loading. Thétyse¥ezach
mechanism is investigated by parametric design sensitivity studies.

Keywords: Fiber-optic pressure sensor; Fabry-Perot interferometer; nanline

finite element analysis, parametric design optimization

2.1 | ntroduction

In dynamic pressure sensors, the dynamic pressure is usuabttedethrough the
displacement of a thin diaphragm. In this study, the diaphragm dispdst is
detected with a fiber optic sensor. Fiber Optic Pressure Se(BSQRBS) are
becoming increasingly popular because of their high sensitindyi@v sensitivity to
electromagnetic interference. The sensing is based on dgtel@ optical phase
change induced in the light as it propagates along the optiml. fi Fabry-Perot
sensors are a sub-category of these sensors. They offer ldgcuracy than any
other fiber optic sensor and use broadband white-light. These seasonseasure
changes in pressure, displacement and temperatures. The FOPShasolze
Fabry-Perot cavity, with the fiber tip and a miniature diaphragtng as the two
mirrors. The cavity length changes when the diaphragm defleader pressure
resulting in detectable optical phase shifts. However, due to fplerating

conditions, several failure mechanisms may affect the structamal optical
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characteristics of the sensor, such nonlinear deformation of the amphand
fracture of the diaphragm. Choosing a suitable diaphragm design istamp&or
optimizing the sensor parameters because the sensitivity sétiser is related to the
behavior of the thin diaphragm. Diaphragm thickness is an importanot facthe
sensitivity of the sensor. As the diaphragm thickness is eedube sensitivity
increases but at the expense of increasing the stressaskaofifatigue damage and
buckling failure under thermal stresses. Furthermore, the meamireamge of the
sensor decreases with decreasing thickness because of largeearodgflection of
the diaphragm in response of to pressure loading. The design needs tarbheedpti
based on trade-offs between sensitivity and reliability margime. conduct the
optimization, models must be developed that quantify the sensitivitye sensor and
the design margins, under pressure and thermal loading. With tloé adohlinear
finite element analysis, this study investigates the seitgiind design margins of a
fiber optic sensor diaphragm under pressure and temperature loahidgtheir
influence on the design optimization of the diaphragm.

Studies have been reported in the literature to optimize FORBragpm
sensitivity. Shilpak and Dugungi [1] conducted static analys@sotdmped circular
plate under initial tension and studied the plate behavior and when dtee pl
transitions into a membrane/thin diaphragm in terms of a non-dimehsenson
parametek which is proportional to the square-root of the tension loading and the
radius of the clamped plate, and inversely proportional to the bendingsdi of the
clamped plateThis transition occurs over the rangek&20. Where the behavior is

that of a thin plate fok<1, and wherk>20, the plate behaves like a thin membrane.



Yu and Balachandran [2] studied the diaphragm response in terms oérthisn
parameterk and showed that the analysis and the results can be useddn desi
sensor diaphragm to maximize sensitivity. In recent work [8iBfe has been
emphasis on the design studies conducted in fiber optic sensors fogdtinize the
sensitivity of the sensors by studying the diaphragm deflect This paper
investigates a design margin for not only the sensitivity of the thin diapHyagaiso
the stresses developed on the diaphragm, which are critical to failure anadpuckli
The rest of this article is organized as follows. In Section 2libear FEA
modeling approach is described. Model is validated in Section 2.3 aults rae
presented in Section 2.4. Then the design optimization is presentedtionS25,

followed by a nonlinear study in Section 2.6 and conclusions in Section 2.7.

2.2 FEA Model

The approach for finite element modeling of the FOPS is dextin this section.
Section 2.2.1 discusses the modeling of the FOPS for FEA and Secti@n 2.2.

discusses the material properties of the FOPS.



2.2.1 FEA Model

Fiber 7
Shaeld =

Probe
Housing |

Adhesive—

Diaphragm —

© 2000 Copyright
Pervasive Technology Engineering, LLC.

Fig. 2.1. Internal construction of the FOPS

The internal construction of the fiber optic pressure sensor (FOREr study is
shown in Fig. 2.1. Instead of a full 3-D model, a more efficient 2d8-symmetric
finite element model in view of the axial symmetry of theudure and loading.
Details of the model are illustrated in Fig. 2.2. The point of istarethis model is
the thin diaphragm circled in Fig. 2.1. In this case, there are tiferatit types of
axis-symmetric elements used. 1-D, axis-symmetric, 2-nodd,edbelents are used
for the diaphragm and 4-noded-brick elements are used to modelttbétres FOPS
body, which includes the shield, probe housing and the adhesive. The rotatien of
shell elements is constrained to the brick element such that the shell aealestys
perpendicular to the brick element even after it has deformed. 2Ri(a) shows the
entire sensor under pressure loading and boundary conditions (arroestanitie
pressure loading, hash markings indicate the boundary loading conditifeme(di
materials as assigned different colors for better visuaizaand Fig. 2.2(b) shows a

closer view of the diaphragm. The tip of the sensor is exposed douadary

10



condition of 1 bar of pressure which also acts on the sensor diaphFagntop is
under a zero pressure boundary condition and is constrained in altdyeses-of-
freedom (Fig. 2.2(a)). Symmetry condition is applied along the @xs/mmetry
along the axial direction.

| |
|

Adhesiv -
(Epoxy) Steel Shield
|
Silicon |
Probe
Housing AT<0

T

\ Detail A

| Silicon
I Sensor
| oeme
Silicon Sensor . Diaphragm
Diaphragm (See I
Detail A) i /
(a) Axis of Symmetry (b)

Fig. 2.2(a) Axisymmetric FEA model showing FOPS
temperature loading and boundary conditions. Different
materials are color-coded. (b) Detail A, a closer look at the

mesheddiaphragm

2.2.2 Material Properties

The FOPS consists of three different materials. The outdd shikich encompasses

the probe housing, is made from steel. The probe housing and the diaplheagm a

11



made of silicon material. The material properties aredig the Table 2.1 below and

the different material locations are illustrated in Fig. 2.2(a) with diffecolors.

Table2.1.List of material properties used in the FEA model

Silicon (Probe
Steel
Housing and | Adhesive
(Shield)
Diaphragm)
Density (kg/r) 7820 2330 1720
Poisson’s ratio 0.27 0.28 0.28
Young’'s modulus (GPa) 200 112.4 - 165 2.26
Coefficient of thermal expansion 15.2E-6 3.2E-6 191E-6

2.3 FEA Mode Validation

The FEA model development for the FOPS is guided by a simpliiietiminary
linear analytic model of a simple pressure loaded plate. Bemditige thin circular
diaphragm in the FOPS can be simply modeled as a thin cirdakticeplate with

uniform transverse pressure loading. The finite element solutiothi®simplified

12




problem can be compared to the known elastic solution given by Timosh@jnko [
The plate is made of silicon with Young’s modulus 112.4 GPa and P@ssdiw of
0.28. The radius of the disk is) @@ and the thickness isuB. The plate is clamped
at the boundary and is loaded with a uniform pressureddad.0 bar), as shown in
Fig. 2.3. Since the thickness to diameter ratio is low (0.05), w&iuslehoff's plate

formulation for the analytic solution.

