| NCREASI NG GAS GAUGE PRESSURE SENSI TI VI TY USI NG NOZZLE- FACE SURFACE
ROUGHNESS BACKGROUND Field of the Invention [0001] The present invention
relates to an apparatus and nmethod for detecting very small distances, and
nore particularly to proximty sensing. Related Art [0002] Many autonated
manuf acturing processes require the sensing of the distance between a
manuf acturing tool and the product or material surface being worked. In
sone sit uat IMNCREASING 62 SseAUGEBRES SURE SENSITAPITY, USEG NIDZFPARee nust be
measured wi th accuracy appra@h$UBraerEralgiaNBseters. [ 0003] The

chal | enges associated with creating a proximty sensor of such accuracy
are significant, particularly in the context of |ithography systens. In
this context, in addition to being non-intrusive and having the ability to
precisely detect very small distances, the proximty sensor can not

i ntroduce contam nants, cause mnute tenperature changes, or cone in
contact with the work-surface, l%%ﬁl cal | y a sem conduct or wafer. CQccurrence
of either situation nmay signifi Pade or ruin the seni conductor
quality. [0004] D fferent types of proxi mty sensors are available to
measur e ver%/ snal | distances. Exanples of proximty sensors include
capaci Fighd et thadovesfien cal gauges. These proximity sensors have serious
shortcom ngs when wused in |ithography systens because physical properties
of materials deposited on wafers nmay inpact the precision of these

devi cefl00Fpr examht @resetﬁ&ﬂ%hbﬂﬂ@iﬁte@&ﬂ@ﬁﬁppabﬁumddﬁﬁhﬂﬂﬁ)‘l‘tdetmtlhge
concentration of electric char ) ¥| el d. S?UI’I ous proximty readings
in | ocati on¥ciyard digiancesysad aforﬁa%@ﬂﬂaw QROYIMIty eSS | s concentrat ed.
Anot her cl ass of problens occurs when exotic -2 wafers are nmade of or
contain deposits of non-conductive and/or photosensitive materials, such
as Gal RelamdAkgeni de (GaAs) and | ndi um

[0002] Many automated manufacturing processes require the sensing of the
distance between a manufacturing tool and the product or material surface
being worked. In some situations, such as semiconductor lithography, the
distance must be measured with accuracy approaching several nanometers.

[0003] - The challenges associated with creating a proximity sensor of such
accuracy are significant, particularly in the context of lithography systems. In
this context, in addition to being non-intrusive and having the ability to
precisely detect very small distances, the proximity sensor can not introduce
contaminants, cause minute temperature changes, or come in contact with the
work-surface, typically a semiconductor wafer. Occurrence of either situation
may significantly degrade or ruin the semiconductor quality.

[0004] Different types of proximity sensors are available to measure very
small distances. Examples of proximity sensors include capacitance and
optical gauges. These proximity sensors have serious shortcomings when
used in lithography systems because physical properties of materials deposited
on wafers may impact the precision of these devices. For example,
capacitance gauges, being dependent on the concentration of electric charges,
can vyield spurious proximity readings in locations where one type of material

(e.g., metal) is concentrated. Another class of problems occurs when exotic




Phosphide (InP). In these cases, capacitance and optical gauges may provide
spurious results. [0005] Air gauge sensors typically emt a dehydrated,
filtered air flowonto a surface (e.g., the silicon wafer) and then
nmeasure its back pressure to determ ne distance between the nmeasurenent
nozzle and that surface. Mdre sensitive air gauge sensors use both

ref erence and nmeasurenent nozzles eni2t-ting an air flow onto reference and
measur enent surfaces to determ ne surface distances. An air gauge sensor
is not vulnerable to concentrations of electric charges nor electrical,

optical and piffigr aphyshga! ofr @Peicht8s 8épdshe oPRhS-cshdibifACd/durrent
sem conduct or manufacturing techni ques, however require that proximty is

gauged wi t h phitgersitissi siatanialst suple a1 Galliven  Arsamid ) @&dr Inddvmyer si ons of
air gauge sepnsons or tel fren do not . dav' s | ithography
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repeat abi | i tsyurdi@ re@@sstrati on accuracy are nore stringent than what is

current Ia(%ivai | able in the industry at large. Additionally, earlier devices
do notl0GRSdt t oddVir sausegasoFHYPRHE sELM dehlraed. I Tlteyed | J0yHILe aspeci fi c

tenper at ur e Langete ol RO MkaRte AECHEH ALK HoBRIARHIRL hads for

provi di ng precise, ~hanonet er-scal’e neasurenents gauge proximty
sensor that dategfinealifthmiettsetwieanmeths inorzaliresieatbnd AzteyandSUMMARN ce.[ OOGE]

Tradi tional air_gauges operate vvithq(ghflgw rate according to tgﬁg | am nar
f1ow regi meSeRIy%s a%a aCEHIHY FTSETASE ittt FEagirep preEsent
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transitional regi on between | am nar and turbul ent fl ow. The transitional
regi on incl sudace distanves.hawn aig gaugResgnsrirds sohvuibarblbde wementipiprmsxifmat el y 2100

and, 2100 T900E) L0t hoedt NSk OhRled BTt DR SRRl SEpcT o e
surface i NCRRASRSsuMatd C@rent semiconductor manufacturing techniques, however,
require that proximity is gauged with high precision of the order of
nanometers. Earlier versions of air gauge sensors, unfortunately, often do not
meet today's lithography requirements for precision. Today's requirements for
nanometer repeatability and registration accuracy are more stringent than what
is currently available in the industry at large. Additionally, earlier devices do
not meet today's needs for dimensional stability throughout specific
temperature ranges.
[0006] What are needed are systems and methods for providing precise,
nanometer-scale measurements by a gas gauge proximity sensor that also

exhibits dimensional stability.

SUMMARY
[0007] Traditional air gauges operate with a flow rate according to the laminar
flow regime. A gas gauge according to an embodiment of the present
invention operates with a flow rate that corresponds to flows in the transitional
region between laminar and turbulent flow. The transitional region includes
flows having a Reynold's number between approximately 2100 and 5100.
[0008] In the transitional regime, the pressure drop across the surface of the

nozzle face increases as the friction factor of that surface increases with




i ncreasing Reynold's nunber. Surface friction factor values are based on
two surfaces, the nozzle face and the neasurenent surface. Wile the
silicon wafer neasurenent surface cannot be interfered with, the nozzle
face surface may be roughened to effectively increase the friction factor
across the nozzle surface. The surface may be roughened, for exanple and
without limtation, by shot-blasting3t-he nozzle face to various "sand
roughnesses;" flame-spraying a rough oxide coating on the nozzle face;
machining circular, concentric rings into or protruding out of the nozzle

face; machi rih&easﬂv%méﬁféﬁrs SiEbdr. Shefts Riteoh FaltordeMice2pd BAXed @hither into or
out of the nozzl ace while staggering their arran\g/mrrlgnttb and/ or
clac

i nt roduci ng sttfzens thsf nezrkeg e ead ghagneaseismephsurfsgz | stiif@nnozzl e face
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drop of an ary gauge W ransitiona I'éw " reqgi ne. Noi se

gener at ed byndyhiee ioughardad effe@welainereamy thedriatidrefadat acroby thesiozgle one or
nore Hel rrholtz attenuators. [Q010] Further enbodi nents, features, and
advant ages &Prfedfe Thesntace mayde ropghqnedsfor ﬁéa@PlP@Efl (ridioyh Bmiaiemt i on of
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detail bel ow rence to acconpanyi ng vm ngs CRI PTI ON OF
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acconpanyi n dr aw In the | i ke reference nunbers.indicate
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di agram of a nozzle in a gas proximty sensor. [0014] FIG 3 is a graph

i |l ustrati ngtaBegrimg theis arrammmenu@né@s iftradgeing Hofes b staggdied pindentei fi es the
four flow regines Istn ma@ée ggae rﬁ; i.tical 1ttsrans tiona lnturbul ent,
and 1 he ef | SR RgPIedanT atte moPdr drevsirbL iR et BBR s el
dealing with the pressure drop of an air gauge within the transitional ﬂow
regime.
[0009] Noise generated by the increased flow rate may be attenuated by using
one or more Helmholtz attenuators.
[0010] Further embodiments, features, and advantages of the invention, as
well as the structure and operation of these various embodiments relative to
the invention are described in detail below with reference to accompanying

drawings.
BRIEF DESCRIPTION OF THE FIGURES

[0011] The present invention is described with reference to the accompanying
drawings. In the drawings, like reference numbers indicate identical or

functionally similar elements.

[0012} FIG. 1 is a functional diagram of a gas gauge proximity sensor. .

[0013] FIG. 2 is a cross-sectional diagram of a nozzle in a gas proximity
Sensor.

10014} FIG. 3 is a graph illustrating Reynold's number versus friction factor

that identifies the four flow regimes, namely laminar, critical, transitional, and

turbulent, and the effect of surface "relative roughness" upon each regime.




-4- [0015] FIG 4 illustrates the radial variation of Reynold s nunber
across a nozzle face for various gas flowrates. [0016] FIG 5 illustrates
the theoretical anobunt of gain (relative pressure drop per gap-height
change) avail able for a gas gauge nozzle according to an enbodi ment of the
present invention. [0017] FIG 6 is a cross-section of a nozzle having
sawtooth cuts according to an enbodirent of the present invention. [0018]
FIG 7A is a cross-section of a nozzle having hem spherical protrusions
according to an enbodi nent of the present invention. [0019] FIG 7B is a

sur f acgppispw of &1Q0ZziRsthAN Mg M8l SBRAIICaf REQIIES HupbSr adoeLRdi Ng to an
enbodi nent of the present invention. [0020] FIG 8 illustrates a nozzle

havi ng a Helnnfde face donepigus gas thoemiedi ng to  an enbodi nent of the present

i nvention. [0021 I 9.1 f h f ' i stance to
an obj &80l 5ccor hﬁlﬁgﬁ%‘mg?\t Seﬁ’ﬁothugar,\%géth‘i%ﬁ é’?’gP’ﬁtg’%?’;e‘{s]@%P&?en@rg%ﬁ%%o DETAI LED
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shoul d be usabedingggof thrareseldnys®iehtion is not linited thereto. Those
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recogni-ze addi ti onal nhodifications, pl'ications, and enbodiments within
t he scope t herebdbdianadt afitie prasaalindangébas in which the present invention

woul d be of significant utility. [0023] .FIG 1 provides a.diagram of gas
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[0020] FIG. 8 illustrates a nozzle having a Helmholtz attenuator according to
an embodiment of the present invention.
[0021] FIG. 9 is a flowchart of a method of sensing distance to an object

according to an embodiment of the present invention.
DETAILED DESCRIPTION

[0022] While the present invention is described herein with reference to
illustrative embodiments for particular applications, it should be understood
that the invention is not limited thereto. Those skilled in the art with access to
the teachings provided herein will recognize additional modifications,
applications, and embodiments within the scope thereof and additional fields
in which the present invention would be of significant utility.

