A SENSOR DEVI CE CROSS- REFERENCE TO RELATED APPLI CATI ONS [ 0001] Thi s
application clains the benefit of priority of SG application No.
201107048-9 filed Septenber 28, 2011, the contents of it being hereby
i ncorporated by reference inits entirety for all purposes. TECHN CAL
FI ELD [ 0001] The present invent ACYENSOR BEVIE€Esensor devi ces.
BACKGROUND [ 0002] In oil and gas industry, hydrocarbon exploration has
recently becone nore intense, and exploration has been shifting
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the depth and conplexity of exploration increases I nstance, It
has been pidféreicdn it @htitehefop pi paipose. envi ronment for deep gas
drilling in Gulf of Mexico has a tenperature of 316C and a pressure
of 30, 450 pound-force per square inch (psi). [0003]Current electronic

devices face limtations in operating under such harsh
TECHNICAL FIELD

[0001] The present invention relates to sensor devices.

BACKGROUND
[0002] In oil and gas industry, hydrocarbon exploration has recently become more
intense, and exploration has been shifting towards evaluation of deeper, horizontal,
multi lateral and branched reservoirs. To enable the exploration and production of
“advance” oil or gas wells, there is a need for new technological devices for
measurement and control. Challenges include the need for such devices to withstand
the evaluated temperature and pressure environments as the depth and complexity of
exploration increases. For instance, it has been estimated that the operating
environment for deep gas drilling in Gulf of Mexico has a temperature of 316°C and a
pressure of 30,450 pound-force per square inch (psi).
[0003]  Current electronic devices face limitations in operating under such harsh
environments. For instance, a sensor has been developed to operate at 500 °C but
faces a limitation of only being able to operate up to a pressure of 600 psi. Another
sensor developed can operate at 30,000 psi but only up to 260 °C. Both of these
sensors may not be able to withstand the evaluated temperature and pressure in many
environments as the depth and complexity of exploration increases.
[0004]  Also, many conventional devices may not provide an accurate reading of
the external environment. In many situations, the ratio of the actual external pressure
of the environment to the sensed pressure fluctuates greatly and non-linearly over the

wide range of external pressures that such devices are expected to operate in. As a



environnments. For instance, a sensor has been devel oped to operate at
500 C but faces a limtation of only being able to operate up to a
pressure of 600 psi. Another sensor devel oped can operate at 30, 000
psi but only up to 260 C. Both of these sensors may not be able to
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as the depth and conplexity of exploration increases. [0004] Al so,
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the external pressure cannot be cal cul ated or extrapol ated accurately
based on the sensed pressure. [0005] Thus, there is a need to provide

an i nproved sensor devi ceSUMVARY OF THRINVENGIONL | east partially

t he abovenenti oned chal | enges. SUMMARY OF THE | NVENTI ON [ 0006] I n

vari ous enbodi nents, sensor device is provided, including a sensor
[0006] In various embodiments, sensor device is provided, including a sensor
receiving portion; and a sensor arranged in the sensor receiving portion; and a cap

covering the sensor and the sensor receiving portion, wherein the cap includes a

plurality of recesses in an inner side wall of the cap.

BRIEF DESCRIPTION OF THE DRAWINGS
[0007] The invention will be better understood with reference to the detailed
description when considered in conjunction with the non-limiting examples and the
accompanying drawings, in which:
[0008] Figure 1 is a sideview cross-sectional schematic diagram illustrating a
sensor device according to various embodiments when (a) the sleeve has not been
assembled with the remaining sensor device (b) the sleeve has been assembled with
the remaining sensor device
[0009] Figure 2 is a sideview cross-sectional schematic diagram illustrating a
portion of a sensor device according to various embodiments upon application of an
external pressure.
[0010] Figure 3 is a sideview cross-sectional schematic diagram illustrating a
portion of a sensor device having a concentric ring arrangement of four rings
according to various embodiments.
[0011]  Figure 4(a) is a cross-sectional schematic diagram illustrating a portion of
the sensor device in Figure 3. Figure 4(b) is a graph showing simulation results of the

various embodiments illustrated in Figure 3 when the widths of all the rings in the



receiving portion; and a sensor arranged in the sensor receiving
portion; and a cap covering the sensor and the sensor receiving
portion, wherein the cap includes a plurality of recesses in an inner
side wall of the cap. BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0007] The

i nvent i oncaxickatrip gingarmangenend érestansd figim H.01 wireioeh? eum oThengrapleshwoivsghic
description when cgonsidered in conjunction with the non-limting
exanpl es EABcHoREosHickR Alofied gedinstwricsral PSsSWRi ch: [0008] Figure 1 is a

devi e acBTEN ngf RS AT IS EBOHTng, Soaeye PR ohahF e Ruton et
0 | . ous . = ST

beon assenbraohibiled HEFEETS: el SANICH olshlv rEsubEi o RS AR
si devi ew ¢4R%8 caftotiRaRd IAGHARENL Figiradg" @Md tHoURDHALIMA AeRidsiiRNnof