I}

i
Fig. 2.3. Clamped Circular plate with

uniform pressure loading, P

2.3.1 Analytic solution (Kirchhoff Plate Formulation)

The maximum displacement and the maximum stress of the diaphusgng

Kirchhoff approach for a plate is expressed as [9]:

pr 4

Wmax = 64D (2.1)
3Pr2

Omax = e (2-2)

wherewmy is the displacementnaxis the max stres®, is the pressure;is the radius

of the disk, t is the plate thickness dndhe flexural rigidity, is given by [9]:
13



Et3
b =i (2.3)

whereE is the Young’'s modulus,is the thickness andis the Poisson'’s ratio.

Substituting numerical values of our caBe: 112.4 GPap=1bar,r= 50um, v= 0.28

andt= 5um, we obtain the deflection to be 7.7nm and stress to be 7.9 MPa.

2.3.2 FEA Model

The circular silicon diaphragm presented in Sec. 3.1 is modelecdmwilisymmetric
shell element with a user defined thickness. The axis-symnikdficmodel of the
thin plate, meshed with 10 elements, is shown in Fig. 2.4. The modaeglssaned in
the axial and the radial direction at its circumperence andotaéan is also set to
zero there. At its center, the diaphragm is free to move iaxia direction but is
constrained in the radial direction and the rotation is als@sagdrd here. Symmetry
boudary condition is also applied to the center of the diaphragm. And the material and
geometry properties &= 112.4 GPa,r= 50um, v= 0.28 and= 5um were input just
as they were for the analytic model.

ly

|\|l ¥z 13 14 15 16 17 18 19 20 21,

i
-

Fig. 2.4. Meshed axisymmetric model

Under the pressure load pflbar, the max deflection at the diaphragm center,
obtained from FEA solution, is 8.0nm for 1 bar pressure and the ness st the

diaphragm edge is 6.4 MPa. The solution obtained from the FEA madehes the

14



analytic solution based on Kirchhoff approach, given in Sec. 3.1, within 4B& T
FEA solution is a bit higher due to the fact that Kirchhoff’'s apph assumes the
diaphragm as a plate, and ignores the additional compliance due tbramem
stretching and transverse shear deformations, both of which are ohafutlee FEA
shell element chosen in this study. This error is considereeptable and the
number of elements of the diaphragm is fixed at 10 for this paheo$tudy. In the
FEA model of the entire sensor assembly, the absolute displacehtleatdiaphragm

is expected to be larger than the value estimated above, becays®ltk housing
also deforms under external pressure. However, the displacementdipheagm’s
center point relative to its circumference is expected to bealese to the analytic

and FEA solutions of the simple clamped diaphragm presented earlier.

2.4 Parametric Results of FOPS Linear FEA Modée

As mentioned above, the item of interest is the sensor diaphragnm &mdwg. 2.1.
The diaphragm nominal dimensions are drii0diameter and jBn thickness. When
subjected to 1.0 bar pressure, as shown in Fig. 2.2(a), the resukixighum
deflection is 9.1nm at the geometric center of the diaphragm, as shdwg. 2.5(a).
The deflection is higher than either the analytic solution or th& F©del of a
simple clamped shell, due to the fact that the periphery of #ddigm is no longer
constrained in the axial direction. The diaphragm will experiamcaxial deflection
at the center as well as the periphery which is found to be 1.IThe corresponding
maximum principal stress due to diaphragm bending is 6.9 MPa andiis owar the

diaphragm periphery at the bottom surface, as shown in Fig. 2.5(b).
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0 nm 9.1 nm -0.17 MPa 6.9 MPa

(@) (b)

Fig. 2.5. (a) Deflection of the sensor diaphragm under pressu
loading of 1.0 bar (magnified 5K times) and (b) principal

stresses in the diaphragm

2.5 Design | nvestigations for Diaphragm Thickness

Once the pm thick Silicon diaphragm was analyzed under the working loading
condition of 1.0 bar pressure, the thickness of the diaphragm was varied beiween 1
and um to study its effect in the linearized FEA model, on the deitgiand on the

stress margins in the diaphragm based on fracture.

2.5.1 Linearized Stress Margins: Diaphragm Fracture

The maximum stress in the diaphragm obtained from FEA simuladi@nsompared
against silicon fracture strength, which is fixed here at 7008 MP. The predicted

maximum principal stress (6.9 MPa), due to 1.0 bar pressure loalicigarly much
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less than the fracture stren (7000 MPa) of the diaphragm materialh€increase of
the stressn the diaphragrwith decreasing thickness is shown in R¢. This figure
demonstrates thénearized FEA prediction of threlationship between the stre
ratio (max principal stresdracture strength) and the maximum deflon of the
diaphragmwith changing diaphragm thickness, for a unit logdof 1.0 bar. As th

diaphragm thickness is redur from 5 pm to 1 um, theliaphragmsensitivity
increasedy two orders of magnitude & the stress ratio increasbg an order o
magnitude itself. We can see from Fic2.6 that at thickness offm, there is ¢
substantial design margin with respect to the sé®$n the diaphrac and that the
diaphragm thickness can be reduced to increasesehsitivity without risking

fracture of tke diaphragr.

Stress Ratio Vs Diaphragm Thickness

g
=2 0.03 1
[
E L 0.9
E‘_ .
“ 2
2 0.025 L o0s _
5 Stress Ratia =
= {First Principal - 0.7 3
g_ E'O 0z Stress/Fracture Strength’ =
= - 0.6
£c ®
o ‘:%015 0.5 %
g \ Mazx Diaphragm Deflection - 0.4 E—
i 2
—_— (=]
3 0.01 L 03 <
& 0s =
A 0.005 ’
& M—' - 0.1
&

0 T T T T 0

0 1 2 3 4 5 6
Diaphragm Thickness (um)

Fig. 2.6 Comparison of stress ratio (principa stress/fracture
strength) and max deflection of the diaphragm withchanging

diaphragm thickness
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While the sensitivity varies inversely with the diaphragm thickntge stress margin
increases as the thickness increases.Zfgsummarizes these resulis this figure,
two normalized indices are introduced; namely, (1) normalized digghsansitivity,
which is the ratio of the diaphragm maximum displacement (medsurl.O bar ) to
diaphragm thickness and (2) pressure loading safety factor, wittie ratio of
Silicon fracture strength (measured at 1.0 bar pressure) to the mafinsiynincipal
stress in the diaphragm. These graphs clearly illustrate dhgeting trade-offs
between design sensitivity and design margins. To find the abss®usitivity and

design margins, the results should be scaled by the magnitude of the pressure change.

Clearly this simplified linearized result cannot be used beyondymess that cause
deflection in excess of about 30% of the thickness of the plate, somdinear effects

can no longer be ignored beyond this deflection magnitude. As an exdhiple,
linear analysis is not accurate enough for results at 10 bar pressurg;, thaghragm
thicknesses below about 1,28, where the diaphragm sensitivity ratio will reach an
approximate value d3.30. Similarly at 10.0 bar pressure, linearized results are valid
only for t > 2.5um. For more detailed assessment, nonlinear analysis is needed, as

discussed in Sec. 2.6.