[0023] FIG. 1 provides a diagram of gas gauge proximity sensor 100. Gas
gauge proximity sensor 100 is one type of proximity sensor that can be
improved through use of one or more embodiments of the present invention,
and is not intended to limit the scope of the invention. Gas gauge proximity
sensor 100 includes gas pressure regulator 105, mass flow controller 106,
central channel 112, measurement channel 116, reference channel 118,

snubber 120, snubber 122, measurement probe 128, reference probe 130,




snubber 120, snubber 122, neasurenent probe 128, reference probe 130, -5-
bri dge channel 136 and mass flow sensor 138. Gas supply 102 injects gas at
a desired pressure into gas gauge proximty sensor 100. [0024] Central
channel 112 connects gas supply 102 to gas pressure regulator 105 and nass
flow controller 106 and then termnates at junction 114. Gas pressure
regul ator 105 and mass flow controll ef-106 maintains a constant flow rate
wi thin gas gauge proximty sensor 100. [0025] Gas is forced out from nmass
flow controller 106 into channel 112 with an accunul ator 108 affixed to

channel 112pyiliBe SRMBeISTI6UMIRRS flod RN4RNSR. CAR shihIPl oF afedtetwaen mass flow
controller 106 and junction 114. Sensor 100 has I two snubbers 120 and

122, pl aced dasiredauesspisgniofsas Baugelpsowisplyisenser 1f@ncti on 114. A snubber
R AU R e M

102, a 0O acts as a resistive € ot her

types of reg0stny ensk éententtilieh 106 and kdnciesn@ates hejunstoh 184.t lizegh orifices
will not reduce turbul ence. [002%]@ Upon exiting nass flow coptroller 106,
gas travel s PraFWEgeeubaor 100 andapass dlew copsrotler | Q@raginknsia opnseBifle| channel

112 term ”atr:ﬁévﬁ’tthiﬂ%flﬂfk%@prﬁ:éﬁgitﬁ%ﬁs&il\ébﬁes i nto nmeasurenent channel 116

and reference chann ow controller 106 injects gas at a
suf ficij@2sfy | ow(aatiefarcedoru fiodemassnilovacoandler il A6 onprckssiebl B withi d f | ow

t hr oughout the system whiclh. m nin zes e roduction of updesired
pneumat 1 6. ndh ecumIRg Ob A o (et [0 se B siietofs SmPaE A el y si zed
to maintal nyb gﬁacle@ﬂétﬁéén flaSW 16PN BEAGIIRE 1186 beBjuReliGPl 148 hedsoDdommss flow
controller 106. [0027] Bridge channel 136 is coupled between nmeasurenent

channel 116temanubbefseli28rand 12Rapincsd a1 ¢&h 1Bg plthe fivaspldlat iBetigohifect s to
nmeasur ement chag eeI ction,124. Bri.dge ¢ argglgé%%gg&connects to

ref erence cﬁ‘a?‘ﬂlll rlrf‘é&%g ggit ﬂ}ﬁ@?‘f%ﬁ aﬂ EONSCHUGH BOEE & i&fance
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114 and junction 126 are equal, which . .
types of resistive elements such as orifices can be used, although orifices will
not reduce turbulence.
[0026] Upon exiting mass flow controller 106, gas travels through central
channel 112 to junction 114. Central channel 112 terminates at junction 114
and divides into measurement channel 116 and reference channel 118. Mass
flow controller 106 injects gas at a sufficiently low rate to provide laminar and
incompressible fluid flow throughout the system which minimizes -the
production of undesired pneumatic noise. Likewise, the system geometry can
be appropriately sized to maintain the laminar flow characteristics established
by mass flow controller 106.
[0027] Bridge channel 136 is coupled between measurement channel 116 and
reference channel 118. Bridge channel 136 connects to measurement channel
116 at junction 124. Bridge channel 136 connects to reference channel 118 at
_junction 126. In one example, the distance between junction 114 and junction
124 and the distance between junction 114 and junction 126 are equal, which
helps flow symmetry and gas gauge performance.
[0028] All channels within gas gauge proximity sensor 100 permit gas to flow
through them. Channels 112, 116, 118, and 136 can be made up of conduits

(tubes, pipes, etc.) or any other type of structure that can contain and guide gas




hel ps fl ow symmetry and gas gauge performance. [0028] Al channels within
gas gauge proximty sensor 100 permt gas to flow through them Channels
112, 116, 118, and 136 can be made up of conduits (tubes, pipes, etc.) or
any other type of structure that can contain and guide gas -6- flow through
sensor 100. It is desirable that the channels do not have sharp bends,
irregularities or unnecessary obstruecthi-ons that may introduce pneunatic

noi se, for exanple, by producing |ocal turbulence or flowinstability. The
overal | lengths of measurement channel 116 and reference channel 118 can be

equal or in i eHro@NALERE&S] 002Nt hedesn@bléahat the\vBMBIcls ddBotl 1IRGK sRirpsynTet ry
may hi nder the perfornmance of sensor 100 and require additional flow

correction foseduisesulabizypr metesessy©bsRuiions thet Ray dptradyae Brevmitis r ef er ence
nozzl e 130. Eek‘?éﬁ‘ SbmplE ﬁ“g&@ghigclﬁgﬂqﬁ{b&én@e o?fﬁ'avb‘%s?mh t gyeasur enent

nozzl e 128. Terence na osit1oned above re hcé surface
134. Nbasumamﬁﬁﬂmﬂ@ﬂi&&n&ﬁ&wﬁ&npﬂ&mhﬂdnédmdbﬂ%ﬁmﬁ@d&mnﬂnﬂﬁumﬁ%@face 132.
In the context of IlthograpQ asure nt surface 132 is often a

afigieg Fan

s_ubstrate cgu3; U IR teer samia ?alaeq bVl the 1Rek of symmgitypanel
di spl ay, S he (Rrfofinick Nbf REREr 1@0%&& Yeqife agdgaoﬁdl upgli,c device or

the Iike. Ref rence face 134 can be a flat ne but is not
limted to mhneaemdhgbs Gas i njected by gas supply 102 is emtted from

each of nozzl es 128, on asurenent s ace 132 and
refere%@@giurface{ ﬂme eglgaggwgnghég SEEHAES bBY %anInozzle and
a correspommﬂz@vﬁ%%ag&eaeﬁt Phnnel qﬁ@ﬁ&ﬁﬁ@a@s‘{h{oaﬁgashﬁerﬁ&f RbIAD13P as a
standoff. [0030] I'n one enbod i ment, reference nozzle 130 is positioned

above a fi x@@fercreffeer@iéle sk¥f dee positiongd halovenowferenst eserfaes sthdof f 142,
v e RS R ST CR L
to a desi rednteﬂnsﬂfanﬂhog@bhﬁ reNestaiti pgfae opl igusk& andabdtatdVth such an

semiconductor wafer, stage supporting a wafer, flat panel display, glass

substrate, a print head, a micro- or nano-fluidic device or the like. Reference

surface 134 can be a flat metal plate, but is not limited to this example. Gas

injected by gas supply 102 is emitted from cach of the nozzles 128, 130 and

impinges upon measurement surface 132 and reference surface 134. As stated

above, the distance between a nozzle and a corresponding measurement or

reference surface is referred to as a standoft.

[0030] In one embodiment, reference nozzle 130 is positioned above a fixed

reference surface 134 with a known reference standoff 142. Measurement

nozzle 128 is positioned above measurement surface 132 with an unknown

measurement standoff 140. The known reference standoff 142 is set to a

desired constant value representing an optimum standoff. With such an

arrangement, the backpressure upstream of the measurement nozzle 128 is a

function of the unknown measurement standoff 140; and the backpressure

upstream of the reference nozzle 130 is a function of the known reference

standoff 142. If standoffs 140 and 142 are equal, the configuration is

symmetrical and the bridge is balanced. Consequently, there is no gas flow

through bridging channel 136. On the other hand, when the measurement

standoff 140 and reference standoff 142 are different, the resulting pressure




arrangenment, the backpressure upstream of the neasurenment nozzle 128 is a
function of the unknown neasurenent standoff 140; and the backpressure
upstream of the reference nozzle 130 is a function of the known reference
standoff 142. If standoffs 140 and 142 are equal, the configuration is
symmetrical and the bridge is bal anced. Consequently, there is no gas flow
t hrough bridgi ng channel 136. On the-dt-her hand, when the neasurenent
standof f 140 and reference standoff 142 are different, the resulting
pressure -7- difference between the neasurenent channel 116 and the

reference chiaffrehce Bek¥edr tHeCaBasardmedWcRingRS 16 Rh@ e rdf@sscd tigwngensor 138.
[ 0031] Mass flow sensor 138 is |ocated along bridge channel 136, for

exanpl e, at la3detcrat pyederviiroughgaass flow sassdP8136 senses gas flows
' nduceﬁ%{ﬁﬁ presg\%&% 1gb&rfrﬁén§&cq§8bﬁt e d?@éﬁ%%b?@?@tch%gﬁan?% 13§ and

refererice “chann ese pressure di occur as™ d result of
changes i n tchempleestta eatraljositiono Mazg flofv seras UBésants sasrffaeeinddied For a

symretric bridge, when neasuyrenent standoff 140 and reference standoff 142
are equal , E’Hegreé%‘lé%dibg?fe?@t W%%’nﬁ’eﬁ‘%}}refﬁ‘é‘%th%ﬂ%hél%&ﬂélfé’gﬂi%, 130
conpar ed tocﬁ&i{ﬁeﬁ@?@.l IT%E% pristire ¥BRFercbOVERLRS A redtBothdnglehfGe NO mass

flow, since there w no pressure difference between the neasurenent
and r ef er envertichapertiging Bf fmesennest befasedd2nebsus epmntetse dndgd,f 140 and

reference standoff 142 . to dif.ferent es in sur enent
channel 116 "0 Perti-Biol sepelfidn PeperriBora bR L S htel iR oduced
for an asymymhasfE idtHcaR@R B tbot] 803%] ndeRs MROWIG ehSphred 38 saaRAGES das flow
i nduced by gsgressure difference or inbalance. A pressure difference

causes a gad3¥il\; M flaw eergor W wil defeet noumasgflovt, sinee itlome wfill bhe
measur ement st gndoff A0, LnQLDS dPTAS.. ASSHTN0 S gonstantflow rate

into gas gaug f er ence bet ween gas pres

measur enent Diffednels telGeaanshehdigen&it a6 Cilaame refdrkBcd Staaddroingti on of the
di fference between the nmagnitudes of standoffs 140 and 142. If reference

standof f 14¥1kldeadeto diffezent mugasuies 4n gpeasurcimeat ghyrmel &he and aeffemse gas

PreSSUres  channel 118. Proper offsets can be introduced for an asymmetric arrangement.