a sensor device according to various enbodi nents upon application of
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schematic diagramillustrating a portion of a sensor device having a
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enbodi ment s.
[0013]  Figure 6 is a graph showing simulation results of the various embodiments
illustrated in Figure 3 when the depth of only the first ring in the concentric ring
arrangement is varied from Omm to 3.0 mm. The graph shows the reduction
coefficient plotted against external pressure.
[0014]  Figure 7 is a graph showing simulation results of the various embodiments
illustrated in Figure 3 when the depth of only the second ring in the concentric ring
arrangement is varied from .Omm to 3.0 mm. The graph shows the reduction
coefficient plotted against external pressure. |
[0015]  Figure 8 is a graph showing simulation results of the various embodiments
illustrated in Figure 3 when the depth of only the third ring in the concentric ring
arrangement is varied from Omm to 3.0 mm. The graph shows the reduction
coefficient plotted against external pressure.
[0016] Figure 9 is a graph showing simulation results of the various embodiments
illustrated in Figure 3 when the depth of only the centre ring (centre cylinder) in the
concentric ring arrangement is varied from Omm to 3.0 mm. The graph shows the
reduction coefficient plotted against external pressure.
[0017]  Figure 10 is a graph showing simulation results of the wvarious
embodiments illustrated in Figure 3 when the depths of the centre, third, second and
first rings are 3.0mm, 3.0mm, 3.0mm and 2.7mm respectively and the widths of
centre, third, second and first rings are 1.0 mm each. The graph shows the reduction
coefficient plotted against external pressure.
[0018] Figure 11 is a graph showing simulation results of the various

embodiments illustrated in Figure 3 when the depths of the centre, third, second and



[0011] Figure 4(a) is a cross-sectional schematic diagramillustrating
a portion of the sensor device in Figure 3. Figure 4(b) is a graph
showi ng sinmulation results of the various enbodi nents illustrated in
Figure 3 when the widths of all the rings in the concentric ring
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[0014] Figure 7 is a graph showi ng sinmulation results of the various
enbodi nent s

[0020] The following detailed descﬁption refers to the accompanying drawings
that show, by way of illustration, specific details and embodiments in which the
invention may be practiced. These embodiments are described in sufficient detail to
enable those skilled in the art to practice the invention. Other embodiments may be
utilized and structural, and logical changes may be made without departing from the
scope of the invention. The various embodiments are not necessarily mutually
exclusive, as some embodiments can be combined with one or more other
embodiments to form new embodiments.

[0021]  In order that the invention may be readily understood and put into practical
effect, particular embodiments will now be described by way of examples and not
limitations, and with reference to the figures.

[0022]  Figure 1 shows a sensor device 100, including a sensor receiving portion
102. A sensor 104 arranged in the sensor receiving portion 102 and a cap 106 covers
the sensor 104 and the sensor receiving portion 102, wherein the cap 106 includes a
plurality of recesses 108 in the inner side wall of the cap 106 according to various
embodiments.

[0023] The sensor 104 may be shiclded from the external environment by the
sensor receiving portion 102 and the cap 106. As such, the sensor 104 may be
protected from damage from the elevated external pressure under operating conditions.
A fraction of the external pressure is transmitted through the cap 106 and sensed by

the sensor 104. The ratio of the external pressure of the external environment to the



illustrated in Figure 3 when the depth of only the second ring in the
concentric ring arrangenent is varied fromOmto 3.0 nm The graph
shows the reduction coefficient plotted against external pressure.
[0015] Figure 8 is a graph showi ng sinmulation results of the various
enmbodi nensessed [pressyTat seisedn by ther sengommkevice HO0disppievisied oz yhe meduction d
ring in the cancentric ring arrangenent is varied fromOmto 3.0 nm
The gr aph®eshlfignti e reduction coefficient plotted against external
pressure. [0016] Figure 9 is a graph showi ng simulation results of the
various enbodinents illustrated in Figure 3 when the depth of only
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graph showi ng sinulation results of the various enbodi nents
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sensed pressure detected by the sensor 104 is lower than the external pressure. In this
manner, the sensor device 100 is able to provide improved sensing in harsh
environments having elevated temperature and pressure.

[0024] The cap 106 may include one or more elements, each having a shape
selected from the group: circle, triangle, square and rectangle, being at least a part of
the plurality of recesses 108. In other words, each recess or part of each recess of the
plurality of recesses 108 may be circular, triangular, square or rectangular. The sensor
104 may be a pressure sensor or a force sensor. Non-limiting examples of pressure
sensors include capacitive pressure sensors, piezoelectric pressure sensors,
piezoresistive strain gauges, optical pressure sensors and electromagnetic pressure
sensors. The sensor 104 may include of silicon.