18



1.2 1200

1 2 1000
‘ /
80C

©
©

o

= Diaphragm P

@ L (O]

X Sensitivity H(E

g 0.6 (Deflection/ 60C O

= Thickness) at 1 S

§ Bar Pressure Pressure Loading o

0.4 S.F. (Fracture —+ 400 8

a Strength/First I
Principal Stress at 1 L

0.2 Bar Pressure) —+ 200
0 ‘ ‘ ¢ 0
0 1 2 3 4 5 6

Diaphragm Thickness (um)

Fig. 2.7 Trade-off between diaphragm sensitivity and stress mangi
for fracture

2.6 Nonlinear Diaphragm Deflection Analysis

As discussed in Sec. 2.5, the linearized results obtained in thsesake no longer
valid when the deflection of the diaphragm approaches 30% of its tbikne
Nonlinear effects limit the measurement range of the sensohave to be taken into
consideration.  Additional research has been conducted to include geomet
nonlinearity in the finite element analysis of the sensor degghr Fig. 2.8 shows
the nonlinear deflection of diaphragm of different thicknesses in respordsfferent
pressure levelsFor a diaphragm ofBn thickness, the response is linear upto the
100.0 bar pressure loading and foranlthick diaphragm the response is nonlinear

even at 1.0 bar pressure loading. As the diaphragm thickness decreadmearity
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of the response becomes increasingly severe and must be maemccount for

assessing the FOPS sensitivity and stress margins.

As discussed in Sec 2.5, the diaphragm thickness has to be optimized t
satisfy competing design constraints of maximizing the sengiivil minimizing the
stresses causes by pressure changes. Nonlinear analysiediatefind stresses due
to pressure loading are discussed here. Fig. 2.9 illustratesréss shtio (max
principal stress/fracture strength) in the diaphragm for @iffier diaphragm
thicknesses and different pressure levels. As the diaphragm trecknesduced the
sensitivity as well as the stress in the diaphragm incr&dsecan see from Fig. 2.9
that there is a substantial design margin with respect tsttbgses in the diaphragm
as the stress ratio is below unity. The diaphragm thicknedsecestuced to increase
the sensitivity and still keep the stresses much below théufeastrength. This
implies that the failure of diaphragm due to overstress will n@ geverning factor
over the deflection of the diaphragm as the diaphragm response widimbe

nonlinear well before the stresses become significant.

The diaphragm responds linearly in a certain pressure range, dependhe
thickness. This linear range indicates the working range of tHeSFQhe error
criterion used in this study for defining the linear operatiangge is 3% deviation
from linear response. This criterion is very similar to elevels used in the industry
[10]. Fig. 2.10 shows the percent error obtained as the diaphragm thickokedsea
pressure loadings are varied. Fig 2.10 shows that a sensor watphaiadjm thickness

of 5um is well within the working range upto 100 bar pressure. As tyghdagm
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thickness is reduced, the 3% error occurs at lower pressurespthamducing the
operating range of the sensor. Using Fig. 2.10, the sensor cani@eede®r a
certain diaphragm thickness based on sensitivity and workingyseesange. For
example, a sensor with a diaphragm pm3thickness has a working range of 0 to

20.0 bar pressure loading.

Non-linear Diaphragm Deflection at Diffrent Diaphragm Thicknesses

35
t=2.5um

t=3um
2.5
g 5 t=3.5um
c
K]
§ 1.5 t=4um
= L
o
t=4.5um
1
t=5um

0.5

Pressure Loading (Bar)

Fig. 2.8 Nonlinear diaphragm deflection at different diaphragm thicknesss
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Non-linear Diaphragm Stresses at Diffrent Diaphragm Thicknesses
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Fig. 2.9 Nonlinear diaphragm stress ratio (first principal stress/fractire

strength) of different diaphragm thicknesses with increasing presure loading
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Nonlinearity
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Fig. 2.10. Deviation from linearity in diaphragm response for diffeent

thicknesses and pressures

Fig. 2.11 shows a contour plot of the normalized diaphragm deflection
(deflection/thickness) and the nonlinearity in the diaphragm respotisechanging
diaphragm thickness and pressure loading. Using Fig. 2.11, linearinogeawiges
can be defined using different nonlinearity criteria such as@ftinearity up to 3%
nonlinearity. For example, a 3 pm thick diaphragm in this FOPi§rdean be used

upto 20 bar pressure if we accept upto 3% nonlinearity.
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Nonlinearity
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Fig. 2.11. Contour plot of the diaphragm deflection ratio (diaphragm
deflection/diaphragm thickness) and the percent error of the

difference of the linear and the nonlinear diaphragm deflection

2.7 Conclusions

In this study, the design trade-offs of the diaphragm of a fibec pptissure sensor
under field operating conditions is investigated. The field opgyatonditions are
defined in terms of external pressure. The work conducted showkehatiability is
not a problem for any practical pressure range. As itradsd from Fig. 2.9, the
stresses in the diaphragm are much below the fracture strehgtlicon for even
small thicknesses. However, diaphragm deflection nonlinearitys @ayital role in

the design and limits the operating range of the diaphragrtussated in Fig. 2.10.
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Thus there are conflicting design criteria and results haea peesented to allow
designers to trade off the measurement sensitivity vs the mgerange, using

different nonlinearity criteria from 1-3%.
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Chapter 3: Design Study of Fiber Optic Pressures@esrat

Different Operating Temperatures

The text of this chapter is taken from a paper that has beentsior publication.
This Chapter investigates the design constrains due to strueiiwed mechanism in
the sensor and explores the design space by parametric design sensidyity s

The rest of this document is organized as follows. A linear anaglution for
thermo-mechanical buckling of circular plates is discusseagatich 3.2. The FEA
model for nonlinear analysis of thermo-mechanical stressbe IR@PS diaphragm is
described in Section 3.3, and the results for thermo-mechanicaestiesthe FOPS
diaphragm are presented in Section 3.4. Nonlinear FEA prediction of rgickli
strength of circular clamped plates for different thicknessediscussed in Section
3.5 and a parametric methodology for developing design guideline®sented in

Section 3.6, followed by conclusions in Section 3.7.
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Abstract

This paper parametrically explores the nonlinear buckling stremgtipost-buckling
deformations of the diaphragm of a fiber optic pressure sensd®®JFQ@ue to the
generation of thermo-mechanical radial stresses causedobyirdithe application
temperature. The product under study is a miniature FOPS thaecambedded in,
or installed on, a structure for pressure monitoring applicatioms.field operating
conditions are defined in terms of temperature and pressure=OQR8& probe has a
Fabry-Perot cavity, with the fiber tip and a miniature diaphragtng as the two
mirrors. The cavity length changes when the diaphragm deflects pnelgsure.
However, due to field operating conditions, thermal and pressure daadgenerate
failure mechanisms such as buckling of the diaphragm and theistructural and
optical operating limits of the sensor. With the aid of nonlinearmio-mechanical
finite element analysis, this study investigates design camtstidue to nonlinearities
and structural failure mechanisms in the sensor and explores ige dpace by a

parametric design sensitivity study. A methodology is ilatstt to allow the
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designer to trade-off sensitivity vs the operating temperaturgm@sdure range of a
selected FOPS design.