[0032] Mass flow sensor 138 senses gas flow induced by a pressure difference
or imbalance. A pressure difference causes a gas flow, the rate of which is a
unique function of the measurement standoff 140. In other words, assuming a
constant flow rate into gas gauge 100, the difference between gas pressures in
the measurement channel 116 and the reference channel 118 is a function of
the difference between the magnitudes of standoffs 140 and 142. If reference
standoff 142 is set to a known standoff, the difference between gas pressures
in the measurement channel 116 and the reference channel 118 is a function of
the size of measurement standoff 140 (that is, the unknown standoff between
measurement surface 132 and measurement nozzle 128).

[0033] ‘Mass flow sensor 138 detects gas flow in either direction through
bridge channel 136. Because of the bridge configuration, gas flow occurs
through bridge channel 136 only when pressure differences between channels
116, 118 occur. When a pressure imbalance exists, mass flow sensor 138
detects a resulting gas flow, and can initiate an appropriate control function.
Mass flow sensor 138 can provide an indication of a sensed flow through a

visual display, audio indication, computer controlled system or other signaling




in the neasurenent channel 116 and the reference channel 118 is a function
of the size of neasurenent standoff 140 (that is, the unknown standoff
bet ween neasurenent surface 132 and neasurenent nozzle 128). [0033] Mass
fl ow sensor 138 detects gas flowin either direction through bridge
channel 136. Because of the bridge configuration, gas flow occurs through
bri dge channel 136 only when pressure8differences between channels 116,
118 occur. \Wen a pressure inbal ance exists, mass flow sensor 138 detects
aresulting gas flow, and can initiate an appropriate control function.
Mass flow semsas. ABSnaarlpriapidae ofra mash flawisensodf a diffeaatd pidsewvet hr ough a
vi sual displﬁy, audi o i ndication, copputer controlled system or other
signal i ng - SSUREERY beAsed hag diffargntial presiuse senser medsyess the dilick@rsor, a

di fferentialy @&%merb%twe%ﬁnﬁertwmaﬁﬁw%ﬁﬂch e fichib e 0e Bhd @iffe?éd%ésur e sensor

nmeasures the difference in pressure between the two channels, which is a
functi on of betveeditlicfreemnemenbatdveanenicestandeffir ement and ref er ence

st andof 0034], Proxi mt sor 100 . s provided as one. exanpl e of a
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are not intended to be limted to use with only proximty sensor 100.
Rat her the nscatign. arfesmpoument enbddimpais mf dbe presemviomeintom gamdte used to

[ he : i m . , ' il [
orovi di ng. 1 e By 1 BL e REPIR Sonlane P00 o AMES  Nozete

202 may be skéhplaty dnthodirénte ¥l pLesent TRAGHIOA RBINbe B56d2b empRSedtherl G 1. In
FIG 2, nozzle 202 is proximate to an object or neasurenent surface 204.

Nozzl e 202 Fass af preximiyy $e88@s206 that is substantially parallel to surface

204. g'ﬁfoé%fl facerp§6;i ﬁ?ﬂ%gﬁ%ﬁgn oy igﬁ?ﬁhﬁ&#d&% &y ?ﬁr%eéﬁ%ﬁgﬁe 208. Gas

typic ows out of the nozzle i'n Irection u orifice
210, and t herasmeheait! yozalt 262.d betxeecliZneryl ke simide RO)6foandatmptd ace 204.

The pressur renegsru?gmgr}ct nEan e913§ 0?,%85 1S rfl?l%%é.elfn%(z:z € %8% is proximate to an
object or measurement surface 204. Nozzle 202 has a nozzle face 206 that is
substantially parallel to surface 204. Nozzle face 206 is separated from
surface 204 by a distance 208. Gas typically flows out of the nozzle in the z
direction through an orifice 210, and then radially outward between nozzle
face 206 and surface 204. The pressure drop of the gas across nozzle face 206
is indicative of the height of distance 208. |

Effect of Flow Rate on Performance

[0036] As indicated above, the distance between a measurement nozzle and a
measurement surface (e.g., distance 208 between nozzle face 206 and surface
204 of FIG. 2} may be determined by outputting a gas stream at a steady rate
and measuring the pressure drop (also referred to as the backpressure) of the
gas stream across nozzle face 206. To improve the performance, the
correlation between the local pressure drop and the gap height is increased.
For a given gas flow rate and gap-height, the pressure drop can be related to a
friction factor of the nozzie face times the radial length of the nozzle face.

[0037] Previous gauges have operated at a gas flow rate in the "laminar flow"

region. Such a flow rate has been sufficient for the level of measurement




is indicative of the height of distance 208. Effect of Flow Rate on
Perfornmance [0036] As indicated above, the distance between a neasurenent
nozzle and a neasurenent surface (e.g., distance 208 between nozzl e face
206 and surface 204 of FIG 2) may be determ ned by outputting a gas
stream at a steady rate and neasuring the pressure drop (also referred to
as the backpressure) of the gas strefdm across nozzle face 206. To inprove
the performance, the correlation between the |ocal pressure drop and the
gap height is increased. For a given gas flow rate and gap-height, the
pressure dr @gededrbydmiescehatents t Hodevér tiehe nihactlow @ dahgesnazzice face tines
the radial length of the nozzle face. [0037] Previous gauges have operated
at a gas fl &epsiieenphgh ieaccprygly greapyrg fistanceyinothe ngpemelst f3ngk Tat e has been
sufficient ¢ v - y < ens.
However, thfér%éea%g%hélg}e%frgé?éggggpg%eﬁgggéears gdlngl?ﬁ qgg}lagi ?%Jégﬁegerﬁg%g to
accur at el y measueeerdissisanags thepaihef thagauwgetreust bangeeasdd To morease t he

per f or mance of the gau such that it has nanoneter-|eve measur enent
sensi tivitythe $f’é“=gf§g ﬁogﬁe PFF@S‘%EH@@ Ryt ehange i BegAe g%i“i ’?’i%‘?ie%%e t he

gai n, the nazzl L. NEASIIHEE HhaPeRBhrovBLt change in nozzle height fromthe
measur enment surface nust be 1 nproved. [0038] Increasing the friction factor
acr oss [0038] nozz| lckesimgi ther fities fabier asrass she enadelopiage riogrsasehehereasuri ng
surface. However, the grh si.cs of this Bfgres re er[g S(ﬁenari? only wor ks
for nozzle BUFTUEdORAYEE MECHFAHEYR SRS ARWENFS (18e PRYICS PF 4R3I 1 onal

fl1ow" regi oBrsatd @fopt taRaridnll anarkaforflooMe s &R - whokBeode REPAId'S number
(Re) is calculated as follows: [Re = pVD ], (Eq. 1) P where p is the

density of nhmbeads iny "tgnsitienal fewdiregien axtherthes thenlamings flovereetdle nozzle
face, Dis fgrﬁigfs{%ﬁ‘)%'s ﬁ%g&gﬁggissc%hﬁlagéd%rfglllog,p%:of the flow (which in a gas

gauge nozzl e diranme € nozzl e derined by the conplex geonetric
Re=22; (Eq. 1)
H

where p is the density of the gas, ¥ is the radial velocity of the gas over the
nozzle face, D is the local characteristic dimension of the flow (which in a gas
gauge nozzle is the diameter of the nozzle defined by the complex geometric
relationship of Eq. 2), and g is the viscosity of the gas.

[0039] FIG. 3 is a logarithmic graph illustrating Reynold's number on the
horizontal axis and friction factor on the vertical axis. FIG. 3 is commonly
referred to as a "Moody plot." Further description of the Moody plot may be
found in, for example, L.F. Moody, "Friction Factors for Pipe Flow," ASME
Trans., vol. 66, pp. 671-684, 1944, which is incorporated by reference herein
in its entirety.

[0040] Previous gas gauges operated at flow rates having a Reynold's number
of approximately 200-300. As illustrated in FIG. 3, such a flow rate is in the
laminar flow region. The laminar flow region is defined by curve 302. Ata
Reynold's number of approximately 2100, gas flow rates begin to change from
the laminar flow region into a transitional flow region. The transitional flow
region is defined by curve 304. As the Reynold's number increases, the flow
rates begin to switch to a fully turbulent region, defined by curve 306.

Increasing the Reynold's number is typically avoided when operating in the




relationship of Eq. 2), and p is the viscosity of the gas. [0039] FIG 3 is
a logarithmc graph illustrating Reynold' s nunber on the horizontal axis
and friction factor on the vertical axis. FIG 3 is conmonly referred to
as a "Moody plot." Further description of the Mody plot may be found in,
for exanple, L.F. Mody, "Friction Factors for Pipe Flow," ASME Trans.

vol. 66, pp. 671-684, 1944, which is lhcorporated by reference herein |n
its entirety. [0040] Previous gas gauges operated at flow rates having a
Reynol d' s nunber of approximately 200-300. As illustrated in FIG 3, such
a flow rat e laginan floheregiasl fatt ddcestsésedieofictidh dadt@nvaic homile,rgdi on is
defined by curve 302. At a Reynold' s nunber of approxi mately 2100 gas
flow rates BRgehy decreasshes gﬁﬂanavatlﬁémfa}w fbg RS AL | WD

transitional [ f [ ed by curve
304. As the &bnol %b%ﬂmnﬁgé}e?srﬁgigggéés&%mq eg{lﬁg;{(ggleggdaﬁﬁgftl% switch to
a fully tur kﬂmlmerﬁgmagﬂherﬁxcmf favent ]:teglrISLtDVlﬂCl@ﬁ)E@ as thadkeasidsgnirhieerReynol d' s
nunber is typically avoi ded when operating in the -10- |am nar flow regine,
as it decredd®%¥Sfhe friction factor of the nozzle, and thereby decreases
the gaijgogyai | ab"[%efﬂ%élﬁeoﬂ%ﬁ@zzlé"%éﬁh wheRr LBRitidiRY nekidn sisnunber is
|ncreased past the lamnar flowreginme to %he transitional “flow regine,
the fricti omppesiteon ﬂb@gmnlspttrﬁmnam@@)stha’fa# tradaicRel/ neztsopatatibgnin ai ncr eases.

