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Abstract

This special project has a purpose to design and construct a measuring
instrument to control the flow of Nitrogen Gas. It is a tool that automatically selects
or controls the flow rate of Nitrogen Gas. Normally, gas flow control for an oven is
rough. Therefore, it cannot specify the clear value of the gas flow rate in the
experiment. So, the providers have designed and built a flow meter to control the
flow rate in order to keep the flow rate constant throughout the experiment. The
creation of this instrument has used Arduino UNO R3 Microcontroller, which has a
wide range of functionalities. This measuring instrument uses the Arduino UNO R3
controller in 2 parts. Part 1 controls stepper motor for controling the flow rate of the
valve. Part 2 is for reading value to show on the display, which is the result of
Differential Pressure Sensor (SDP611). Both parts will operate only when the gas
flows through Differential Pressure Sensor. The sensor can measure the differential
pressure and receive - send value to command stepper motor rotation by
connecting to the valve.

Keywords : Flow rate measurement, Bernoulli’s theorem, Venturi tube,

Differential Pressure
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2.1.1.2 anunuuty (Density,p) Ao TdlunisAurumamudurasvasiva
 9ala9 lnganuriwduuiueni aneysung

2.1.1.3 Auuile (Viscosity, 1) A9 ﬁmauﬂ'ﬁmsﬁmmim?ﬁauﬁ%waﬂwa

2.1.1.4 mu$ (Velocity, v) fie azduisudsfidvuanginssunisivaves
vasluatandululudnvasle ndnfe Wemnudiadeveswedvaduluegiadng 151ee
Bunnisluauuuiin nslwauuusudeu (Laminar flow) San1slnauuundsiasnuidiuiu
Hudauun efnsinawuuduthuiandumsivaiifizuuouliuiuen

2.1.1.5 $1wauansdluas (Reynolds Number) Ao \Jutaadwiiiduenanin
Usingnisainisivavesuedlva Jududediuves inertiaviscous auauwausdluadasilin



Fuegiumnuiinisiva anuvile auadudigudnansie wazAuvuIkLLTaIYelya 151
anadlsunuduiudaananldidu

o))y
©

Tuaulausdluas (Reynolds Number)
2 =

AU RAYeINISIYa (M/s)

duriugudnannieluvie (m)

AUUILLuYasedlua (ke/m)

Aamiinvesasiva (ke/ms)

o o©

T o og <P
(6]

Ik D Ik Db

©

Fruuavsdluaslifiviiag waslianudidyedrann nanfe Swiuavilddu
fuuaguuunisivaveswaslwadnluwuule 1y

Re ag’lmhq 0-2000 aﬂ"lWﬂ’lil‘lﬁﬁLﬂULLUU Laminar Flow

Re agflutas 2001-4000 anmmstuaidunuy Transition Zone #a fnsivia 2
WUU AB Laminar + Turbulent

Re 11171 4000 anawnisvalliuwuu Turbulent Flow

Velovity Profifex

- s ;
N 7¥) 3

o L8

g ] |

g 0.8 \

£

g Bin.

2

% o.%

5 Emns “Frisbad,

w2 o4 10? | aooa 0% 2 a w2 4 1*

Pipe Reynolds aumber R,

gﬂ‘ﬁ 2.1 Velocity Profile veemsiva [4]

Tunsainvedlva Tuadwislaglinisinaiduwuy Uniform flow é’qgﬂﬁ 2.1 dlefiosanda
LansEnuaseavtanui Tunsdlvedlvanietiy ssiinansznuanusadou Famldindu
Boundary layers 41 nslvaludieiiesiuvmeniiu 2 daudaau idenszegmafivasiva
Tyaid131 Wugae Entrance length, Le nd9a1n9298 n1sluaazideuduuwuy Fully
developed Fsmslnalugasil audregldduuisuudasiuszesmemnuunnisiva ()