[0025] In addition to protection from elevated pressure, the sensor receiving
portion 102 and the cap 106 may provide other protection such as protection from
corrosion. Suitable materials for the cap 106 and the receiving portion 102 may have
low heat conductivities and high yield strength. The cap 106 may be made of material
with yield strength above 185,200 psi and thermal conductivity below 7.50 W/m-K.
Choosing a low thermal conductivity material for the cap 106 and the receiving
portion 102 allows the cap 106 and the receiving portion 102 to better insulate the
sensor 104 from the elevated temperature of the environment. Choosing a material
with high yield strength allows for linear operation of the cap 106 and allows

repeatable use of sensor device 100 at high pressures. The cap 106 may include or



first rings are 3.0nrm 3.0mm 3.0mm and 2. 7nm respectively and the
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graph shows the reduction coefficient plotted agai nst operating
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106 is mounted on the sensor receiving portion 102 such that the cap 106 and the base
112 completely encapsulate the sensor 104.
[0027]  The sensor device 100 may also further include a sleeve 114 in which the
cap 106 and the sensor receiving portion 102 are disposed, the sleeve including an
opening 116 such that a region including the plurality of recesses 108 may be released
via the opening 116.
[0028]  The base 112 may also be disposed in the sleeve 114. The inner housing
118 including the cap 106, the sensor receiving portion 102 and the base 112 may be
inserted into the sleeve 114, Figure 1(a) shows the sleeve 114 and the inner housing
118 before the inner housing 118 is inserted into the sleeve 114 according to various
embodiments. Figure 1(b) shows the sensor device 100 after the inner housing 118 is
inserted into the sleeve 114 according to various embodiments.
[0029] The sleeve 114 serves to protect the sensor receiving portion 102. The
sleeve 114 may be made of material having yield strength above 152, 500 psi and be
able to be brazed or welded to base 112. The sleeve 114 may include of stainless steel.

Other non-limiting examples of suitable material for sleeve 114 include S306 steel,

tool steel, titanium alloys and A512 steel.



[ 0023] The sensor 104 nay be shielded fromthe external environment
by the sensor receiving portion 102 and the cap 106. As such, the
sensor 104 may be protected from damage fromthe el evated external
pressure under operating conditions. A fraction of the external
pressure [@30] anthe sleed may dagh an netes apridi@tinaludinpen sadw Bhreathd 28 eibor
104. The ratio of the external pressure of the external environnent
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as the redu%tghon coefficient, i.e. Reduction Coefficient = External
Pressure # UBHO8r essure. - (1) The plurality of recesses 108 in
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silicon. [0034] Various embodiments provide that the cap may include a membrane 126

where the plurality of recesses 108 is located. The membrane 126 may provide the
advantage of having structural flexibility in response to a varying external pressure.

[0035] In various embodiments, the recesses of the plurality of recesses 108 may
have the same depth or different depths. In various embodiments, the recesses of the
plurality of recesses 108 may the same width or have different widths. In various
embodiments, the depth of one recess of the plurality of recesses 108 is different from

the depth of another recess of the plurality of recesses 108. In various embodiments,



[ 0026] The sensor device 100 may further include electrical
connections 110 connecting the sensor 104 to an external device (not
shown). The el ectrical connections 110 may transmt signals
indicati$&@the sensed pressure fromthe sensor 104 to the external
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about 0.6 mm to about 3.0 mm from the cap surface.

[0038] Figure 2 is a schematic diagram illustrating a portion of a sensor device
having the cap 206 including the membrane 226 according to various embodiments
upon application of an external pressure. As illustrated in Figure 2, the membrane 226
may be configured to bend in the presence of the extemal pressure. In other words,
the membrane 226 may be made less stiff than the remainder of the cap 206. The
membrane 226 may be made less stiff than the remainder of the cap 206 by having a
smaller thickness than the remainder of the cap 206 or by including a material than
have a lower Young’s modulus than the material of the remainder of the cap 206.
[0039]  Various embodiments may provide that the membrane 226 include material
that is different from the material of the remainder of the cap 206. In other various
embodiments, the membrane 226 is of the same material as the remainder of the cap
206. The membrane 226 and the remainder of the cap 206 may also be a monolithic
structure. In embodiments wherein the membrane 226 and the remainder of the cap
206 is a monolithic structure, the embodiments may have the advantages in terms of

ease of manufacturing and / or design. Firstly, the need to cater for different thermal



[ 0031] The sl eeve 114 may be joined to the inner housing 118 using an
adhesi ve or blazing or a conbination of both. In various enbodi nents,
t he adhesive is a high tenperature adhesive. Various enbodi nents nmay
provide that the sleeve 114 is joined to the inner housing using the
hi gh t enpetpansioe due e diffesentridatetids agytrdncedy Sscenddy) the need tchénd seitable
the sleeve 114 to the inner housing 118. Choosing an appropriate
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width of the at least one ring may be in the range from about 0.01 mm to about 1.2
mm or from about 0.8 mm to about 1.2 mm or about 0.8 mm. In various embodiments,
the depth of the at least one ring may be in the range from about 0 mm to about 3 mm
or from about 0.6 mm to about 3.0 mm from the cap surface.

[0043] In other words, the width or the depth or both the depth and the width of
each ring may be different or may be the same from that of another ring. The width or
the depth or both the depth and the width of each ring may be varied such that
non-linearities of the reduction coefficient over a desired range of external pressure is
reduced. As such, the external pressure can be calculated or extrapolated with greater
accuracy over the desired range of external pressure based on the sensed pressure
measured by the sensor 104 of the sensor device 100.