[0041] The flowfiel d of a no er transitional. region is
bppost te 1 n e feshareinh EFE BBRTHAT b FEeias BRI MBS Soper at i ng
In a | am nReyhdl@W nu@Be NTh¥Be seivityeofl thisCicQéhal d6&rBksesh Mdayure@eyeases wi th
i ncreasing Reynold' s nunber. The sen3|t|V|tg of this frictional decrease

i s measur ed theydiffereaces infsionen bevden carspS82 wad Ad ot Fliby ds wee AW 304 of
FIG 3. Cury 0, i i i ctional
flow, has a slglolpiéﬂo}v%%%geg ﬂu? ﬂfe?g‘ﬁ!-@%% Oghllcflﬁoq'yfeﬂaggﬁ \go(Pgbgs tope of
about n2 = #{.89.0 Whlle&:ut'\f%(mlgl@ aGlopetofabaltepe- o1.30UWkile3hé simrdfs a

reversal in frictional affect, what is signjficant
the slope of curve 304 marks a reversal in frictional affect, what is significant

is that curve 304 exhibits about a 39% steeper slope. The change from the
laminar flow region to the transitional flow region physically implies a
channel flow undergoing a velocity profile change. The velocity profile
changes from a parabolic velocity distribution to a modified, truncated
hyperbolic velocity distribution. Friction within the transitional flow region
influences nozzle flow pressure drops since the friction factor changes most
dramatically within this zone, as seen by the positive steepness of the slope of
curve 304. An increase in Reynold's number thereby results in a sensitivity
increase in relating pressure drop to nozzle distances from the plate, yielding a
more responsive relative gain with gap height measurements.

[0042] As can be seen in Eq. 1, the Reynold's number is dependent on the
density of the gas used, the radial velocity of the gas over the nozzle face, the
complex characteristic diameter of the nozzle, and the viscosity of the gas
used. If the same gas (such as, for example, air) is used in the transitional
flow nozzle as was used in the laminar flow nozzle, the density and viscosity
of the gas cannot be changed. The only way to increase the Reynold's number
is to either increase the velocity of the gas through the nozzle or to increase

the characteristic diameter of the nozzle.




is that curve 304 exhibits about a 39% steeper slope. The change fromthe
| am nar flow region to the transitional flow region physically inplies a
channel flow undergoing a velocity profile change. The velocity profile
changes froma parabolic velocity distribution to a nodified, truncated
hyperbolic velocity distribution. Friction within the transitional flow
region influences nozzle flow pressurle drops since the friction factor
changes nost dramatically within this zone, as seen by the positive

st eepness of the slope of curve 304. An increase in Reynold' s nunber

ther ebxom?ul tS idivéh RERSEEINES YihedeRCHSAGBasing theldi-hdig JTRS B4k, drop to
nozzl e di stances fromthe plate, yielding a Tnore responsive relative gain
Wi th gap heilghReymekbumenksrtis inck@eebin ansensladlipentsddhe presgmd inventiphe Reynol d' s

nunber is dependent aon the . density of .the used, the radial, vel ocity of
the gas oveggflﬂséeaﬁﬂ’ﬁztﬂ%vggﬁlg &?ﬁﬁ’ere%gg%? 5§<th§ﬁ§)r"va@$e§rqf ?%asg}qré)hl%}tl er of the
nozzl e, anddgozvies CASHdIRE] ldfingafow Yaesb ?chanhexmaﬁgag@&rﬁaﬁch as, for
exanple, air) is used in the transitional ow nozzle as was used in the

| ani nar f | o@n82w wte phapprenknatsly a0 acemostapgard ggubic, gerglactery g6t be
changed. The. -0 ] . ' 5 I el t her

i ncrease t hgnu\q/)lg%yoc%éa% gth%g{eg@@ﬂtsklpglggﬁ%{%hqjé&ﬁg?g%@ cg’l;’ & orﬁ? h&lg se the
char act er i shiReytbldraiudibed fof approrimzattle.21D03]e aryiag onhethdifidw catti es

i nherent in increasing the _dianeter of the nozzle, the Reynold's nunber is
i ncreased i FESEiS Bl minef approyimately @8095ccmnyventi on by increasing the

vel ocl fotghp! SO, T FIGTS Afhshiled EnTbOWNEALED fnbe et B akall ¢ he

nozzl e. raditional 1am nar gauge y exhibits a volunetric
gas fl ow r apesitidnsapperdiiignatially obo@ed Soomefiftadtfhrdosuiizzlecant 20®t er s per

m nute). Incregsing t Reynol.d' s nu r tp.a transitional flow regine
naving a REVREEd B lfisen Gt CapyeBRT Aar et GHBeboRR e DRI bt 3 ¢ e
flowrate (sl LSibdtrated dnone hatfnfl aRRPHANE RNV REARNIREBr a9044] FIG 4
illustrates an exenplary change in Reynold's nunber at various positions

ext endi ng r 8dwainl theo elovebn dhe gorzle decpanl sy owssnopettesurfice 206 in FIG
2 for diff eglﬁirs]{ratg(? %nftﬂxé) \%r[igzglea%is. % Jh%rqéeailn I?é)y%lofd'soﬁlum fertag%henﬁglsaw enment

position increases is indicative of two events: 1) the change in pressure drop

of the gas across the nozzle surface due to the local friction factor changing
with local Reynold's number, and 2) the constant change in the local
characteristic dimension (D) of the flow as it moves radially outward. D)
changes as a function of the change in the local hydraulic diameter (D;) of the

nozzle face as the flow exits radially, and is defined as follows:

[D=D, = —1], (Eq. 2)

where D, is the local diameter of the flow moving out radially, and H is the
measured gap height of the nozzle.

[0045] Curve 402 illustrates the pressure drop for a traditional laminar flow
nozzle (e.g., flow rate of approximately 1000 scem). The Reynold's number
for curve 402 is between approximately 230 and approximately 625. Curve
404 illustrates the pressure drop for a transitional flow nozzle at a lower flow
rate (e.g., flow rate of approximately 6800 sccm). The average Reynold's
number for curve 404 is approximately 2900. Curve 406 illustrates the

pressure drop for a transitional flow nozzle at a higher flow rate (e.g., flow




inmmis illustrated on the horizontal axis, while the Reynold' s nunber for
gas flowin the gap between the nozzle face and the neasurenent surface is
illustrated on the vertical axis. The change in Reynold's nunber as the
radial position increases is indicative of two events: 1) the change in
pressure drop of the gas across the nozzle surface due to the |ocal
friction factor changing wth |ocal- Reynold's nunber, and 2) the constant
change in the local characteristic dinension (D) of the flowas it noves
radially outward. D changes as a function of the change in the | ocal

hydraulic dir@%tf@Fp&Matafy dobe scaﬂ)z ZRe Ba&@geaﬁem@dé h@wb&Xot survadi al 'y, and
is defined as fol = rD, H TD,. + Hwhere Dx is the

| ocal di anet}éf lﬁﬂppﬁmmﬂte@(/\ﬁ?ﬁ%|$ﬂ311]@§ttat¢<£dh%l>fle§8mfa¢lmpHCH‘OQS theaozplgasur ed gap
hei ght of t I?fcg rﬁ%ﬁé’egtﬁt[g)?db%lveqﬂﬁfy € $%ude {hlé Vére&h?e d%o%elspér%g‘r%}j rgedrop for a

traditional ow Tnozzle’(e. g rate or "appfoxi e er 1000

sccm . The Eﬁnﬁﬁ@dﬂSRNMHBQMeoﬁ@mnqymwshﬁgﬁrﬁ&ubﬁﬁmaeﬂmﬁpﬁmgmwaabely 230 and
approxi mately 625. Curve 404 illustrates the pressure drop for a
transiti onafoall &W%ﬁ 1 areggure thag\pelransitional Hew @opde gperatingd & kower of

appr oxi mat eFMVﬁlg i) ’]l san%% é%’e‘[ﬁ'éﬁg@t &%h@clﬁngéb‘%ﬂ?r%l aﬁ?ﬁ#e 404 is

approxi mately 2 rve 4 ustrat pressure
transi ti onahofdlow nozzl e at a higher flowrate (e.qg., flom1|s 12 rate of

approximately 90 seen). The a era e .Reynol d' s nunber. for curve T406 s
approxﬂﬂEngy 39%33 Esq%$¥ﬁ§%ﬁa fﬂe]%?ﬁgs r 848 BFUANF ¥R nozzl e
face is greah@stiodad! v&ilsY GarftRGr ﬁﬁﬁ@ﬁ'sﬁcio?erégﬁrﬁéshﬁc%nﬂﬁ@pto' Sogsgater, the
transitional flow nozzle operating at a highér flowrate is nore sensitive

to small chpergew.i@apy @sswdehetdmans determined by dimdingf tholwaabslppechper at i ng at
: : gvn\f:] ar f :c gwﬁ}" %ﬁr%%- ?\If\'gressure arop Versus gap o Eelgﬁt ca'lcuila}{gd etlt013 rn%%:rso%g.eTﬁQ anges than
nozzle cap height in microns is illustrated on the horizontal axis, while the
total pressure drop in kPA across the nozzle face is illustrated on the vertical
axis. Curve 502 illustrates a theoretical gain of a laminar flow nozzle
operating at a flow rate of approximately 1000 sccm. The gain of curve 502 is
approximately 0.024 kPa/micron. Curve 504 illustrates a theoretical gain of a
transitional flow nozzle having a relative roughness of approximately 107
(e.g., a smooth surface) operating at a lower {low rate of approximately 4900
sccm. The gain of curve 504 is approximately 0.512 kPa/micron. Curve 506
illustrates a theoretical gain of a transitional flow nozzle having a relative
roughness of approximately 10° operating at a higher flow rate of
approximately 6800 sccm. The gain of curve 506 is approximately .983
kPa/micron. Curve 508 illustrates a theoretical gain of a transitional flow
nozzle having a relative roughness of approximately 0.05 operating at a higher
flow rate of approximately 9000 sccm. The gain of curve 508 is
approximately 1.759 kPa/micron.