Keywords: Fiber-optic pressure sensor; Fabry-Perot interferometer; nanline
finite element analysis, thermo-mechanical stress diaphragckling, parametric

design optimization

3.1 Introduction

Diaphragms are commonly used in sensors for dynamic pressuregsemisere the
dynamic pressure is detected through the deflection of the diaphragthis study,
the diaphragm displacement is detected with a fiber optic secistuit. Fiber Optic
Pressure Sensors (FOPS) have the advantage of being light aeightiving high
sensitivity. The sensing is based on detecting the optical phase change mdtreed
change in the optical path length as the diaphragm deflects undessaingr loading.
The FOPS probe has a Fabry-Perot cavity with the fiber tip amdinaature
diaphragm acting as the two mirrors, where the cavity lengthgesawhen the
diaphragm deflects under pressure. However, due to field operatingicosdihe
diaphragm deflection can be in part due to diaphragm buckling under thermo
mechanical loading, thus compromising the accuracy of the presmasurement.
Sources of failure in our study are in the diaphragm due to terapeaid pressure.
Additional errors may occur due to fiber expansion, changes in ieéantex and

changes in air properties, but are not considered in this study.
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Because the sensitivity of the sensor is related to the beludvtioe thin diaphragm,
choosing a suitable diaphragm design is important for optimizing theowse
parameters. Diaphragm thickness is an important factor inehsgtisity of the
sensor. As the diaphragm thickness is reduced, the sensitivitysesrbat at the
expense of increasing the stresses and fatigue damage in pheagra and also
reducing its buckling strength. The design has to be optimizest bas trade-offs
between sensitivity and buckling margins. To conduct the optilmizanodels must
be developed that quantify the sensitivity of the sensor and the Iigliabargins,
under pressure and thermal loading. With the aid of finite element analysistuithy
investigates the reliability of fiber optic sensor diaphragm uneeperature and
pressure loadings and its influence on the design optimization of the diaphragm.
Studies have been reported in the literature to optimize FOPS alyaplsensitivity.
Shilpak and Dugungi [1] conducted static analyses of a clamped ciptata under
initial tension and studied the plate behavior and when the platditvagsnto a thin
membrane/diaphragm in terms of a non-dimensional tension paraknetach is
proportional to the square-root of the tension loading and the radius dathped
plate, and inversely proportional to the bending stiffness of thepeldmlate. This
transaction occurs over the rang&k420. The behavior is that of a thin plate ke,
and like a thin membrane whek>20. Yu and Balachandran [2] studied the
diaphragm response in terms of this tension pararketed showed that the analysis

and the results can be used to design a sensor diaphragm to rassemsgivity. In
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recent work [3-5] there has been emphasis on optimization of thitisgnsf the

sensors by studying the diaphragm deflection.

If the diaphragm experiences compressive in-plane stress#s theemo-mechanical
constraints from the sensor housing, the sensor may become urstdbtrit-of-
plane buckling may occur without any other external forces beirggiprg¢7]. This
phenomenon is known as thermal buckling, and the temperature corresponding to the
critical load is called the buckling temperature [8]. Beyond thrisical load,
deformations are not proportional to the applied pressure, thus comproitiising
pressure measurement capability of the sensor. Furthermor&rgiee buckling-
induced deformations may become considerable and may rupture pheadia [7].

In the previous work of Majeed et. al. [9], design margins werestigated not only
for the sensitivity of the thin diaphragm but also for the stees®weloped in the
diaphragm, which are critical to failure. Design trade-offsswtemonstrated for the
same FOPS, with respect to sensor sensitivity, sensor ogeratige and fracture
due to excessive stresses on the diaphragm. Majeed et. al. [igrgpudesign
margins for the optimal design of the FOPS diaphragm under extpressure
loading only. In reality, the FOPS will not only be exposed thanging pressure
environment, but also to varying operating temperatures. Theaddigffects due
to temperature changes are examined in this study.

The internal construction of the fiber optic pressure sensor, FOPS, stady is
shown in Fig. 3.1 (a). The point of interest in this model is the thjphdagm circled.

The FOPS must withstand environmental temperature changes iti@per&/hen
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the temperature drops, the outer steel shield will shrink more tigaimner silicon
probe housing and the thin silicon diaphragm. The resulting compreadiabstress
in the diaphragm may cause the diaphragm to buckle as the thicknmedsiced for
better sensitivity. Thus the diaphragm thickness must be optirtozethimize the
risk of buckling. This paper will investigate the design marging@fFOPS due to

the buckling of the diaphragm.

Shield
2.5 mm
«— Adhesive
Fiher — 7 4
Shield :
~ AT<0,
FProbe
Housmg —| Probe Pressure
20 mm Housing Loading
Adhesive—
Diaphragm _— |
N~ Diaphragm
s ,.-/
© 2009 Copyright s v
Pervasive Technology Engineering, LLC.

Fig. 3. 1 (a) Internal construction of the fiber (b) Thermal and pressure loading on the

optic pressure sensor (FOPS) FOPS

The rest of this document is organized as follows. A linear anaglution
for thermo-mechanical buckling of circular plates is discusseSection 3.2. The
FEA model for nonlinear analysis of thermomechanical stressethe FOPS
diaphragm is described in Section 3.3, and the results for thermameailgtresses

in the FOPS diaphragm are presented in Section 3.4. Nonlineapfegiction of
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buckling strength of circular clamped plates for different thiskes is discussed in
Section 3.5 and a parametric methodology for developing design guidéines

presented in Section 3.6, followed by conclusions in Section 3.7.

3.2 Thermomechanical Buckling: Analytic Solution

The diaphragm, which can be assumed to be a thin circular platelantped edges,
is placed under radial compressive stress, as shown in Fig. 32 iniplane
compressive radial stresses are generated by the CTEatdisihuring cool-down.

The diaphragm buckles when the in-plane compressive stresedexee critical

Fig. 3.2. Circular Diaphragm under radial stress

threshold.

The critical buckling strength of a platg,, is obtained by the relation [7]

_ —14.68Et?
o 12r2(1-v?)

(3.1)

whereE is the elastic modulus,is the thicknessg; is the radius of the plate ands
the Poisson’s ratio. Theoretically, this means that for aaphdagm withE=112.4
GPa t=5 um r=50 um v=0.28, the required stress to buckle the diaphragmis
approximately 1.5 GPa.

The next step is to estimate the in-plane compressive Sgerssrated by the

temperature drogT [7]:
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O-T'T' = (1—2)2) . (2)

wherea is the relative coefficient of thermal expansion betweesl atad silicon. As
we see in Fig. 3.3, the stress ratio (radial stress/buckireggth) decreases as the
diaphragm thickness increases and increases with the incretesmperature drop

(4T). Hereo=12E-6 /K
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Fig. 3.3 Stress ratio (radial compressive stress / criticalugkling stress) with

varying AT and diaphragm thickness
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3.3 FEA Mode

The model for nonlinear finite element analysis (FEA) of thentlkemechanical
stresses in the FOPS is described in this section. The internal cbostaiche fiber
optic pressure sensor under study is shown in Fig. 3.1(a). In ligh¢ aixisymmetric
structure and loading a 2-D axis-symmetric finite elemesdehis used, rather than a
full 3-D model, to minimize calculation time. Details of the rabdre illustrated in
Fig. 3.4. The point of interest in this model is the thin diaphragoiedi in Fig.
3.1(a). In this study, there are two different types of axisytmenelements used: (1)
the diaphragm is modeled using 20 axisymmetric, 2-node, shell een@nthe rest
of the FOPS body, which includes the shield, probe housing and the adisesive
modeled using 5,361 4-noded axisymetric brick elements. The rotatithre chell
elements is constrained to the brick element. Fig. 3.4(a) slheventire sensor under
pressure loading and boundary conditions arrows indicate the themdahd, hash
markings indicate the kinematic boundary condition and different ralsteare
assigned different colors for better visualization. Fig. 3.4(b) sleoalsser view of
the diaphragm. The sensor is subjected to a thermal loading of andespperature,
AT (Fig. 3.4(a)). This generates compressive radial forces on tisersdiaphragm
due to the coefficient of thermal expansion (CTE) mismatch betviee steel
housing and the silicon sensor element. The top is constrainedtirealldegrees-of-
freedom (Fig. 3.4(a)). Symmetry condition is applied along the @xg/mmetry

along the axial direction.
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Fig. 3.4(a) Axisymmetric FEA model showing FOPS
temperature loading and boundary condition. Different
materials are color-coded. (b) Detail A, a closer look at the

mesheddiaphragm

The FOPS consists of three different materials. The outddshieich encompasses
the probe housing, is made from steel. The probe housing and the diapheagm a
made of silicon material and the adhesive encompasses the Tibermaterial

properties are listed in the Table 3.1 below.
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Table 3.1.List of material properties used in the FEA model