[0044]  Figures 4 to 11 show simulation results of the various embodiments using
COSMOL Multiphysics software. The graphs in Figures 4 to 10 plot the reduction

coefficient to the external pressure while the graph in Figure 11 plots the reduction



[0036] I n other words, the width or the depth or both the depth and
the width of each recess of the plurality of recesses 108 may be
different or may be the sane fromthat of another recess of the
plurality of recesses 108. The width or the depth or both the depth
and the weatfficieft tedbh cxtesesd pressunchdhpistrmethial ynahuly scesdde stipdilats the
varied such that non-linearities of the reduction coeffjcient over a
desired rEHHECHIONCRTEE GuP 1 cxtesnpl Pressuiesyy hegnembragg of the sensex devieg
pressure c e cal cul at ed, qr. extrapol ated with great agcuracy. over
Phe” des: r Shile Higiopadt Bhadis feued Sradhs dutbom i i SompBahud
measur ed h : f S [.C 37}:Ln various
embod ment efRrSEEEh of e Rlerblihe 285 Sp i’ Mk 1RE livdiel@lad
may rangethgggﬁgg}éqﬂﬁd‘o.m mmto about 1.2 mmor fromabout 0.8 nmto
about 1.2 mm or "about 0.8 nm In various enbodi nents, the depths of
the recesppaspf Figareplagslisty ebss-eRE688S sénabie dhgthe NRBGAINT AR
about O mmto about 3 mMmmor fromabout 0.6 mmto about 3.0 nmfrom

t he cap smefmbcme 3R608Figkirgdr dedtedsasad e imeRigtiiecd (d). dtheanidil disdchaifithg a
portion of a sensor device having the cap 206 including the nenbrane
226 accor Bungings 403a.i498b, éddvoati dsisudpmatedgnl ifc@t | Biguod 46 iextmaptal
pressure. As .illustrated in Figure 2, the nenbrane 226 nay be

conf i gur ethomangeiFmrlatipn ealis whahe wyaths hed Sk plhalh e rgsclFacd0shy, 488 er
wor ds, the r.ane 226 .be made | ess stiff .th he remi nder, of
Uhe. cap. 20K TOMdS R AORaHLT S IE AORAFRTE TPHSL SO P! P | A The

r emai nder G i ° - i

r emai nderteg—%’e{a@e g%gep g g%lsgérﬁ t E@éqorﬂlg?@od i%r%li%&%rg%@rl?%%etﬁ %a%aqﬂ.%\/%‘ggdt? 8€\er
Young' s npguintiSréiass te beRt Bldagity br ehRriLBERERE Bow NE06@RsE Ofhe

[ 0039] Various "enbodi nents may provide that the nenbrane 226 i ncl ude
mat eri al teldadtionscodificiedt &bohr DIMRedacing tierwidth B6mt@mne ted.0t &im edusthe
cap 206. In other various enbodi nents, the nenbrane 226 is of the
sanme mat ethea¢duaBon beefficnstito belargély nhe-licey a2 08y piehairermghneme 226 and

t he remai nder_ of _the cap 206 may al so be a nonolithic structure. In
enbodi mentl§4aher Bighret Hémasrbe apresoswtiond sehematipailigeam ofllustitinga phe 06

or s o s SRR HLERE 3 Aoy Do e s (ah Thetdipt oY Erh addhe o
educed. Gk Sl 0be ARET0se FHPIRRA 0 APlFed By et Rl RO gkt °
mat eri al Ssﬁo%h@éiﬂmyﬁ?ﬁg@%pg ¥hen AR hh@omﬂﬁfgr}g@g 5682, 508, GRR: 2P

whi ch can wi t hst an evated tenperature an ssure | s renoved.

Thirdly, $d%d me@e doficaakdOvinf Qfrah@ddng atd ORiddoREMAMOE nirf th A MiMOThe
different materials is elimnated. [0040]Figure 3 is a schematic

di agr am i felnpstanatiiniept cposthntan abdutadB (HEO'S he deiictien coefficient is high when

the depths of the rings 508a, 508b, 508c and 508d are low showing that membrane
526 is stiffer when the depths of the rings 508a, 508b, 508¢ and 508d are low. Also,
the non-linearity of the reduction coefficient is high for external pressure less than
15,000 psi.

[0047]  Figure 6 is a graph showing simulation results of the various embodiments
illustrated in Figure 3 when the depth of only the first ring 308a, 408a and 508a in the
concentric ring arrangement is varied from 0 mm to 3.0 mm. The depths of the
remaining rings are maintained at 3.0 mm. The temperature is kept constant at about

300° C. The non-linearity of the reduction coefficient of rings at various depths is
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havi ng the cap 306 including the nenbrane 326 according to various
enbodi ments. [0041] The cap 306 may include at |east one ring being at
| east a part of the plurality of recesses 308. The cap 306 may
further include a concentric ring arrangenent to which the at |east
one ring Isdrendgeonipargiigtogthe redustion cpefficicnt shoma ipligwkeiXy) inf whick eH dbe
308. The enbodi nent shown in Figure 3 has a concentric ring