[0047] As illustrated in FIG. 5, a theoretical improvement in gain from about
0.024 to about 0.512 kPa/micron (a gain of about 21X) can be achieved by
transitioning from a laminar flow rate (e.g., curve 502) to a low transitional
flow rate system (e.g., curve 504). Further, a theoretical improvement in

nozzle gain from about 0.512 to about 0.983 kPa/micron (an overall gain of




[0046] FIG 5 illustrates a theoretical anmount of gain available wthin a
transitional versus |lamnar friction factor regime according to nozzle
operation. Gin, as used herein, is determ ned by finding the | ocal slope
of a given curve of pressure drop versus gap height cal culated at 135

m crons. The nozzle cap height in mcrons is illustrated on the horizontal
axis, while the total pressure drop Ih-kPA across the nozzle face is
illustrated on the vertical axis. Curve 502 illustrates a theoretical gain

of a lam nar flow nozzle operating at a flow rate of approximtely 1000

seem The gabsutoflXQUindeeveAZo bbout 8 PO arRicedny(f6k &h2dvekdfpgath of @houtCur ve 504
illustrates a theoretical (gal n of a transitional flow nozzI e having a

rel ative rodghness berachispedRy vandtigning fom adaginar Jloshie e guF‘#%fée)
operating a r X t 4 e gai n of
curve 504 |ts5 g 6§\3§|hn%11f %nsgﬁﬁgf fﬂk%p?gtg ﬁ %gvr 99@0%1% S'IEE]"'U rates a

t heoreti cal r@@tedsm@fy)a transitional flow nozzle having a relative roughness
of approximately 10-6 at a _hi gher flow at e of roxi mately
6800 &8l The géml%ﬂcgérl %Sf@g@e' the 22ip ¥ Bamaat %trsy ulegans. eI on. cut ve
508 1 ustr ghsSmy taﬁ%q{ee&ét&ﬁ{méﬂab}( Rbrichll ARShid O 1dW Qir foz&Le having a

rel ati ve roughness of approxi nmat .05 operating at a higher flowrate
of appr oxi nmatvedyg @ﬁﬂ&rse@mdeﬁmu@atms cnélaimur gain5 08 lsslatqlppmtmpwmfel y 1.759

kPa/ m cron 0047 illustrated in FIG 5, a theoretical venment in
St oo aisirasing, 68 soré HohREoad o ieshoiing W R fiorS s BTt 215 can
be achi evedgpytly tﬁsﬁ[gfsmel opling 1ERMErdIABN aFitHou O Wohdd@ingeihg actédlr ve 502) to
a low transitional | ow rate system (e.g., curve 504). Further, a

t heoreti cal phymsmféhfemstfsmpe o) @zmn@tlg@ﬁ megion n&aibo“mulf@ nshtzat@ theatristit 0. 983
kPa/m cron E‘ﬁﬁ%} S é"orlg?lpwmzﬁ ar]i a I'flte Ourtox4lx 1ycan ccm Qrs“c écf%)%;/ 1.759

kPa/ m cron overa
transitioni gga p’r@ﬂhﬁtdlﬁimﬂ(ﬂméccfﬂ)(hhﬁﬁl@ﬁl@ th€ ofl ginaClahi§ar fﬁ@t?()n fa0tod offi gh

transiti onalcugve%\évzrir?tF?G(Se e?dré (iur ve 506 and curve 508, resopectl vel y).

. polated to a Reynold's number of about 2900. This

produces a relative gain of about 0.82 kPa/micron (a gain of about 39X).

When this relative gain result is compared to the absolute gain results of about

0.983 illustrated in FIG. 5, it is evident that an additional increase in gain of

about 20% may be obtained by moving into the transitional flow regime of

curve 304 of FIG. 3. Such flowfield transitions are naturally obeyed in flows

when triggered by a nozzle face with a relative roughness greater than
approximately 10, which is the relative roughness of a smooth surface.

[0049] In terms of absolute gain, increasing flows by a factor of about seven

{from 1000 to 6800 sccm) results in a significant nozzle gain improvement by

a factor of about 41 and greater up to a Reynold's number value of about 5000,

Increased flow-rates enable operation in the transition region, where nozzle

pressure drops increase from approximately 5 kPa to over approximately 225

kPa. In addition to increasing pressure drops, such losses also reduce the need

for high instrumentation sensitivity, as the higher gain allows less sensitive

pressure transducers to be used for measuring resultant gap heights.

Nozzle Face Roughening




- [0048] Wiile FIG 5 illustrates the gain in terns of absolute gains, the
relative gain may al so be determ ned by theoretically treating the flow as
if it were always lamnar. To determne this relative gain, the isolated
i nstance of increasing the nozzle flow rate and correspondi ng pressure
drop is evaluated strictly using the lamnar flow correlation, wthout
considering the actual physics of th¥existence of a transiti onal regi on.
Such results indicate the strict relative gains fromflowng at a rate of
approximately 6800 sccm (as conpared to approximately 1000 sccm and using
t he ori[gdsogl | aniRiasnmisrg'aStghﬁngfopatatHd Dk lamman/ﬂaoxa@ﬁeihavﬁg @Re&nolebst rapol at ed

to a Reynold's rr? of ab 5 gg Thi s ces | a |ve ai n of
about 0.82 WBEST @ Bli’Pr?’émﬁ%ﬁ 28 3RBoutt we \}JH e§5 Y i%é& gain
result is comRasRYd duthbeher 8P Lie se@l rél@@d‘bl Fo%gﬂies@gf)ﬂ'ﬁ: noP218%3.i | | ustrat ed

in FIG 5, it Is evident that an additional 1ncrease in gain of about 20%
may be obt ai(R&J Hay vidwallygne reffect be the gusisticodmb. f Relativegiughness iscurve 304

of FIG 3. Sugch flowfield transitions are tur yob ed i ows when
Cri gger ed bytiRbES e PUEet B Mgt aF 457 @%f%w%ﬁsggeaéﬁwr%t%
appr oxi mat elhydh@hé diahteof shet H&zzl@k@drhét@ ﬁﬁlﬂ% ngg@f combfiiBeA ssur f ace.
[0049] In terns of absolute gal i ncreasin | ows a factor of about

0

seven (frofhawoontisd-6800A% [diss ppmbers nmath§| @metw@ahtfloszgl@lega| n
| mpr overent by LaGio0" 18L,ah0U. AR ALERSE P 0 8 Rolnpl ¢ s nunber

val ue of abol 'ncreased oWwrates ena e operationn

transition regelard wer@imezat gaugel BesuirabkrdepedincuRathe fcmgml@s@pr oxi mat el y
5 kPa to over apprOX| mately 225 kPa. In addition to increasing pressure
drops, such of 8gozzlgifags Sr‘-‘é%ﬁ%eAF fediepteciby F‘Hf“eﬁ%nl HGr PuinsraasasiiBn

sensi ti vi tyiﬂér ”élg%sé‘bﬂﬂ%o L pcahly "}ﬁcrhel g k%{n&/?ct SRty r ansducer s

to be used uring resul tant ace oughenlng - 14-
[ 00501 Pr evifatis 1@319 agelges!t dpat aﬂednahe aaﬂsa:mnlahﬁmirlregmn,adxpeﬂmentng a

F gygol d's nuhng)“? rtha‘c thf(:fjl Pr?crtl%)r(llfggtgre L%amzﬂﬂe gepen en% lil)%hthg ?’Xt?g%lngslssofn tﬂgb ers and up

nozzle face over which the gas flows. For smooth nozzle faces, a maximum
friction factor of approximately 0.045 is attainable at a Reynold's number of
approximately 3000. For nozzles having a very rough surface (RR>0.05), a
maximum friction factor (frransimionar) of approximately 0.08 to
approximately 0.10 is attainable at Reynold's numbers of approximately 4200
to approximately 5100. Consequently, the pressure drop (AP) for a given gap
height (H) over the nozzie-face surface ((£J ) also increases propor-
BAR

tionately with increasing Reynold's number as follows:

L py? ; 10 (D0+Df 1 J pV?
AP = — =(7x10" *Re"”) —+ — , Eq.3
[ J TMNSIT[ON[ ]BAR( 5 J (7x ) SH . 5 1, Eq

D

where Do is the outer diameter of the nozzle-face surface and Dy is the inner
diameter of the nozzle-face surface.

[0051] FIG. 5, as described above, illustrates the theoretical gain of the nozzle
available in a transitional flow regime. Whereas curve 506 illustrates the gain
of a transitional flow nozzle at a higher flow rate, the gain is based on a nozzle

having a relatively smooth surface. Curve 508 illustrates the theoretical gain




Reynol d' s nunber of about 2100, surface rel ative-roughness of the nozzle
face (RR) has virtually no effect on the pressure drop. Rel ative-roughness
is defined as the ratio of the height of repeatable surface irregularities
to the hydraulic dianmeter of the nozzle geonetry and gap hei ght

conmbi nation as shown in Egq. 2. At Reynold's nunbers in the transitional
flowreginme (2100<Re<5100), however,lihe friction factor of the nozzle,
which is correlated to the gain of the gauge, is a variable dependi ng upon
t he roughness of the nozzle-face surface. As indicated by curves 308 in

FIG 3, inCLeasemsidbnatl Rew AUZRNESSscOfurthe a9 bebe rbatendElwhdnnheease the
maxi mum attai nable friction factor up to a value of about 0.1. In the

transi t i onanof4low apetitwiat adwgher frerets. show that the friction factor
attaingpls s dependent; g g roHoNess: Ofol NG, ARZZhe, T age gusr whi ch the

gas fl or s a maxi mum “Triction factor of

appr oxi mat epyrfémi¥thoe b a phi ahupeiag betobeimReyiofoligBenitgTiRrsutthce apbeoxi mat el y
3000. For nozzles having a very rough surface (RR>0.05), a naxinmum
friction faapzae facy radeparatingsby seseap hediansgicarhilay o@idhe  appr oxi mat el y

0.10 i ai nab d' appr oxd;pat 4.2 o]
approxi‘%@?iel y 518@?%%%2%‘%m f%gﬁgﬁ%lﬁée%gupg %arﬂélggl(sié%ﬁﬁ?ogggacgi ven gap
hei ght (H) av&uldrites noitz| Borf messusamidna©€ heigh)s in the senometeesmigs, theopor - D BAR

tionately with in_creasi_n_g Re%/yn | d's nunber as follows: AP = .frr wslrloN P
= (7x107 * Refags yiegpaghtpmay bey for gxample. pano-3or MBPINRSEIATSEY  where Do
Is the outerrhﬁgeadg@gﬁ.rougfwaé@ﬁ) ﬁgéﬁéﬁhéﬂ&?ﬂéﬁﬁfa@&e and D is the inner

di aneter of the nozzle-face surface. [00511 FIG 5, as described above,
i |lust (G54t the Theocetxanale.gélien nofzie-fwenmay|lee shotablhsied doi varwusr ansi ti onal

T ST SR O R I L
relatively sapeines WidABFIGCY! Yo arRBerickhiple! 2F@ghlRRlctddegiehhgat gain

flame-sprayed on the nozzle face.