Silicon (Probe
Steel
Housing and | Adhesive
(Shield)
Diaphragm)
Density (kg/m) 7820 2330 1720
Poisson’s ratio 0.27 0.28 0.28
Young's modulus (GPa) 200 112.4 - 165 2.26
Coefficient of thermal expansion 15.2E-6 3.2E-6 191E-6

3.4 Nonlinear Parametric FEA Prediction of Thermo-mechanical

Stresses in FOPS Diaphragm

As mentioned above, the structure of interest is therbOfiameter diaphragm of the
FOPS shown in Fig. 3.1(a). The FEA results are presented fong@i@variation of
the diaphragm thickness from 1 um to 5 pum, and for parametrjgetaiare drop
between 0 and -150 °C. Figure 3.5 shows the in-plane compressiVesteatiaes
generated in the analyzed cases. The stresses have beahzsal, for convenience,
by the buckling strengths estimated for each thickness frosirtipge analytic model

of a clamped circular plate in Equation 3.1.
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Thermo-Mechanical Stresses Developed in the Digphrat Different Temperatures
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Figure 3.5 Parametric Results of Thermo-mechanical Stress in FOPS

Diaphragms of Different Thicknesses Due to Temperature p of Different

Ranges

These stress results are used later in Sec. 3.5, for desiga 6OPS thickness to

maximize sensitivity without buckling under the operational FOPSpéeature

changes.
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3.5 Nonlinear FEA Parametric Studies of Diaphragm Buckling Due to

Temperature Change

Clamped circular plates with the dimensions and material propeldscribed above
for the FOPS diaphragm are modeled in finite element analy&#\)(Fising
commercial software. The accuracy of the FEA bucklingngthes are compared

with the analytic solution from Equation 3.1 in Sec 3.2.

The 3D diaphragm is modeled as an axisymmetric shell usingi@hanetric shell
elements with user-defined thickness. The number of elements heasnc after
preliminary trials, by matching the FEA buckling strength witie analytic
predictions from Section 3.2. The meshed axisymmetric FEA maidéie thin
circular clamped is shown in Fig. 3.6. The diaphragm, now only a twerdiional
line, is placed under a radial stress and boundary and loading condittoats@
illustrated in Fig. 3.6 The shell elements were constrained fwtation at the
periphery and the axial center of the diaphraghs is typical in buckling studies, a
small transverse load, 0.005% of the applied compressive radiss$,sis applied to
the center of the diaphragm, to facilitate buckling. The buckbirgngth is

parametrically investigated for different diaphragm thicknesses from 1 ta 5 um

Compressive radial

; / Small transverse lo¢ stress
=, M
Boundary /

Condition
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The diaphragm buckling curves for these cases is shown in FigTBe7radial stress
at which the diaphragm buckles reduces as the diaphragm thicknmedsiced, from

1.5 GPa for pm thickness to 60 MPa for auth thickness

Diaphragm Buckling with Varying Diaphragm Thicknesses
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Fig. 3.7 (a) Diaphragm buckling strength of the FOPS as the
diaphragm thickness is varied. (b) A closer look at the radial
stresses at which the diaphragms buckle
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Buckling Safety Factor with varying Diaphragm Thickness at AT= -55 Deg. C
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Fig. 3.8 Design margins for 100 um silicon diaphragms of differenticknesses

for temperature drop of -55 °C.

The buckling results in Figure 3.7 can be combined with the thersatvanical
stress results of Figure 3.5, to estimate the buckling maagisafety for different
temperature drops and for clamped circular diaphragms of 100 um efaamst
different thicknesses. As an example, Figure 3.8 shows the budsign margins
for temperature drop by -55°C, for diaphragms of 1-5 um thickneskesiniplane
radial stress is normalized by the corresponding buckling sktreprgdicted by the
linear analytic model of Section 3.2. It should be noted here thdtigher
thicknesses, there are huge design margins, and that they vatutee diaphragm

thickness. The FOPS can be optimized here to have the smatikeetis possible at

41



this temperature to enhance the sensor sensitivity yet algenpireg buckling. But
in reality, the FOPS will be under a coupled working environmentngbéeature and

pressure [9]. Sec. 3.5 will take into consideration this coupled loading condition.

Figure 3.7(a) also shows the post-buckling deformations.

3. 6 Nonlinear FEA Parametric Studies of Diaphragm Buckling Due

to Combined Temperature and Pressure Change

In Sections 3.5 and 3.6, the silicon diaphragm was placed under a loading condition
that consisted of temperature drop. However, as described in the previous work of
Majeed et. al. [9] in typical use conditions, the FOPS will experience pedssuting

in the presence of such temperature change. Therefore this section explores the
diaphragm deflections under different combinations of temperature drop and pressure
loading. Section 3.6.1 analyzes nonlinear diaphragm deflections under simultaneous,
proportional changes in temperature and pressure, for different proportiortadisy ra

This represents application conditions where the FOPS will experienceasigaus
changes in temperature and pressure. Section 3.6.2 analyzes nonlinear diaphragm
deflection under sequential changes, with various magnitudes of tempérafure
followed by monotonic pressure loading. This represents application conditions
where the FOPS will have to measure pressure at steady ambiemnatengsethat

are below the stress-free temperature.
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3.6.1. Simultaneous (Proportional) Changesin Temperature and Pressure

The pressure is increased pyars as the thermo-mechanical in-plane compressive
stress is proportionately increased to the linear analytic iogcKimit of the
diaphragm. This proportional loading is continued up to twice the buckliessso
examine the post-buckling deformations. Three different proportionaliiys are

examined, withp = 0.46 bars, 4.6 bars and 46 bars.

Fig. 3.9 (a) shows the nonlinear diaphragm deflection curveg=i0:46 bars, for
different diaphragm thicknesses. For comparison, the nonlinear deikeainder
pure in-plane loading without any transverse pressure (presentent gaiFigure
3.7a) are also superposed. As expected, the thicker diaphragms sholittleery
additional deflection (and associated drop in buckling limit or libeéimit), while

the thinner diaphragms show a significant change in deflection.

As explained in the introductory sections, the deflection of the digphchanges the
cavity length of the FOPS which gives a reading for a pressiasurement. If the
diaphragm deflects due to thermo-mechanical buckling, the sensor eutbbe
contaminated as the buckling-induced deflection will add to the diefledue to the
pressure loading and the sensor data recorded will lose itBcsigne. Figure 3.9(a)
shows the total deflection due to the combined loading A convenientowsglate

the deflections due to diaphragm buckling (due to a drop in temperétomeXhat

due to the bending of the diaphragm (due to the pressure load), the diaphragm
deflections from the coupled (temperature and pressure) loadinghaenalized by

the deflection due to pressure loading. The in-plane compressigsestiwere also
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normalized by the theoretical buckling strength, for betnmrehension. This

normalized plot is shown in Fig. 3.9 (b).