ar r angenefRPtAS ¥819bur rings: first ring 308a, second ring 308b,

it can' bertdSl < BB ThA Saph Btife S ITE hly iclrens PGS
Loretr : | _ _

erbod nons KL IOr GRS pRES e QURA QR e'sBing e X0EL, BesiadeBo g oo,

the widt htthcoﬁéE?lhlf@ﬁnéiaﬁgnd%énﬁbnY@sr Ve SsRaie R 5.0 hie ﬂéﬁiee?ﬂﬁfofttﬂé

at least one ring may be different fromthe depth of anot ring. In

various erhaeiineibgs afchBaintafiidd 0.0 ﬁhﬁl.@hdt@lﬂ?éraﬁhi‘@isrl{e@gcm%nbﬁt aout he
range from about 0.01 mmto about 1.2 mmor fromabout 0.8 mMmto

about 1. 236051C.oThalreditction Scoeffidient viacieases whdodierelapth, of e degnd nfig
the at least one ring may be in the range fromabout 0 nmto about 3
mm or fr ofscadseer The eophineeritalyd dhe B:ductinn ¢qebisienioofgngs ativazavs depths is

0043] 1 h , th i dt h the depth bot h .t he depth d
e R e R S B S T T
f th iNg. .Th i dt h he dept bot.h t dept h d.th
i dath or 9T FiERA A Bofh hatfolhlalin fSHN erlfe B8 M
et Oy R0SIE 6 PRSI B BRSO RS
, 1 e Ca or

reduced. suc e externa essure can b cul at'e

ext rapol aigdenit f}ix%ﬁﬁrhﬁgen?e%? 3¢ aaMed \RIm 0hen d8S3.0efnt. ange dgfthe %t eraal
pressure based on the sensed pressure neasured by the sensor 104 of

t he sensorentdéning eingd thay] BX0ddinkdiged #s3.9 hm. The sémpersturaisatdpo Bodsesilat S
of the various enbodi nents using COSMOL Mul ti physics software. The
gr aphs i natouydp@’L.4 The tkdugiont caefiicierd duoeases weafthe demhtofithe thiel ring
external gerc?esazg; el”hmioll-?integr?tygorf% Q reid?lctli:ci)ngcl:ge?ﬁc]ig-ntpc!f?‘}nsgs taP sarrioeugud%}s%hg ri]s
further reduced compared to the reduction coefficient shown in Figures 5(b), 6 and 7.
[0050]  Figure 9 is a graph showing simulation results of the various embodiments
illustrated in Figure 3 when the depth of only the centre ring (or centre cylinder) 308d,
408d and 508d in the concentric ring arrangement is varied from Omm to 3.0 mm. The
depths of the remaining rings are maintained at 3.0 mm. The temperature is kept
constant at about 300° C. Figure 9 shows that varying the depth of the centre ring do
not have a significant effect on the reduction coefficient.
[0051] Figures 4(b), 5(b), as well as 6 to 9 show that a desired reduction
coefficient can be obtained by defining the depth and / or width of any or part or all of
the plurality of recesses 308. Furthermore, it is possible to predict the reduction
coefficient by knowing the depth and width of the plurality of recesses 308. For
instance, if the specified operating pressure is 10,000 to 30,000 psi and a multiple
factor of 0.6 is selected for the second ring 308b, 408b and 508b, the depth will be 1.8

mm (0.6 X 3.0=1.8 mm) and the reduction coefficient will be about 11.
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coefficient to the external pressure. The structural nodule is used
to stinulate the conpression stress due to external pressure on the
menbrane of the sensor device while the viscoelastic nodel is used to
sinmul ate the conpression of the danping fluid by the defornmation of

t he menbr BW62B26Figaresud@i.i 6tb)i gs cwelt iagd6 utsi Agalsd | shownthabiincrassingdhe
danmping fluid. [0045]Figure 4éa) is a cross-sectional schematic

di agr am i fimsgpipng phiietraeessas mf apdicodhe stifficss o8 the mguhene 426 genorally n

R N e R R
. : 4
results V\ﬂgr{bh’éﬁ? g 0% ke Reflbrddle 3f6h,§?ﬂ’ega;ﬂg'sha§ & grcfaﬁe?%?%fefjt. glf?%@qgﬁ%n

408d in the“concentric ring arrangene varil

1.2 mm _Theek QeMoil ety ok MRt hiRigh 26brRlont BN aBAe fhe fiiliBnd of

i ndi cates that having a W of 0.8mm provides the beést linearity

for exteratssey10saed fcar lited @nrd 0082 mghbradd®2g. educti on coefficient is
about 11. Reducing the width from0.6 nun to 001 nm causes the

reduct i on[0O62F f i Boremyiplicatidve ihawlgeh yha operhiinge anvietnmentvhps estsemely high
regimes. [0046] Figure 5(a) is a cross-sectional schematic diagram

i | | ust r at biggpurdseit nis nésirakele 36 dengFitheirsen®r drvinst b have 50 8ighn redugiiere
5(a). The depth of each of the four_rings 5Q08a, 508b, 508c and_508d

i s denot egPeAYCignt Figugisrbh O06Y): psWall gs &pR S thgt tersiustion sopidsisnt s
when the depths A.H of all t. ripgs, 508a....,508b, ' 508c and 508d in the
concent 11 B hpedipRbanioridfs ot B RenF PiRaS: (hos S ngcome

t enperatu IS 11K K : Ut .