[0055] In still another example, the nozzle face may be machined into various
configurations. In one embodiment, circular, concentric rings are machined
cither into or protruding out of the nozzle face. FIG. 6 is a cross-section of
exemplary nozzle face 602. As illustrated in FIG. 6, rings 604 may be, for
example, saw-tooth cuts. The flow of gas 606 across nozzle face 602 is
inhibited due to the increased friction factor and flow rate in the transitional
flow region. FIG. 7A illustrates another embodiment, in which numerous
small, hemispherical depressions 704 are machined either into or out of nozzle
face 702. To prevent flow channels from developing across nozzle face 702,
the arrangement of depressions 704 across nozzle face 702 may be staggered.

[0056] In a further example, dozens of staggered pins may be introduced into
the nozzle face by, for example, using silicon etching techniques to create an
array of pins on a silicon chip that is then epoxied to the face of the nozzle.
The pins may have a diameter of, for example, approximately 10 microns and
a height of, for example, approximately 10 microns.

[0057] Increasing the roughness of the nozzle surface also increases the
possibility that the nozzle will receive false feedback or pushback from air

interacting with the roughened surface. Such false feedback may be




-15- of a transitional flow nozzle whose surface has been roughened, when
the nozzle is operated at a higher flowrate. [0052] Conpared to
traditional |amnar flow nozzles, then, increased performance of a gas
gauge can be obtained by roughening the surface of the nozzle face and
operating the gauge in the transitional flow region. [0053] The nozzle face
may be roughened by adding specific slfrface irregularities to it. For
measur enent of heights in the nanoneter range, the surface irregularities
may be, for exanple, nano- or mcro-irregularities. There are various ways

to roughen thgiMedzbe PHekaffle, stR%aslwita ORG RXBARKS inddiethBawziie- f ace may
be shot-blasted to various equivalent "sand roughnesses" to a | evel

defined by dadktsodyrapsiveningtheflpwshol thegpeghmgsseas, the tadiel distancefrom: then anot her
exanpl e, a rqugh.oxide cpatin h fl -spr n. the.nozzle face.
- SOPPRC 5 BionEp oS AfoB Ao BRAEY 5088 R 26

[ 0055] e, ace nm chined into

vari ous condhighiicll do0ddSo chiced B8t BB lfbit o fhlse tetlbdvkaftom Clanoaghidred rings are
machi ned either into or protruding out of the nozzle face. FIG 6 is a
Cross- sect i SiFaPIementOprIEsY Szl e face 602. As illustrated in FIG 6,

rings @?@ y beg . f , i f 606 across
nozzl e agEHGOZ ﬁg19?5eﬁﬁ??gﬁaéﬁzéﬁﬁ&?ﬁggfﬁ?%ig?gSEP%%%%?gymﬁﬂg?or and fl ow
rate in thenadarfiirh isonalerial Ity is eghigimt 16| tBerntaA éxiphnsdir. atles exanpilber

enbodi ment, in which nunerous mal |, hem_spherical depressions 704 are
machi ned ei FHETA y&“dd{ﬂn'la?k‘?ig’ﬁarléucq‘faa“clﬂeafOZ. To prevent flow channels

from deypppi Ng 8k 0535 ROARLGatBGEa Aflthod DOE (@ RN BkaREe dERE €SSi Ons 704

across nozzle face 702 may be staggered. [0056] In a further exanple,
dozens of svhiggefred pnoszleymgcdrdingntioranderseatiiinantoof theeprersnt inveltiare by, for

exanpl e, usi sjlicon etching.techni gues,to create ar f pins on a
silicon chi bﬂ%mg'[ b(;)(gm(ap{ %gxfo&fxpgp@hév@a%gasogaqg%aﬁosﬁq é&y e pi ns may
have a di angbét i9brovidtid WA R rSeas@iti) QXIS Bk YodHe. "TEE SBJSctang bea hei ght  of ,
for exanple, approximately 10 nicrons. )
for example and without limitation, a substrate or semiconductor wafer
surface. The surface of the nozzle facing the object may be roughened as
described above.
[0060] In step 904, a gas is supplied in a space between the nozzle and the
object. The gas may be, for example and without limitation, air. The gas is
supplied in the space with a flow rate that corresponds to a Reynold's number
flow in the transitional region between laminar flow and turbulent flow.
[0061)] In optional step 906, noise generated by the supply of gas is attenuated.
The noise may be attenuated, for example, as described below.

[0062] In step 908, a pressure drop across the nozzle face is sensed. The

pressure drop is indicative of the distance to the substrate surface.

Noise attenuation

[0063] The nozzle gap Reynold's number used in existing systems is
approximately 200-300, with a nominal nozzle gap height of about 135
microns. Such a system requires an airflow of approximately 1000 sccm.
Operation above a Reynold's number of approximately 2100 requires a flow
rate of at least approximately 3400 sccm. Although the gain is theoretically

increased when the nozzle is operated at such a high flow rate, the noise




[ 0057] Increasing the roughness of the nozzle surface also increases the
possibility that the nozzle will receive fal se feedback or pushback from
air interacting with the roughened surface. Such fal se feedback may be
-16- mnimzed by, for exanple, starting with a high roughness inside the
nozzle face and transitioning the |evel of the roughness as the radial

di stance fromthe nozzle is increasell-1n another exanple, the reference
nozzl e may al so be roughened so as to cancel out the effect of false
feedback fromthe roughened neasurenent nozzle surface. [0058] To reduce
the effect gkndrewpaiyadudhe iHph ey NEZ #lag,didipt thezzhstiviyobee doade from a
material that_ is resistant to thermal expansion. An exanple material is a
hybrid i r onaleskte neiseas absifdh as Invar. [0059] FIG 9 is a flowhart of a
met hod for s i ccordlng to
an enb&g‘l%g%nt of qiﬁ}ige&gr‘%gg%tﬁ ¢ ?{ra\(\%glﬁteg he %@thgglg Jg%g{%rr@%}@%éﬁ&gg&@

exanpl e, w psirfacegasggatiges. Nozzdd ﬁﬂ:sﬁﬁ)@ drdmmcreahejsacith irErqasmy inmbede W t h| n a

measuring r e of the nozzle. e.obj or. e | e and wi t hout
limitation, BSoBuliet doh tn BORUEPDTOMRGh s P datel FENGIY ace. of ¢ he
nozzl e faci nget BgiIAY ﬁﬁﬁs ’]@éél ?&tr’bgﬁg&?ﬂ&%sa@hlcﬁi%&cfo' Qﬁ:ﬁuﬁ@%!&lstl[:ooem] I'n

step 904, a gas is supplied in a space between the nozzle and the object.
The gas nay nbisg mnamﬁmndhamzm throait Atonstiamon emminatinglfremgths i s

supplied in_t flow rate corresponds to eynol d' s

nunber - 11 onp e RS TPk itpaeth B amlanchERi R AR Byt ur bu ent
flow. [0061kackdt RBlia@Balof shfR 3996n FIQ! 3 shBeN@heiRpr¥ulcRBcsyIRI of gas is
attenuated. The noi se nay be attenuated, for exanple, as described bel ow

[0062] In sthenogels’s radiph Baw ig eing pesitivaly dampensd b e Fepangetialirsfeoénsed. The
pressure dr 9‘{) 5 02?}9 %e%tfagtg gtgrrélgﬁﬁgfo Ihﬁggs%dtrg n%lgl%s 2%1& |r @lfggys face. Noise

attenuati on nozz gap exi St1ng systens
is contrast to the negative slope relationship existing for all laminar flow friction

factors where surface roughness is immaterial to pressure loss and consequent
noise attenuation,

[0065] Considering that a negative friction factor slope (as in laminar flow)
causes the pressure energy to decrease with increasing Reynold's number, a
nozzle operating at a laminar flow rate cxhibits poor noise abatement
compared to a nozzle operating at a transitional flow rate. Therefore, while
previous, laminar flow nozzles exhibited poor noise abatement when the flow
rate was increased, transitional flow nozzles do the opposite and aggressively
abate noise through the introduction of roughened flow surfaces.

[0066] Snubbers have been successfully used to attenuate noise. These
systems force the flow through a labyrinth of irregular channels that cause a
reduction in flow turbulence and its corresponding noise. Snubbers have been
used 1n air gauges as, for example, snubbers 120 and 121 in FIG. 1. Snubbers
are very useful as noise attenuators when gauge flows exceed 1000 sccm.
Their use at strategic flow tums and splits may increase during nozzle
operation at increased flow to achieve a transitional flow regime with
enhanced performance gain.

[0067] Additionally or alternatively, the Helmholtz effect may also be used to

act as a muffler in attenuating the noise from acoustic pressure pulses.




approxi mately 200-300, with a nom nal nozzle gap height of about 135

m crons. Such a systemrequires an airflow of approximately 1000 seem
Qperati on above a Reynol d' s nunber of approximtely 2100 requires a fl ow
rate of at |east approximately 3400 sccm Although the gainis
theoretically increased when the nozzle is operated at such a high flow
rate, the noise -17- generated by sucig-a high flow rate may disrupt the
sensitivity of the nozzle wunless the noise is abated. [0064] This noise
may be attenuated by the nmuffling effect of the nozzle face surface

irregul arit iS%%tegNQﬂ%—hﬁcQ& ﬁ%ﬁﬁﬁ&tz‘%‘bgﬁ %%f%ﬁ%@%iﬁ@st@eﬁl‘?@d RARIAH 802zl e face

roughness for a“given transitional since the local boundary
| ayer bui | difelthboltsaticooabrsy say ibe ukat focttenvate snwhntehnerrie nwsatflénuat e

acoustic naqi emanating fromthe nozzl e throat Qusti & .noi se emanati ng
fromihe nordletifie SBSrEig on 3 ey EageamTowEPhoe  PeHacBReREi ve o ope
in the fricthji@adragdoindgar el ation of curve 304 in FIG 3 shows that the

pressure energy from the nozzle's radial flow is being positively danpened
at an ¢088hent i alAsriflugtraséd imPIG- 8 IBdmhplty gitenuatoss ean bodisereddilpeplt o :

_ s dugraghd impIG: 8. _ it
corattonshi Soaurermged gl Vbl ity BRMHEHAAPAIBTITE O 207 e

roughness i snivanRd ecodlic tilegRERSGUr & Helsthol thtemnaag wac as bdérsatoat t enuat i on.
[ 0065] Cbnsidering that a negative friction factor slggﬁ-(as_Ln | am nar
flow) caus&82 on80prisssgniéallyriorayiiycavered Py astalsgitaking cyadleomnignipggy nol d' s
nunber, a i 1.nar r : t i noi se
abatorent  SSAGHE SSABLALAORAPIG, pRTIE pulea S IS LRI I BPAE, Tt e

Ther ef ore, wbinha to pliceflow ulirecti@m Tike plebane pozaticns aexthiebittappedomothe noi se

abat enent when the flow rate s .increased, transitional flow nozzles do

t he oppositéaﬁﬁﬁ“gﬁﬁﬁ supy theypufsatinSat e noi se through the introduction of

roughengpof | ow s 'F'i%.a@ BfistratBORR] retIUP BEAS YR PEEE tRURESAREBh byaused to

attenuate noi se. These systens Torce the flow through a labyrinth of
irregul ar chizimbdlt dtvauamause dramatically attenuate pressure pulsation noises.