Upon a closer look (Fig. 3.9 (c)), the diaphragm deflection ratio (eftedue to
thermal pressure loading/deflection due to pressure loading) is seen to reachel.03, (i
the buckling deflection is 3% of the pressure deflection) when thel manpressive
stresses at the diaphragm circumference reaches approxir@étetf the critical

buckling stress for all of the different cases of diaphragm thickness.

Similarly, the trend continues when the pressure loading ratensaised by factors

of 10 and 100, relative to the rate of in-plane compressive stressasec The
nonlinear deflections progressively increase and the buckling lipndgressively
decrease, as the pressure loading rate increases, as shown in Figures 3.10 amd 3.11. |
Figure 3.10, the pressure loading ratérelative to in-plane compression rate, as
defined at the beginning of this section) is increased to 4.4 bdns &ig 3.11, to 46

bars. Interestingly, regardless of the magnitude of the pressutied ratg and the
diaphragm thickness, the normalized diaphragm deflection ratio ¢tiefledue to
combined thermo-mechanical and pressure loading, normalized dgftaetion due

to pure pressure loading) continues to reach 1.03 when the in-plane radial
compressive stresses at the diaphragm circumference reacxiagtely 3% of the

theoretical linear buckling strength predicted by Eq. 3.1.
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Nonlinear Diaphragm Buckling with Varying Diaphragm Thicknesses atg Ioading rate of Rcr

OF cm — = — — .
I
I I
002F----+----d- - EE— ‘L fffffffff : fffff
7 A A R BN B |
8 004k ----L1_____ o [ I — L
= . | | i | | H | | |
0 I I I I I 1 I I T
j=2) | | | | | 1 | | | |
£ 006 ----7----+ [ [ [ r———~"1- "~~~ ° [ E
S | | | | | 1 | | | |
=1 I I I I I 1 I I I I
o -0.08----- T == e A m - [ A - e
a I I I I I ’ I I I I
@ I I I I I i I I I I
e e T T CTTT T T P T T
B | | | | | § | | | |
T 912b_--_Lt_____ I S - L ___ 1
< | | | | I 1 | I | |
13 | | | | I 1 I I I I
o | | | | I 1 I I I I
g 0 -—--—5---—+ T [t B [ [ B i
o | | | | | 1 | | |
I I I I I 1 I I
§ 0.16---- T (i [ S [ e - t=5 pym
= I I I I I i I I
1) 0.18 | | | | | i | | t=4 uym
-0.18 - - - - - === - = === e -——=- e A - —
I I I I I g I I t=3 um
0.2 : : : : : 1 : : t=2 pm
1 1.005 1.01 1.015 1.02 1.025 1.03 1.035 1.04 1.045 1.05
Deflection Ratio (Diaphragm Deflection Due to Thermal and Pressure Loads/Diaphragm Deflection Due to Pressure Load)

(c)
Fig. 3.9 (a) Nonlinear diaphragm deflection for p=0.46 bars increase pfessure,
with proportional increase of in-plane compressive thermo-rachanical stresses
up to the linear analytic buckling limit; for varying thickn esses, showing the
nonlinearity before and after buckling. (b) Normalized diaphragm deflection
curves. (c) A closer look at the normalized deflection curveshowing the

‘contamination limit’.
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Nonlinear Diaphragm Buckling with Varying Diaphragm Thicknesses ata loading rate of R,
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(c)
Fig. 3.10 (a) Nonlinear diaphragm deflection fop=4.6 bars increase of pressure,
with proportional increase of in-plane compressive thermo-rachanical stresses
up to the linear analytic buckling limit; for varying thicknesses, showing the
nonlinearity before and after buckling. (b) Normalized diaphragm deflection
curves. (c) A closer look at the normalized deflection cue showing the

‘contamination limit’.
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Diaphragm Buckling with Varying Diaphragm Thicknesses at a loading rate of R,
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Nonlinear Diaphragm Buckling with Varying Diaphragm Thicknesses at g loading rate of R,
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Fig. 3.11 (a) Nonlinear diaphragm deflection fop=46 bars increase of pressure,

with proportional increase of in-plane compressive thermo-mechaaoal stresses
up to the linear analytic buckling limit; for varying thicknesses, showng the
nonlinearity before and after buckling. (b) Normalized diaphragm defletion
curves. (c) A closer look at the normalized deflection curve showing the

‘contamination limit’.

3.6.2 Sequential Change: Temperature Drop Followed by Pressure

Loading

In many application environments, the FOPS will have to undergosetatare drop

to operating conditions and then experience pressure loading duringureress
measurement. In order to recreate this sequential effedQRS is analyzed under
sequential loading of temperature drop (of various magnitudes liblowtress-free

temperature) followed by pressure loading.
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The FOPS diaphragm is first subjected to a temperature drop whicses an initial
deflection in the sensor's diaphragm due to the thermally-inducedamepl
compressive stresses (produced as the outer casing shrinke rielatie diaphragm,
due to the temperature drop). Then the diaphragm is placed under w@weteasd.
Five cases are examined, with the temperature drop varyingofitGrno -85°C below
the stress-free temperature. The pressure is then monotomcadigised to 100 bars.
The nonlinear deflections for this loading sequence are examinedréar cases of
diaphragm thickness: tg, t=4um and t=um. The temperature drop is simulated
by applying in-plane thermo-mechanical stresses estimated frareR&d.

Fig.3.12 (a) illustrates the nonlinear deflections ofumn3hick diaphragm under this
sequential loading. The initial temperature-induced deflectioassabtracted out
since the FOPS sensor will output only the pressure-induced defkectThis figure
shows that as the temperature-induced pre-deflection incredmesdigphragm
stiffens more, thus increasing the nonlinearity in the pressure-iciddegection.
Note that the diaphragm deflections fof= 0°C in Figure 3.12(a) are slightly less
than those presented earlier by Majeed at al [see Figuref 2eB 9] due to the fact
that here only the diaphragm of the FOPS is modeled, wheré¢ag. 8.8 of Ref 9,
the entire FOPS assembly was analyzed. Figures 3.12 (b) afidstcate the effect
of this sequential loading as the diaphragm thickness is incréagipah and fm,
respectively. As the diaphragm thickness is increased, teet®fbf the initial

temperature drop are lessened.
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Pressure vs. Diaphragm Deflection For a 3 um Diaphragm under Varying Temperatures
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Pressure vs. Diaphragm Deflection For a 5 um Diaphragm under Varying Temperatures
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Fig.3.12. Nonlinear diaphragm deflection under sequential temperature
drop (five cases: 0, -25, -45, -65, -85 deg C), followed by monotonic
pressure loading to 100 bars, for (a) t=3um, (b) t=4pum and (c) t=5um.

As the temperature and pressure loadings are increased, aramhjfactor that
must be noted is the percent nonlinearity and the corresponding {nearit
that defines the static working range of the FOPS. Fig.3.13 shewsorking
pressure ranges based on 1%, 2% and 3% nonlinearity, for tempehatpse
up to -85°C. For example, at a temperature drop of°®5a 3im diaphragm
reaches 3% nonlinearity at about 20 bar pressure. So with therdel
loading, the working temperature and pressure range can be ilpgds
Interestingly, the working pressure limit is not very sévsito temperature

drop, for the cases examined.
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1%, 2% and 3% Linearity Limits for 3um, 4um and 5um thicknesses
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Fig. 3.13. Working pressure ranges for t=3um, t=4um and t=5um, based on 1%,

2% and 3% nonlinearity.