coor 11 o ot PRl il CREThERbn Fhedtiop df oip Rdion ST EoBRNET (i o ingipese g
508d are W sheNingvilied oINS IcpER df&héﬁh%slf & 18 BehdiflFRRERSs)Of
the rings 508a, 508b, 508c and 508d are | ow. so, the non-linearity
of the reHugdel diere dehf fraicestt bevdengladicng ashdinsaity pmaSHbiheihiag S lowan
15,000 psi. [0047]Figure 6 is a graph showi ng sinulation results of

t he vari otesfleeibddi nents illustrated in Figure 3 when the depth of

only the first ring 308a, 408a_and 508a in_the concentric ring
ar r angene®05#k vHmayRlse barpersthls tooadush thenyidiscofdhe phmaly of preesses 306

remai ni ng, ri.ngs are .nai.ntajn at, 3.0 mm_.The erajure i s kep
Const ant et TE3h i g GUSebeThoE T o PPt gt (VR dh etk Wil Phen
coefficie ri - af .vari t I 0, ed to the
reductiona%%'%gFéﬁgﬁg%%ﬁﬁ%ﬁh%%ﬁEgggnggkﬁgp%%ﬁﬁgﬁ%ﬁﬁagﬁgﬁﬁgvﬁgpths
are vari egpsk 04%@5- HeQUWPadd 1§ oW SRIUIAAWBtsSSMHAdrRAls Tépfydldbiedd

t he vario§? éﬁbo 'ment s ?Ilustrgtegﬂﬁh F?gﬁreSB gn fﬁ@é epth o?
only the geeeaed i PiguR08khed ARhdepitth HO8P cbird, igrd; QB&MAtakE Firkti s are
arrangenent is varied fromO nmto 3.0 mm The depths of the renaining
rings are3.fumtihimed h0msé Gndnd 7ndine réspaginreht and the widths of creatrenthird]
about 300 C. The reduction coefficient increases when the depth of

t he seconsfcpihgndléiestaingsare THe map each. déguretlp dfovishibie redhetion gaefficient
coefficient of rings at various depths is further redyced conpared to

the reducPiPBsf agrnsticxtesial Dsgse\hs TAREiRE dorbe 8300081t gigyreddoyops dig e
8 is a graph show pg.sinmul ation results of the various enbo

11 st r o AR og kst P Rt R temh g YR e TaiTe FORI Py baRe
408c and ﬁ36@°kﬁe concentric ring arrangenent is varied from Om
to 3.0 mMm e depths of the renmaining rings nay be naintained at 3.0

mm The tgUBET at WriBqhifenk@P fortRE SERBE d&licROWMBRY dn opbiRinkGeMELL e
coefficient increasés when the depth of the third ring decreases. The

non- | i neasf 890 OC i ahiesheedtingnpreseitd bEei3e[W000Hs fis RES A avabiOusdudest hs
is further reduced conpared to the reduction coefficient shown in

Fi gur es 5¢defficiéntanfl 10.56 [OC&sbievéd guitte 0 staadadgdeapitichoni h2Giardsata on
results of the various enbodinents illustrated in Figure 3 when the
dept h of tenipprature rangstiram abewg 20or Cdeabous 3301 Graed 3 peESHe ragsdfaAd to

300,000 psi. Other combinations of dimensions for the plurality of recesses can also

be set to meet the same requirement.
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[ 0051] Figures 4(b), 5(b), as well as 6 to 9 show that a desired
reduction coefficient can be obtained by defining the depth and / or
width of any or part or all of the plurality of recesses 308.
Furthernmore, it is possible to predict the reduction coefficient by
knowi ng t K95k pt Figaredl 2nisck $idofiew lsehqpaticaliagrgmehowinges satep Bogestimgrthe
instance, if t pecified operati pressure is 10,000 to 30, 00Q psi
and a mul IGRHT W@ﬁﬁﬁ e %?ﬂ%)fld?’%ﬁa%tséam%?edtlﬂ QEderalcﬁﬁtaﬁlﬁBﬁo‘P

Feduct onTRedayin 852 4B e sgasob eiee ST o o Busbirastf o s Phagifiré o
wel | as Gbeh% sgchal!hﬁpth% QQI\P{]%} laé'\F # nesgsaééﬂaggehtija% n%ﬂﬂe@‘%%raﬂfretﬂe\iapy

recesses and reducl ng the Stl rane gener a

decr easesehh&iimeRHICh iseatt® BhfiliCd@Nhay Y8 rs)éle@ﬁdtfble 11l t@ﬁﬁb@faﬂﬁé b‘a{h up to
recesses located in the peripheral region of the nenbrane 3

gener al | ytchpgraturgs efibleiut 880 €. Thr liq@eliedd pay desfifdosé et Eﬁ@ﬂlal pfeedrd t y
of the reduction coefficient than varying the dinensions of recesses

| ocat ed nsapplidibtoctba semsonfevidect(Paushrga preSdte ccﬁlﬁﬂﬂisx] 6@6) Thapphdoc dtvions
in which the operatt(ﬁ environment has extrenely high pressure, it is
¢

desi r abl emey bgesnpgrtechie hessusor de‘olp@éhrp@ghwa\‘ﬁ@mplhﬁgcwnd@m‘fqrw (SSU)
coefficient res 5(b), a tg 9 show t ha
reduct i onPIE'E)ég ee%?fmﬁé&ﬂysbetlaoweip@ﬁi%ﬁip B O08i Hh Freions e@heéla@a%&‘-hs