2.1.2 msluaniglu (Inlet Flow)
2.1.2.1 nslwathsudhiunisiwauuuiamndad ‘
mslranuunsluiissnaniduuniasfunisivediesdesdivesinalva
wiudaiuandlilusuit 2.2 () Wldnsivafiiideseinmeguuunislivasesiodiduvions
‘Lwawmﬁ'ﬂwﬁaizmEJ‘tif']ﬁﬁé’ﬂwmzaé’mﬁmmlﬂugﬂﬁ 2.2 (1) Funazdennisinaly
Snvafigesiindunsivauuutends (Open Channel Flow) [1]

(m @)
sU# 2.2 uansdsmslvanuy (n) mslvaluvie (1) msluauuutionda [1]

naslvanvunisluilaninnisivauwvadu @esaniazienisivanuu
swi3eu wavnsivawvutiutau nasinaludassessnitenisluadniazuuusiudeuiu
anmznismauuiuiuezdeniinislnatuudiede (Transition) §nwarnislnaniaes
anmegnuanslily sui 2.3 (ile u fe mmﬁaqaqmaamﬂwauaﬂ%ﬂu‘uauwm way t Ao
an) wassusSaafidushnvunanmaznsivatfesausdluad (1]

u\\ [l

(n) ()
SUT 2.3 uanstisannigmislvauuusuGsuuasiuutiudou [1]
(n) MsivaluunuEsuasilaz liawa
(2) nslnanvuiuluasiuay lineh

lutsFudurouiivedivasslnadngvioturedlvaiiyuseauiegly
dnuauzarhiaueuazanideululiiuloa (no slip condition) avilvivadlvaiilvalingradas
anauiasviAuguiinivewensliAnduguiesautuua Ui
eimunTumLAIMUYE T UYE LR (Boundary Layer) ARnTuvunTaviesunsziiaiiedu
voulilnduaudeavudufidumisd 2 lusuil 2.4 trsvesmslvanndumisd 1 82 98



= o | o . al | Il &
iSoninthanishualugiuyid (Entrance Region) uaziienAnuavesvislunisinatieilin
ANV (Entrance Length) [1]
2.1.2.2 nslyafimuini (fully developed flow)

2 ! o = R =t ] 2 o d d o

Wunslualugaeainsumiiad 2 fs 3 Fagusnanuiiaeiianiiied
nswWasufirnwesiensaildsuruinvasvieniedisvedinaluanugunsaingiguines
aruidavesmslvassideuanginauiwesnislvaiiianfuiluuesfeddssazaas
viotnanilaiiagsiliussveseudimideundatlundugannznsivauuuiamidaunn
Asaenukansliluzuin 2.4 [1]

\ _— — — g " %
/ " e §f
PR, T PIEUY ST SO SRR, Ty - S—
€y 2 ©)
= = 1 k2 =1' o @ W s 2 o
E‘U'VI 2.4 LLﬂﬂ\?ﬂ\?ﬂqﬁlﬁi‘ﬂ:u&ﬂu‘ﬂqL“U']ﬂ']'il‘lﬁﬁﬂﬂ"mﬁwGl]u"-LLagﬂqilﬂaLLUUWWUWLWNW 1l

ATAIINETBIENUYITIBARNUAla s ANE LR USHalUT [1]

;o VD o \/es a
5" L gV dusunisivanuusiuseu (2.1)
u
A .
% =4.4(E~Y—Bj Fmsunisivawuutuliu (2.2)
L

Tngfien L, AsArmuenindn ¥ iluienaniiedevesnisivaluve

2.1.3 m3Inansanstua (Flow rate measurement)

mmimLLﬂagﬂLLUU"uaqmﬁﬂmﬂmmmamumaaﬁuﬂmaﬁéfaamﬁﬂlﬁ 2
JULUU e veeute uazvedlva (veuvaiuasfive) (6]

2.13.1 msianisinavesmeuds fitoulainmewdsiidesnisinnslvadesd
yuaLazIaflnalAswsewingy Wy wiasuiie v3e e vnsus Wusu 195msTauianie
dhuinvesvasudsiamiena viansinsasnisivaidenandetimiin (mass or weight
flow rate: F=pQ, kg/s) Ing@Anannanumuiuiudenavoseaunds (bulk density : kg/m?)
wardnsnislvalislSuimsueswaaunds (Volume flow rate : Q, m*/sec)