Another important parameter that needs to be examined is the E@RfBation
Factor, defined as the diaphragm deflection (um) per unit pregsare loading
within the linear working range. This calibration factor isneated from the initial
linear tangent slope of the pressure-deflection curves in FRjt& and plotted in
Fig. 3.14. Once again, the calibration factors are found to bevedaitnsensitive to
temperature for most of the cases examined, with the sensiivaeasing
progressively as the operating temperature drops. As expected/ibhration factor
becomes more sensitive to the operating temperature, as the diaphregness

decreases.
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Fig. 3.14. Calibration factor (diaphragm deflection per unit pressure change

within the linear limit), for t=3um, t=4pum and t=5pum

3.7 Conclusions

In application environments, the FOPS will undergo not only a pressauaebut also
temperature excursions. The resulting compressive, in-plane tmeecttanical
loads can generate diaphragm buckling, thus adding to the diapbedigetion, and
compromising the accuracy of the pressure measurement. Instidy, the
diaphragm was subjected to a proportional increase of pressure qoianen
thermally-induced compressive stress. This work shows that whethéheo-
mechanical in-plane radial stress reaches 3% of the bucklreggtt of the
diaphragmthe output of the FOPS is contaminated with a mixture of deflectue

to both thermo-mechanical buckling and pressure-induced bending of the graphra
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(acceptable threshold is defined here as 3% deviation from the punedgure-
induced deflection). The temperature and pressure combination, & thbicadial
stress reaches 3% of the critical buckling strength of #yghdagm, is defined as the
lower ‘contamination limit'" of the FOPS (because past thigtlittne thermally-
induced buckling deflection is more than 3% of the pressure-induced bending
deflection). For example, a 3 um thick diaphragm has a lower foamagion limit’

of about -16 MPa (corresponds to approximately 60 based on the results in
Figure 3.4) and 0.15 bar pressure (Fig. 3.12). Buckling calibratioves are
provided in this study to allow users to find this lower ‘contaminaliimit’ for a

range of diaphragm thickness for this FOPS.

Similarly, the lower ‘linearity limit’ of the FOPS ateh pressure is defined by the
temperature and pressure combination that causes 3% nonlinearitydiagheagm
deflection due to combined buckling and pressure. For example, clasgnation
of the data in Figure 3.8 reveals that the lower ‘linearityitliof the 3 pum thick
diaphragm studied in this FOPS occurs at a compressive sickak of -67 MPa
(corresponding to temperature lower than -150 Deg. C, based on the ire&idpsre

3.4) and 0.6 bar pressure.

The operating range of the FOPS is defined by the more estiting) these two ranges
defined above. In the case discussed above, clearly the ‘contamimaiibléfines

the operating range of the FOPS. It's worth noting that theabpg pressure range
for this case is only 0.15 bars (at -60 Deg C temperature, frgune=8.4) compared

to the operating range of 20 bar pressure in the absence of theadiaf. Clearly, a

56



proportional simultaneous drop in temperature significantly reduce®pbmting
pressure range of the FOPS. As the thickness of the diaphragrasesy so does its

operating range.

In many application environments, the FOPS will have to undergosetatare drop

to operating conditions and then experience pressure loading duringureress
measurement. In order to recreate this sequential effedQRS is analyzed under
sequential loading of temperature drop (of various magnitudes liblowtress-free
temperature) followed by pressure loading. The FOPS diaphsafimstisubjected to

a temperature drop which causes an initial deflection in the semaphragm due to
the thermally-induced in-plane compressive stresses (producdx amiter casing
shrinks relative to the diaphragm, due to the temperature drop). Adelmaphragm

is placed under a pressure load. Five cases are examinedhevihnperature drop
varying from 0°C to -85°C below the stress-free temperature. pidssure is then

monotonically increased to 100 bars.

It is shown that for this particular temperature-pressure comndonaas the
temperature-induced pre-deflection increases, the diaphragmnstiffere, thus
increasing the nonlinearity in the pressure-induced deflection artd aghahe
diaphragm thickness is increased, the effects of the inittapeeature drop are
lessened. The working pressure ranges based on 1%, 2% and 3% rionlifoear
temperature drops upto -86 are also shown along with the FOPS Calibration
Factor (defined as the diaphragm deflection (um) per unit pregsarg loading

within the linear working range). The calibration factors andnibwinearity limits
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are found to be relatively insensitive to temperature drop for mibshe cases
examined, with the sensitivity increasing progressively a®opeeating temperature
drops. Further studies are required to explore different combinatibmsn-
proportional changes in temperature and pressure in order to exptorentire

operating range of the FOPS.
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Fig. 3.15 Working temperature range for different diaphragm thicknessesrém Figure 3.8
and Figure 3.4.
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Chapter 4. Summary

The main conclusions of this thesis and contributions to this project are presented and

discussed here, along with recommendations for future work.

4.1 Conclusions and Discussions

In this study, the design methodology for the diaphragm of a fibec pptissure
sensor under combinations of steady-state pressure and temparatureestigated.
Due to these conditions, several failure mechanisms may dlffecstructural and
optical characteristics of the sensor, such as nonlinear dis@ateithe diaphragm,
buckling of the diaphragm, cracks in the diaphragm, high residuakatres the
optical fiber and deformations and failure in the epoxy sealant bettee optical
fiber and the steel casing. With the aid of linear and nonlin&#, Fhis study
investigated the severity of selected failure mechanismfiansénsor (nonlinear

diaphragm deflection, diaphragm fracture and diaphragm buckling).

In the first part of the study the effect of pressure loadingnatient temperatures
was investigated. For maximum sensitivity, it is ideal to hes/éhin a diaphragm as
possible. However, as the thickness of the diaphragm is reducedjrélsses
developed at the periphery of the diaphragm due to the deflection bemome
important factor. The work conducted shows that the reliability imgeof these

stresses produced in the diaphragm due to an external pressure load atieaidocr
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any practical pressure range. The stresses developed in theagrapare much

below the fracture strength of silicon even for very small diaphragm thiclsesse

However, as the diaphragm thickness is reduced and the pressure loading isdncreas
the diaphragm deflections exceed the linear range. As the diaphdaflection
approaches 30% of its thickness, the linearized response is no lorigerarva
nonlinear effects have to be taken into consideration. It was shotvnathianearity
plays a critical role in the design and limits the operatirgsgure range and the
allowable minimum thickness of the diaphragm. As expected, theupsesange
decreases as the diaphragm thickness reduces. Using the naodilitzation curves
provided in this work, sensors can be designed using 1%-3% nonlineagtjacitio

assess their working pressure range.

In application environments, the FOPS will undergo not only a pressauaebut also
temperature excursions. The second part of the study examinesffeloe of
combined temperature and pressure loadingexpiores the diaphragm deflections
under different combinations of temperature drop and pressure loadfingt. the
study analyzes nonlinear diaphragm deflections under simultaneous, pmaglorti
changes in temperature and pressure, for different proportiorralitys. This
represents application conditions where the FOPS will experienugtaneous
changes in temperature and pressure. Then the nonlinear diaptetigotion under
sequential changes, with various magnitudes of temperature drop dadlldy

monotonic pressure loading is analyzed. This represents application conditioas wher
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the FOPS will have to measure pressure at steady ambiepérsores that are

below the stress-free temperature.