on 1 ool BrdsSire RASREIE! Birctor 55 BRRER! G I |o anolYTHE] bejicfine
decr easi nﬂzn | 485cP%om q*h@ﬁ)ré’srsux%e&;rﬂl% 19{) 6b@em5y R3S, (RicolP S Fl?&%ﬁl% l'y

recesses). nce, therei1s trade- of etween reduci ng non-Ifnearity

and mai nt glefhuid c@nthqwf.cg@ﬁtfricsll Bitinecli@R5d10 budiBys eles@ichie citds b}lﬂﬁﬂ%@
adjust the wdths of the plurality of recesses 306 to first set the

basel i ne providehe eteeditat camectaf firdm itkndensofaleyica §00 beardepénnsl ddvide stsien
change the non-linearity and define the operating pressure for the
sensor deas £eompYesBjdh; hal s semsed messuresieadingd arglttansoitteddg uhe sxiefmat he
various enbodinents illustrated in Figure 3 when the depths of the
centre, t#Vi¢¥: second and first rings are 3.0min, 3.0m 3.0mm and

) o RS e I e e ORR R

E:ghﬁgdll S a§h1 E&zt&&%@§%%%§ ‘%@?@%ﬁ“ﬁVgg% dkggalns% 5%%?% For

t enper at Ué}@iﬁlﬂé}“ﬁﬁé Qﬂrefsé om abeutledd {ubs@RGMly 8R0:RE as B may encompass
embodiments where A is exactly the same as B, or where A may be within a variance
of -+/- 5%, for example of a value, of B, or vice versa.
[0059] In the context of various embodiments, the term “about” as applied to a
numeric value encompasses the exact value and a variance of +/- 5% of the value.
[0060] While the invention has been particularly shown and described with
reference to specific embodiments, it should be understood by those skilled in the art
that various changes in form and detail may be made therein without departing from
the spirit and scope of the invention as defined by the appended claims. The scope of
the invention is thus indicated by the appended claims and all changes which come

within the meaning and range of equivalency of the claims are therefore intended to

be embraced.
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[ 0056] A requirenment for the sensor device to withstand an operating
tenperature of 300 C and an operating pressure of 30,000 psi is set.
An average reduction coefficient of 10.56 is achieved with a standard
devi ation of 0.026 across a tenperature range fromabout 20 Cto
about 330 C and a pressure range ofCR8IMSo 300, 000 psi. O her

conbi nati ons of dinmensions for the plurality of recesses can al so be
set to neet the sane requirenent. [0057]Figure 12 is a sideview
schemati c di agram showi ng a setup for testing the sensor device 600.
The sensot. devAcen®ddevise compniseg]l in |iquid 602 in a container 604.
The Iiquid 602 allows the sensor device 600 to be imersed in a

const ant tenperg&ﬂ&ﬁrgagangpggk%hﬁkithe sensor device 600 is exposed
to a constant tenperature.-fn vatious enbodi nents, a suitable liquid
602 may be selected for the tenperature bath up to tenperatures of
about 330 C. Thesenpeuardng@binthy sapsorsieediviogpodion; ardkt er nal pressure is
applied to the sensor device 600 using a pressure controller 606. The
sensor device ' : : | t
Seconds Uni ver rs% ap?‘g"é%? Hg?ﬁ%&gé‘%‘%?ﬂge Eglﬁgggecggfgﬂgggﬁ&gﬁ’nt e elglné?%%p
SSU pi pe 608. |n various enbodi nents, the pressure controller can
generate an exieludes a plugaidy pbregessesoingpduner sueoedl gfdhe eap. t he sensor
devi ce 600. The pressure controller 606 may be a silicone oi
hydraulic pressure controller. Electrical connections 610 such as

el ectrical cable or wirings provide an electrical connection fromthe
sensor device 600 to an external device such as a conputer such that
the sense# prebitPaseid@irgdl daim {r Whersin the gap sompEses Bembrangavhese

[ 0058] For illustration purposes only and not as a limting exanple,
the term " subsgeplirality o réte¥chs lguaed. i fied as a variance of +/- 5%
fromthe exact or actual. For exanple, the phrase "Ais (at |east)
substantially the same as B" nmay enconpass enbodi nents where Ais
exactly the sane as B, or where A nay be within a variance of +/- 5%
for exanple of a value, of B, or vice versa. [0059]1n the context of
various embodi TR sensof hidvicerdfl a@paut "ofatheapetddeth telhids,NWiBelC tikalkate
enconpasses the exact value and a variance of +/- 5% of the val ue.

\[MO? ﬁO] Wile t hi%c u \e/se a clea%p OI?ear?ng eellg]g Qtalgéslt glfill!d E)% %esprl]l%\a,i\ﬁty%r}criec%gs%g.r | bed

4. The sensor device of claim 3, wherein the cap includes a concentric ring
arrangement, to which the at least one ring belongs, being at least a part of the

plurality of recesses.

5. The sensor device of claim 3 or 4, wherein a width of the at least one ring is

different from a width of another ring.