2132 msfamsivavewesiva wlassammudnuarnsiuvesaiodle
fnoondu 2 Uszinn Ae n13¥anisiuaidsusuin (volume flow: V, m®) lunils
2131 (time: t, sec) ¥38n15IMEATINITIMALTIUTNINS (Volume flow rate: Q= V/t,
m?/sec) wazn1sinsnsnisiva (rate of flow measurement : Q =vA , m*/sec) A5



Anusivasvadiua (flow velocity: v, m/s) Alwasuiufinise (cross section area: A,
m?) fegradu TwmesTanisluawsiinluiauieineslul (Turbine flow meter) Sauiu
iestlatanislvadsUsinadsiaulneefemsiausuameslvadilvadiuaiediotaade
sorladlunilstnna

wonani mysanislraduiimudnvasmsivaldsendy 2 Ussinnie [6]

1. nmstanisivavesvesinanisluveszuula fedregunsalinnisiva wu
wHuee-3Wd (Orifice plate) Walaun3 (Venturi tube) ua9i&ia (Nozzle) lsniiinas
(Rotameter) wouillufiwasuuurnainarudou (hot-wire anemometer) e3asilaanisiva
siinautLivEn (Electromagnetic flow meter) w3asiiatanislwaviawmasiugl (Turbine
flow meter) 1A3asilatanslvasiiadansilaiin (Ultrasonic flow meter) a3ssiiatansiva
\Wawnavialasleda (Coriolis flow meter)

2. msianisivavesvaavaiwuuansiede @y asivadiuvinuy (Wier) uag
nmslvasiuaenen (Flumes)

2.1.4 vdnn1svanasasiiatndnmnisiva

nsidenldiedesiiatnnisaldmuizauiunisidan venandesdisdaan
yaun3ediladn (Instrument) ud1 ArsFilsdvasrusynoundndudie iislaieafiotn
waniuanunsaiaildegiaduUseansaam fetugnsissusiugt (Accuracy) uasiiaim
dndedeunilan ssdusznauiimsimsan 1iua (6]

1. guuuuvasnisianisiva

2. afiauavaudfivesedlnaiifieanisda arsinsanandinianeniniiddy
YBIAINAN LU ANUNALILUY (Density) Anunda (Viscosity) A11N@IN150lUNISoRA2
(Compressibility) mMsviiUfATeLATl wagarmiuigns [Wusu veslnausasyiindldau Ui
wanstsfuLage1uUasunlaiogumni (Temperature) wSoA2116TU (Pressure)
Lﬂé"ammaﬁuagiﬁuamu:fuaaﬁuaalwa Fadutldudsalunsdenldirsedotn

3. dnwagmsivavesedlvauala 2 dnwue fe nistuawuusiuiFeu (Laminar
flow) waznisbnanvuiutan (Turbulent flow) Rvasanliaiadisiiansdluad (Reynolds

number, Re) F9idudariuanimnuduiusssuinauifvesveslnaiiidsuniasluniy

D

gamnil (Temperature) wazaausu (Pressure) lolA ALY (p ) uazAumila (p)
Auswewedlva (v) Alvanaluvie wasvwnadusuaudnatsesia (D)
4. YSununisivavasvaunainislunessuute daanaisantalsununisiva
1 U dl' A =} ar =Y 1 2 H = 1
neluviede esanaIssilatanisivavasdalianuisateveavainiusuianisivall
=3 1 2/ 1 2 & o 1 < 32 [~ 94
wuviald Wiy iesesdioTanisivastinauiuutindn (Electromagnetic flow meter) Wusiu



(n) (%) (@)

JU7 2.5 feggunsalinnisluaviiammee (6]
U n) vieluys ) Ueulda ) WHueed

fnodinsnnsinaiinansUszinniileuldde Orifice uay Venture fimasit 2
wuu Fheulnelindnnisaniuiivirdnvesnisivasilianmiruesnisivagadundouiy
auuTlanas Audiussyinauiufianacuazausafiitu i lnaeduuunde
WaNUBIVRINTIREAT NS IV (4]