The compressive, in-plane thermo-mechanical loads can generate agiaphr
buckling, thus adding to the diaphragm deflection, and compromising theegair
the pressure measurement. First, the diaphragm was subjectedrapoational
increase of pressure and in-plane, thermally-induced, compressss. siThis work
shows that under this proportional loading, when the thermo-mechamip&ine
radial stress reaches 3% of the buckling strength of the diaphtiagrautput of the
FOPS is contaminated with a mixture of deflection due to both thereahanical
buckling and pressure-induced bending of the diaphragm The temperatlire a
pressure combination, at which the radial stress reaches 38 dcfitical buckling
strength of the diaphragm, is defined as the lower ‘contaminatiot tifrthe FOPS.
Buckling calibration curves are provided in this study to allowsusefind this lower
‘contamination limit’ for proportional loading, for a range of diaphragmokiness for

this FOPS.

Also, the lower ‘linearity limit' of the FOPS at each pressis defined by the
temperature and pressure combination that causes 3% nonlinearitydiagheagm
deflection due to proportional increase in combined buckling and pressaumrenex
in this study. The operating range of the FOPS is definedebyntire stringent of
these two ranges. It is shown that a drop in temperature signific@duces the
operating pressure range of the FOPS. As the thickness of the diaphragsemcea

does its operating range. This study demonstrates the methodnatesthese
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operating ranges for a particular proportional combination of pressund

temperature changes.

But, in many application environments, the FOPS will have to undergyo@etature
drop to operating conditions and then experience pressure loading durgsgrpre
measurement. In order to recreate this sequential effedQRS is analyzed under
sequential loading of temperature drop (of various magnitudes liblowtress-free
temperature) followed by pressure loading. The FOPS diaphsafimstisubjected to
a temperature drop which causes an initial deflection in the semaphragm due to
the thermally-induced in-plane compressive stresses (producdrt asiter casing
shrinks relative to the diaphragm, due to the temperature drop). Adelmaphragm
is placed under a pressure load. Five cases are examinedhevihnperature drop
varying from 0°C to -85°C below the stress-free temperature. pidssure is then

monotonically increased to 100 bars.

It is shown that for this particular temperature-pressure comndonaas the
temperature-induced pre-deflection increases, the diaphragmnstiffere, thus
increasing the nonlinearity in the pressure-induced deflection artd aghahe
diaphragm thickness is increased, the effects of the inittapeeature drop are
lessened. The working pressure ranges based on 1%, 2% and 3% rignlifoear
temperature drops upto -86 are also shown along with the FOPS Calibration
Factor (defined as the diaphragm deflection (um) per unit pregsarg loading
within the linear working range). The calibration factors andnibi@inearity limits

are found to be relatively insensitive to temperature drop fort mbbshe cases
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examined, with the sensitivity increasing progressively a®opeeating temperature

drops.

Further studies are required to explore different combinatibmen-

proportional changes in temperature and pressure in order to exptorentire

operating range of the FOPS.

4.2 Major Contributions and Future Work

The major contributions and suggestions for future work are outlined below:

In this thesis, linear as well as nonlinear design sensitivity of a fiber opti
pressure sensor (FOPS) under thermal and pressure loads were explored

In previous work, FOPS have been designed with respect to the sensitivity of
the sensors by optimizing the thickness of the diaphragm for maximum
deflection. This study quantitatively investigates the tradeoffs batwee
increasing the sensitivity of the sensor and limiting the operating drbe
FOPS, due to the nonlinearity of the diaphragm, as the thickness of the
diaphragm is reduced and the external pressure loading is increased.
Calibration curves of the diaphragm deflection under a range of working
pressure loads and diaphragm thicknesses are provided for linear as well as
nonlinear working range for end-users.

Another important contribution of this thesis is the analysis ofintk@ane
compressive stresses generated in the FOPS diaphragm due to d¢hep in
application temperature, and the resulting post-buckling deformatiotise of

diaphragm.
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o Not only is the FOPS analyzed under a temperature drop, butmalso a

external pressure load is added in order to recreate its working

environment.

First the nonlinear diaphragm deflections under simultaneous,
proportional changes in temperature and pressure, for different
proportionality ratios. This represents application conditions
where the FOPS will experience simultaneous changes in
temperature and pressure
e Qutcome is an assessment of the temperature limits of
the FOPS with different diaphragm thicknesses at
different pressures; based on contamination and
nonlinearity of the pressure-induced deflections due to
the additional buckling-induced deformations.
Thennonlinear diaphragm deflection under sequential changes,
with various magnitudes of temperature drop followed by
monotonic pressure loading. This represents application
conditions where the FOPS will have to measure pressure at
steady ambient temperatures that are below the stress-free
temperature.
e Qutcome is an assessment of the working pressure
ranges based on 1%, 2% and 3% nonlinearity, for
temperature drops upto -85 along with a Calibration

Factor (defined as the diaphragm deflection (um) per
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unit pressure (bar) loading within the linear working

range)

Future Work:

0 This study shows the methodology of designing the FOPS foreitfer

combinations of temperature and pressure. First, a particular
proportional combination of pressure and temperature loading has
been used to show the methodology. Then, the nonlinear diaphragm
deflection under sequential changes, with various magnitudes of
temperature drop followed by monotonic pressure loading is analyzed
in order to represents application conditions where the FOP &avil

to measure pressure at steady ambient temperaturesetlaw the

stress-free temperature. Further studies are requirecplor@xmore

of these operating ranges for different thicknesses and for other
combinations of non-proportional changes in temperature and

pressure.

This work has not considered the effects of environmental dynamic
loading on the FOPS. These dynamic loadings, which include
vibration, shock and drop loadings, may affect the sensitivity of the

sensor. In addition, the effects of dynamic pressure loading bdoee t
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considered. Other phenomenon such as lifetime and phase difference

must also be studied.
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Appendix A: Sensor Modeling in Pro-Engineer

FEA Model

The FOPS, Fig. A, was modeled using two different techniques to inptithe
analysis. First we modeled the sensor using Pro-Engineemguadted the design in
to ANSYS for Finite Element Analysis. The methods of designm&ro-Engineer

are described in this appendix.

A\

@ (b) ()

\
\
\
\
1

Fig. Al(a) FOPS model in Pro-Engineer. (b) and (c) aréedngews of the

modeled FOPS

Material Properties

The FOPS consists of three different materials. The outddshikich encompasses
the probe housing, is made from steel. The probe housing and the filbésticon
material. The material properties are listed in the TAdldbelow and the different

material locations are illustrated in Fig. 2(b) with different colors.
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Table Al. List of material properties used in the FEA model.

Steel Silicon Adhesive
(Shield) (Probe
Housing)
Density (kg/r) 7820 2330 1720
Poisson’s ratio 0.27 0.28 0.28
Young's modulus (GPa) 200 112.4-165 2.26
Coefficient of thermal expansion (K 15.2e-6 3.2e-6 191e-6

FEA Results

As mentioned above, the point of interest is the sensor diaphragm sidwg i,
Sec. 2.1. The diaphragm nominal dimensions areurhO@iameter and (Bn
thickness. When applying 1.0 bar pressure, the resulting maximum défornis
noted to be 9.1nm at the geometric center of the diaphragm as shoign A2 Ka).
The maximum principal stress is 6.9 MPa and it occurs at the d@phr

circumference as shown in Fig. A2 (b).
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0nm 91nm -0.17 MPa 6.9 MPa

(@) (b)

Fig. A2. (a) Deflection of the sensor diaphragm under
pressure loading of 1.0 bar scaled by 5K and (b)

principal stresses on the diaphragm
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