6. The sensor device of claims 3 to 5, wherein the width of the at least one ring

ranges from around 0.01mm to around 1.2mm.
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reference to specific enbodinents, it should be understood by those
skilled in the art that various changes in formand detail my be
made therein wi thout departing fromthe spirit and scope of the
invention as defined by the appended cl ai ns. The scope of the
invention is thus indicated by the appended clains and all changes
whi ch come within the neaning and range of equival ency of the clains
are thereéore iﬁtended to b enbracgﬁi CL@JNB 1. A genso devi ce
conprising a sCRSEPSYLRYISE A0 SPE PhITe PERFImeLHms, WhFPiR{ge feacssct RE
sensor receiving portion; and a cap covering the sensor and the
sensor recei vi thg phealityed recokees Bave differeagdeptisc] udes a plurality of
recesses in an inner side wall of the cap. 2. The sensor device of
claim1l1, wherein the cap conprises a nmenbrane where the plurality of
recesses is located. 3. The sensor device of any one of the preceding
clainms, wherein the cap includes at |east one ring being at |east a
part of t&e pl Thakétsyr dévicceckdams 7, #herkire tteadepdrs days betweén atoand 03
wherein the cap includes a concentric ring arrangenent, to which the

at | east one 1440, AEhONOS P RbnGLy §RfL: 2 PATt Of the plurality of

9. The sensor device of any one of the preceding claims, wherein the cap
includes one or more elements, each having a shape selected from a group:
circle, triangle, square and rectangle, being at least a part of the plurality of

IECCSECs.

10. The sensor device of claims 2 to 9, wherein the membrane comprises material

that is different from the material of the remainder of the cap.

11.  The sensor device of any one of the preceding claims, further comprising a

base where the sensor receiving portion is located.

12.  The sensor device of any one of the preceding claims, further comprising a
sleeve in which the cap and the sensor receiving portion are disposed, the
sleeve comprising an opening such that a region including the plurality of

recesses is released via the opening.
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5. The sensor device of claim3 or 4, wherein a width of the at |east
one ring is different froma width of another ring. 6. The sensor
device of clains 3 to 5 wherein the wwdth of the at | east one ring
ranges fromaround 0.0lmmto around 1.2mm the plurality of recesses
have different depths. 8. The sensor device of claim7, wherein the
dept hs range between around 0.6 nmto around 3 nmfromthe cap
surface. 9. The sensor device o{,an one of the preceding ?Iai ,
wherein the caph SEPRESSVISReOhFlaHBr B2 e1VResi the aufeh sHERien gt dhs lgsue
selected froma group: circle, triangle, square and rectangle, being
at | east a paromrisehe s@tbwitlebdy of recesses. 10. The sensor device
of clains 2 to 9, wherein the nenbrane conprises material that is
different fromthe material of the remainder of the cap. 11. The
sensor device of any one of the preceding clains, further conprising
a base where the sensor receiving portion is |ocated. 12. The sensor
devi ce of 1any The safsof evipe afedhing ¢2 airns3, WhdrtiethecQapei $i Mgdd from
sl eeve in which the cap and the sensor receiving portion are

di d, th I ARy h t hat [
ol udi ng the BREFE TR eiEadlab0 (2P vi'a the openi ng.

15.  The sensor device of claims 12 to 14, wherein the sleeve comprises stainless
steel.
16.  The sensor device of any one of claims 11 to 15, wherein the cap is mounted

on the sensor receiving portion such that the cap and the base completely

encapsulate the sensor.

17.  The sensor device of any one of the preceding claims, further comprising a

damping fluid in an enclosure around the sensor, the damping fluid having

viscosity in the range of 50000 mPa.s to 1000000 mPa.s.

18.  The sensor device of claim 17, wherein the damping fluid comprises silicone

oil.
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conprises a screw thread. 14. The sensor device of clainms 12 or 13,
wherein the sleeve is nmade frommaterial having yield strength above
152500 psi. 15. The sensor device of clains 12 to 14, wherein the

sl eeve conprises stainless steel. 16. The sensor device of any one of

claims 11140 19Phe wnShr&icRideoE afPBnd 6f th Briceding Blathe vARAGR the! RGES Miald
portion such that the cap and the base conpletely encapsul ate the

sensor. 17. Thg sensor, devi ce of any aone of recedi ng, cl aj ng, .
further conpri §Pwdnat@aérfmfweﬂff S eagor O alanar et Emeh SRk, ,
t he danping fluid having viscosity in the range of 50000 nPa.s to
1000000 nPa. s. bd&w 7TIREWIRSOr device of claim 17, wherein the danping
fluid conprises silicone oil. 19. The sensor device of any one of
the preceding clains, wherein the cap is nade frommaterial with

yi el d strength above 185200 psi and thermal conductivity bel ow 7.50
WmK. 20. The sensor device of any one of the preceding clains,
wherei n th® caphecagor skesicki éfaany mvnbedfathe lpreddding Rrimenshereite Whe eaof
any one of the preceding clains, wherein the sensor receiving portion

comprises cerag ¢, ML &l beta 21.

21. The sensor device of any one of the preceding claims, wherein the sensor

receiving portion comprises ceramic material.
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