Upstream pressure tap Throat pressure tap

PO e . 3 S

e £ N3

fAbnuM~“" 5 16 15°

D Elow in@ Id @FLOW out
b= ST

JUT 2.6 lassadauazanuazmsinnavisluysnigluvie (6]

nstanasivadevenuyilimaududadu (Linearity) Arauiisanse
(Precision) wagAIuuaUET (Accuracy) gandinasinnislivamisuduesiila lngvisliuy3
aunseliianisivavesvedivaliluynnsdifiuiuseiiainls saufianunsaldoniureslva
fflansurnuassdzdulilaglifinnsgadu uananddddinnisivaiddsasmsivagls
adalsfinnu vevuyidsmaeudiauns n1sAnRakagnstaaisvildsndleFeuidioy
Fuudueesila Tasiawratghadinsindemeluienfvunadn fadu TnevluFaiealiviony
mﬁﬁw%’umﬁﬂé’ms’]ﬂ'lﬂ‘lﬂa’[,uviaﬁﬁﬁumm’lmijhﬂgu [4]

2.1.4.1 Orifice meter
Undezinsalisewirsviedifvaslualuarinu uagsh Orifice meter agldwih

LL‘LJauﬁ'ﬁgﬁﬂﬁy’ﬁl”ﬂmEJﬂﬁLLmﬂ"L*’iideﬁanu Orifice WiavhlvAnufiuanauazianztos
iiede port Saausudinnadiuazesnveswsiy Orifice [6]
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&

Fi
..2.&‘ uuuuuu o Foz - —-

1 55 D.ab A
: D,

Q=

U%‘f’i 2.7 Orifice meter [6]

2.1.4.2 Venture meter
agldwdnnisiiaiuus Venture meter gnaanuuuniitoanAumili

anduludesian Tnanseees anvuinntinvie LazrAssugeviidiaviessn (4] Aegl

Convergent
i Cylindrical | eatrance |Throal

irlet
i

4
s

Relative prassure drop

Figliola and Beasiey (2001)

g“lJ 7 2.8 Venturi meter [6]

AUNNSEMSUMUIIMNERSINTIaUaY Flow rate measurement
IngUssgnauanaunsvad Bemoulli

2
L3 +_‘+Z L3 +—2 v; +Z,, (2.3)

pg 2g pg 2g

g Assume
1. naluwuueu Z,=2,

2. voslvanadnlalasgninegn 1 8a 2
3. mMslvaraiiios Q=Av, =A,v, (2.4)



AUNSERSINS IWanY Orifice, Nozzle Wag Venturi [4]
nn Ly=Z,

}?’+—pvl2 =P +_----p"7-’-2
1 2
2

2
0 (2.4)
Al
Wy = el
AZ
wnulu (2.3)
970 (2.4)

We  P,-P AB  wasamueu Pa
ALA, P funvthdaie m?

P An AnunUILULYeIAY ke/m?

Q,,Q, Aa dmsnisluaileain Orifice, Venturi audnsiu

11

(2.5)



12

MIIATISTEALTIOULIATDIIDTASRIINSIVA Venturi wag Orifice meter

210
Qactual = CQo,v (2.6)
avle Factor
Qactual
CQoy = —— (2.7
QO,V

2.1.5 naf19u8IANaY (Differential Pressure)

Har19wBInNeY (Differential Pressure, AP ) [7] ilufanuuaninsvasal
fu (Pressure) seurinsqndasyn Sanduguéifionmuduiivasgaiiinsidsinty shagrenis
Uszgndlfnu iy myinanuduianmaiiofuamadnsinslva (Flow Measurement)
viomsTaruiuuand s umlassundeaianseafioyssaiiiuengnisldau wndld
AL ARy iAsanysnAndneTisansesnn s

n1singnsinistnadigviatiuyienfenannisinaiuauLnnmaig (AP)
[5] sewinean 2 eitvadlvalyaii wazdnnamardasimsivalaldvnuvesuusyad
uienfunisiansinaaeusiueeiia (Feaunis) Inesumidunisindsgainaimdy
F150090 2 gafidaanufuuanseiuniign Tufe ifluaduiugudnanweie
nuyEluitan (D) uazaafifauaduiududnansvewislauyiidniign (d) (Ui 2.9)