Attenuator 802 is located inside the barrel of the nozzle, where upstream-
generated noise is absorbed or muffled before the noise escapes the nozzle
throat region. Attenuator 804 is located within the face of the nozzle to reduce
noise from the gas passing through gap 806 and escaping nozzle 800. So that
attenuators 802 and 804 do not interfere with the pressure measurement of the
gas gauge, attenuators 802 and 804 are located at places in the nozzle that do
not affect the friction factor. Further, the surface of attenuator 804 (that is, the
area between the holes in attenuator 804) may be roughened in accordance
with the rest of the nozzle face. Arrows 808 and 810 illustrate the path of the
gas exiting the nozzle in an outward direction.

[0070] As is well known to one of skill in the art, a Helmholtz attenuator can
be tuned to a particular acoustic frequency by selecting specific geomeiric
hole sizing, geometric hole spacing and cavity dimensions of the Helmholtz
attenuator. The properties of a Helmholtz resonator (e.g., hole sizing, hole
spacing, cavity width, etc.} are determined by the frequency of the noise to be
abated.

[0071] Some noise is useful for logic correction within feedback loops, such

as noise caused by temperature fluctuations or noise caused by the electronics




reduction in flow turbul ence and its correspondi ng noi se. Snubbers have
been wused in air gauges as, for exanple, snubbers 120 and 121 in FIG 1.
Snubbers are very useful as noise attenuators when gauge fl ows exceed 1000
sccm  Their use at strategic flow turns and splits may increase during
nozzl e operation at increased flow to achieve a transitional flow regine
with enhanced performance gain. [006/-Additionally or alternatively, the
Hel mholtz effect may al so be used to act as a nmuffler in attenuating the
noi se from acoustic pressure pulses. - 18 Strategically-placed Hel nholtz
sound absor kifnig: ©atent, iaed sfoudd ﬂwl:mctetrmvbcbﬁein‘thaSystth thinrtriviset siwhuat ors) may

be used to attenuate un nt ed ng{i n0| se. %—% 8 illustrates a
Cross-secti Gf PSS, YES 3@0@%“??6 R ai i e rsmeredz FCelyat ors 802
and 804. | équé% ARd bt hated foaﬁeex@nio%&: iscﬁeté}rmﬁ?'ﬁl fHéQilérﬁetéit 6%@5‘ jArs can be

di screte, |ocal itires arranged parallel with the airflow and

speci ficall yhejplstegwfethe fhha]tnsltzrdbtenuatmrﬂueeﬂ)aamguﬁtth&:hdlcsgquémh:ﬂ ewityA Hel nmhol t z
att enuat or, attenuat or 802 or. 804 essen |ty covered
by & 1l se’ (GGG CSRPITCU AP APRG < RS Piel BeRFEPairnst eRdERE) | Ju
pressure pulfgghéRybahdd @t td So abaidS Rhitifle BRIz JRSMKRdrs hythRaiséd.ow
direction. The préssure pulsations are then trapped in the cavity, which
absor bs t he Adtgreadivelyng. Slpﬂedé?lnﬁllo@ 1gsqniatoy shavige s tipde rcégipéﬁéleblﬁ nozzI e 800
vvherethelntrou n nu r n_. r

attenuate pressuf egeﬁﬁlw ?%%Chlr_l%ngga%ﬁenﬁt% OHLEH?}c?g fgﬁ% S ]? é‘tlecg Yinsi de the
barrel of thandiozzl e, where upstream generated noise is absorbed or
nmuf f| ed before the noi se escapes the nozzle throat region. Attenuator 804
is located within the face of the nozzle to reduce noise fromthe gas
passing thr Rl 806 and escaping nozzle 800. So that attenuators 802
and 804 do not 1 nterfere with the pressure neasurenent of the gas gauge,
attenufdy2s 802 avikilBG4riamse ehbodinasahtatofpthac psesém inventivar Haee theah do

described above, it should be understood that they have been presented by way

of example, and not limitation. It will be apparent to persons skilled in the
relevant art that various changes in form and detail can be made therein
without departing from the spirit and scope of the invention.

[0073] Exemplary embodiments of the present invention have been presented.
The invention is not limited to these examples. These examples are presented
herein for purposes of illustration, and not limitation. Alternatives (including
equivalents, extensions, variations, deviations, etc., of those described herein)
will be apparent to persons skilled in the relevant art(s) based on the teachings
contained herein. Such alternatives fall within the scope and spirit of the
invention. Thus, the present invention should not be limited by any of the
above described exemplary embodiments, but should be defined only in
accordance with the following claims and their equivalents.

[0001] Further, the purpose of the foregoing Abstract is to enable the U.S.
Patent and Trademark Office and the public generally, and especially the
scientists, engineers and practitioners in the art who are not familiar with
patent or legal terms or phraseology, to determine quickly from a cursory

inspection the nature and essence of the technical disclosure of the application.




not affect the friction factor. Further, the surface of attenuator 804
(that is, the area between the holes in attenuator 804) may be roughened
in accordance wth the rest of the nozzle face. Arrows 808 and 810
illustrate the path of the gas exiting the nozzle in an outward direction.
[0070] As is well known to one of skill in the art, a Helnmholtz attenuator
can be tuned to a particul ar acousti2) frequency by selecting specific
geonetric hole sizing, geonetric hole spacing and cavity di nensions of the
Hel mhol t z attenuator The properties of a Helnmholtz resonator (e.g., hole
sizing, holgype a&gls £ Vinted @l& Be 18h%inY AR WEtLEHE BLehdyrdsdie frequency
of the noise to abated. [0071] Sone noise is useful for logic
correction wwwmhmnﬁeﬂdbank | oops, such as noise caused by tenperature
fluctuations or noise caused by the electronics -19- of the system and
shoul d not be renpved fromthe system O her noise, such as noise caused
by increased airflow, needs to be renoved. Once the frequency band of

noi se to be renoved is determ ned, the dianeter of holes in the plate of
the Hel mholtz attenuator, the spacing of the holes, and the cavity depth
are designed so as to renove noise at that frequency band. If nultiple
frequency bands are to be abated, nmultiple Helmholtz attenuators nay be
used. Alternatively, a single Helnmoltz resonator having nultiple
conpartments nay be used, where each conpartnent is optimzed for a given
frequency band. Conclusion [0072] Wile various enbodi nents of the
present invention have been described above, it should be understood that
t hey have been presented by way of exanple, and not limtation. It will be
apparent to persons skilled in the relevant art that various changes in
formand detail can be nade therein w thout departing fromthe spirit and
scope of the invention. [0073] Exenplary enbodi nents of the present

i nventi on have been presented.




The invention is not limted to these exanples. These exanples are
presented herein for purposes of illustration, and not limtation.

Al ternatives (including equivalents, extensions, variations, deviations,
etc., of those described herein) wll be apparent to persons skilled in
the relevant art(s) based on the teachings contained herein. Such
alternatives fall within the scope amdl spirit of the invention. Thus, the
present invention should not be limted by any of the above described
exenpl ary enbodi nents, but should be defined only in accordance with the
fol |l ow ng chaHas BOLAED Iequi val ents. [0001] Further, the purpose of the
foregoing Abstract is to enable the U S. Patent and Trademark O fice and
the public generally, and especially the scientists, engineers and

practitionens inAhgr gddgeMeﬁﬁﬁg Baistdnadtd dtdbjwdt tddmppRingnt or |egal terns
or phraseol ogy, to determne quickly froma cursor i nsSpection the nature
and essence of t l4e2as eunphy Baterdeandizasdrie sepply Agauppdi cati on. -20- The

Abstract is not i t pmdti c pr esent
i nvention in any a&égﬂg%g‘?l&\/@%‘é k@s&&%@e*&&%ﬁaiﬁﬂg?? gd%%g% for sensing
a di stance fgas #6mah¢ gatsupslgRpPsteBito g space d@aBedbydben thy sbene gahthegured to

supply a gas;. and a nozzle coupled to the gas supply system and arranged to
supply the Obtﬁt;fromthe gas supply systemto a space defined between the

nozzl e and the '&%ihegagglﬁﬁg{g}ggngg%ﬁg | (% Sﬁéﬁ%ﬁggvégvﬁ{hraanged to supply

the gas with a F ow r corresponds to In a transitional
regi on bet wélew lagnthataontiponwdatod: fiaw buk eatsifidrairegdniictwéedndampace bet ween t he

nozzl e and the ohject . The _ ai.r gauge of claim1, rei.n the nozzle
conpri ses an® Lﬁ“ﬁﬁ?r%f@%&o‘ﬁ% i Sgﬁ“'te eévﬁeeé}rt*“? ?‘?%}E’f@m@?ﬂﬁfi?i ng the gas to
t he space between the nozzle and the object.

2. The air gauge of claim 1, wherein the nozzle comprises an output face

provided with an orifice for supplying the gas to the space between the nozzle

and the object.

3. The air gauge of claim 2, wherein the output face comprises a surface
irregularity configured to increase a friction factor of the output face in an

outward direction from the orifice to an edge of the output face.

4. The air gauge of claim 3, wherein the surface irregularity on the output

face of the nozzle includes concentric rings formed in the output face.

5. The air gauge of claim 3, wherein the surface irregularity on the output
face of the nozzle includes concentric rings protruding out from the output

face.

6. The air gauge of claim 3, wherein the surface irregularity on the output
face of the nozzle includes at least one of a plurality of hemispherical

depressions or a plurality of hemispherical protrusions on the output face.




3. The air gauge of claim?2, wherein the output face conprises a surface
irregularity configured to increase a friction factor of the output face in
an outward direction fromthe orifice to an edge of the output face. 4.
The air gauge of claim3, wherein the surface irregularity on the output
face of the nozzle includes concentric rings forned in the output face. 5.
The air gauge of claim 3, wherein the23urface irregularity on the output
face of the nozzle includes concentric rings protruding out fromthe output
face. 6. The air gauge of claim3, wherein the surface irregularity on the

output faceg.of tihe airgzakeof Ngihlides2 avhdréiashie %}Hﬁ@uﬂﬂ & flanipad td y of

hem spheri cal _depressions or a plurality of enisp%erical protrusions on
the output fHRRlY thexs ata ﬂWéatﬁithatgauewoags te12dpeal Regrold's njgmbeei n t he gas
supply is ang I . | esponds to a
| ocal Reynoﬁggggﬁ%%%g$aﬁﬁpgﬁgﬁh$ﬁ§%ﬁ§¥ﬁ?%§§ dgﬁgbg%ﬁg%gﬁkyﬁﬁ@%ely 2000 and
2100 bet weeradetand ohet ghye¢ct. f ace and the object. 8. The air gauge of claim1,
2, or 7, wherein the gas supply is arranged to supply the gas at a fl ow
rate that corresponds to a |ocal Reynold' s nunber |ower than at |east one

of approxi mgt el y 4290 208k HIAnPELWBLN &ﬁlﬁ?eiﬁ‘tﬁeo%% supfi§ & @Rfhobd® Obj ect. 9.
or 8 the g

The air gauge of claiml, 2, 7, , wherein as” supply system
provi des gasupmy Sesgas hea Jowpute tha cerretponds tbaviocah Reynold'a nnmbge of

appr oxi mat el 00 standard cubic centinete r mnute to approxi mately
3000 st andaddverdi o i deBpe b atd S Santedithe gh@yE ot el arm 2
wher ei n theﬁgg@@gkhgdgk%tof the nozzle conprises: a surface of the nozzle;

and a washer forned with a set of surface irregularities and coupled to the
surface of the nozzle.

9. The air gauge of claim 1, 2, 7, or 8, wherein the gas supply system
provides gas across the output face at a flow rate in a range of approximately
3400 standard cubic centimeters per minute to approximately 9000 standard

cubic centimeters per minute.

10.  The air gauge of claim 2, wherein the output face of the nozzle
comprises:

a surface of the nozzle; and

a washer formed with a set of surface irregularities and coupled to the

surface of the nozzle.

i1.  The air gauge of claim 1, further comprising a noise attenuator located

in the nozzle.

12. The air gauge of claim 11, wherein the noise attenuator is a Helmholtz

resonator located on the output face of the nozzle.

13.  The air gauge of claim 12, wherein the surface of the Helmholtz
resonator has a surface irregularity that increases a friction factor of the

surface.




11. The air gauge of claim1, further conprising a noise attenuator |ocated
in the nozzle. 12. The air gauge of claim 1ll, wherein the noise attenuator
is a Helmholtz resonator | ocated on the output face of the nozzle. 13. The
air gauge of claim 12, wherein the surface of the Helmholtz resonator has
a surface irregularity that increases a friction factor of the surface.
-23- 14. The air gauge of claim 11, ~d%erein the noise attenuator is a

Hel mholtz resonator |ocated on an inner wall of the nozzle. 15. A nethod
for sensing a distance to an object froma nozzle, conprising: providing
the object wit hi Thaagasiy diethimangehefeidt the nbiee att@iuatnis 2 Hepgloyizng a gas in
a space between the nozzle and the object; wherein the gas is supplied in
the space wreshnaiorlpgafied on an omgt WelbptBeperde to a flowin a transitional
regi on between | amnar and turbulent flow 16. The nmethod of claim 15,
wherein supplying a gas conprises supplying the gas across an output face
of the nozzle provided with an orifice for supplying the gas in the space.

17. The method of claim.16, wherein supplyin as further conprises
suppl yi ng t he gaéraﬁtﬁﬁ gorée%séﬁg‘%@étap?er‘g’g"ﬂlog’ﬁ%’i so’g‘rf”f"r?é{eout put face of the
nozzl e, \M¥%§%ﬁ§ﬁge surface irregularity increases a friction factor which

increases a pressure drop along the output face in an outward direction
fromthe orifi ceprovidiegthedgcowithina roesspung fangeof thg noF4le andt hod of claim 16

or 17, wherein su ing a .gas furither onpri ses; . supplying the gas across
the output face %L?Pi%ég g_ﬁ?s Igﬁagcen}bef‘g?e&,tﬁe%@heeﬂﬁltpﬁg%gﬁ put face has
concentric ringswhekiPde iohs i REpRIEIRY thefsPER with a flow rate that

corresponds to a flow in a transitional region between laminar and turbulent

flow.

16.  The method of claim 15, wherein supplying a gas comprises supplying
the gas across an output face of the nozzle provided with an orifice for

supplying the gas in the space.

17.  The method of claim 16, wherein supplying a gas further comprises
supplying the gas across a surface irregularity on the output face of the nozzle,
wherein the surface irregularity increases a friction factor which increases a
pressure drop along the output face in an outward direction from the orifice to

an edge of the output face.

18.  The method of claim 16 or 17, wherein supplying a gas further
comprises:
supplying the gas across the output face of the air gauge nozzle,

wherein the output face has concentric rings formed in the output face.

19.  The method of claim 16 or 17, wherein supplying a gas further

COMpIISEs:




19. The nmethod of claim 16 or 17, wherein supplying a gas further
conprises: -24- supplying the gas across the output face of the air gauge
nozzl e, wherein the output face has concentric rings protruding out from
the output face. 20. The nethod of claim 16 or 17, wherein supplying a gas
further conprises: supplying the gas across the output face of the air
gauge nozzle, wherein the output fac2thas at |east one of a plurality of
hem spherical depressions or a plurality of hem spherical protrusions on
the output face. 21. The nethod of claim15 or 16, wherein supplying a gas

further -~ conpri S%ﬁp%ﬂ@'th’ég&abfb@s gRuGlut Fack lo@Whe At @b abzAQr responds to a
| ocal Reynol d's nunber higher than at |east one of approximtely 2000 and

2100 bet weerhardia thaautpnt fdcdes gensentie rsfgh seatrude our remmtge kBPubf cl ai m 15,
16, or 21, vi;heerei n supplying a gas further conprises supplying the gas at
a flow rate that corresponds to a local Reynold's nunber |ower than at

| east one of approximately 4200 and 5100 between the output face and the
object. 23. The nethod of claim 16 or 17, wherein supplying a gas
conprises: Supplemethofeolsiaimidd gdy. yhastnawrhaiemepsiitthera set of surface
irregularitigs.gdded to a surface of the nozzle. 24. The nethod of claim
15, further COR‘DI’I sing: attenuating, in the nozzle, noise produced by an
ai r gauge. 25. TFugplymp ticdgasfcokaihmodtut fdee véihe aatdaapeiadiziegy noi se conpri ses

attenuating noi se_usin | mhql t z respnat or, | ocat ed on gn output face of
the nozzl e.qu%U t@@“‘%ﬁ%ﬁ?%@geﬁ oY %farrﬁ?l?@[il 0 ,mlWJi’@Fl‘é?f}n attenuating

- noi se furth@epressions or a plurality of hemispherical protrusions on the output face.

21.  The method of claim 15 or 16, wherein supplying a gas further
comprises supplying the gas at a flow rate that corresponds to a local
Reynold's number higher than at least one of approximately 2000 and 2100

between the output face and the object.

22.  The method of claim 15, 16, or 21, wherein supplying a gas further
comprises supplying the gas at a flow rate that corresponds to a local
Reynold's number lower than at least one of approximately 4200 and 5100

between the output face and the object.

23.  The method of claim 16 or 17, wherein supplying a gas comprises:
supplying the gas across a washer formed with a set of surface

irregularities added to a surface of the nozzle.

24.  The method of claim 15, further comprising:

attenuating, in the nozzle, noise produced by an air gauge.

25.  The method of claim 24, wherein attenuating noise comprises
attenuating noise using a Helmholtz resonator located on an output face of the

nozzle.




conprises attenuating noise using the conbi ned use of at |east one snubber
pl aced at a strategic air gauge flow turn and a Hel mholtz resonator |ocated
on the output face of the nozzle. 27. The nethod of claim 24 or 25,
wherein attenuating noise further conprises attenuating noise using a

Hel mhol tz resonator having a surface irregularity that increases a
friction factor of a Helnholtz resonadr surface. 28. The nethod of claim
24, wherein attenuating noise conprises attenuating noise using a

Hel mhol tz resonator |ocated on an inner wall of the nozzle. 29. The nethod

of clai m 15 2ewhergein&HRPbHlAeh 2 &5, GERI SenusMiid@thaas at a flow
rate in a range of approxi mately 3400 standard cubic centineters per

mnute to apPRPKSeAlEhYatDEOOissmaing shaicambined werf ahlsestiose praubbai nut e, 30. The
met hod of Cﬁﬁ%ﬁh%?%g%%&$§5?§%§§§%%+gﬁg@g%%%@ﬁﬁ%@@h%&%a@ﬁﬂﬂk%h% a gas flow

sufficient t0 Crea 6Ca Ween € nozzl'e face and
t he obj ect tthabutgeiteceadfake Rodzteansi tional flow regi ne.

27. The method of claim 24 or 25, wherein attenuating noise further
comprises attenuating noise using a Helmholtz resonator having a surface

irregularity that increases a friction factor of a Helmholtz resonator surface.

28.  The method of claim 24, wherein attenuating noise comprises
attenuating noise using a Helmholtz resonator located on an inner wall of the

nozzle.

29.  The method of claim 15, wherein supplying a gas comprises supplying
gas at a flow rate in a range of approximately 3400 standard cubic centimeters

per minute to approximately 9000 standard cubic centimeters per minute.

30.  The method of claim 15, wherein supplying a gas comprises supplying
a gas flow sufficient to create a local Reynold's number between the nozzle

face and the object that generates a transitional flow regime.