Q=K+AP

e K fe Apeiivewienazadnasuadlvna (m/s/psi)
AP fia manuduuanaeszniegesaageanivadlualuaiiu (psi)

2.2 AMUAUUTIEINA
“AUFUUSTINNIA e (3] AnvetusiduenAdeniiohefuil” lunianensal
DINTF IREAAIUAUDINIFI AIIUNABINA
pimaierulaniFonit viTeInia usseneiiesilaniiaumunUsyanas 1,000
ﬁiagmsu-ssmmﬂ%’juﬁwm sefiVSnamawfaiidudiulseneurasoniAuininus TN
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Y v
s s

Fuuy ?jdgﬂ%‘lﬂﬂmﬂ’]ﬂﬁ]zgjﬂL‘U’]‘U’Naﬂ waziilasninomiadivmin dsdudmineimeaneag
wuiuialan FliAnuseduenidnsyyinseuialan ‘,

wseiuenAfinszyhseiud 1 msrevhe Fendt mnuduusssniavieaiuna
omeAnuduiesamimine nafiegimiefialan Bondn mnufuusseImeA

Ay naiiseduastuly 1y vusenlvigeq fanudueiniatesning
seuiinsia uenani auwazgamgdfiduanmeivilfanufueiniafidudeuudas
2INATUTIAUNNAAN doomaAgniusaliivsinnsdosatuasiinnufuiniu e1nie
wneduileldsummdoulazuadaiilemeanuieu

AUAUUTIVINIA = 76 LURLATIaIUTaN

= 760 daguasvesusen
= 1.01325 U3
=101 x 10 N/m

QII 1 1 L7
AN 2.1 AT NLARINUIYAN T VBIAUAY [3]

Convert from

Atmosphere to:

Correlation

Formula

Dyne per

(square centimeter)

1 atm = 1.01325 x 10°
dyn/cm?

Dyn/cm? = atm x 1.01325 x 10°

Millibar

1 atm = 1013.25 mbar

mbar = atm x 1013.25

Bar 1atm=1.01325b b =atm x 1.01325
Pascal 1 atm = 101,325 Pa Pa = atm x 101,325
hectopascal 1 atm = 1,013.25 hPa hPa = atm x 1,013.25
kilopascal 1 atm = 101.325 KPa | kPa = atm x101.325
megapascal 1 atm = 0.101325 MPa MPa = x atm 0.101325
Torr 1 atm = 760 torr Torr = atm x 760

Millimeter of

mercury

1 atm = 760 mmHg

mmHg = atm x 760

Inch of mercury

1 atm = 29.9212598 inHg

inHg = atm x 29.9212598

Millimeter of water

1 atm = 10332.276

mmH20

mmH20 = atm x 10332.276

Inch of water

1 atm = 406.782519 inH20

inH20 = atm x 406.782519

Pound-force per

(square inch)

1 atm = 14.695948798 psi

psi = atm x 14.695948798
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2.3 a1glu

Arduino (81u1 81-9-8-T4d ¥ 019ely) Wuveialulasaoulnsiassnsna AVR 7l
N1IWAUILUY Open Source ﬁaﬁnﬁﬁﬂma%’ayaﬂzqﬁm Hardware wag Software 67
vesn Arduino gnesnuuualilfnuldine feduamnedmiugFudune daidfldonud
annsasaulas Wiy Wawreseaaivesa wislusunsuselddndae [10]

A21U418909UTA Arduino Tun1saegunsaliaiusneg Aegldanuaiuisnmesas
sidnnsedadarnmeuenudideusoidiuniivl /0 vasuasa (@ﬁaaamgﬂff’; 2.9) W3aLile
ANUAzMmINENTaLdenfanUUDIALESH (Arduino Shield) UisLﬂwﬁhaﬂ(@ﬁ"ﬂaeﬁNgUﬁz.Q (%))
L% U Arduino XBee Shield, Arduino Music Shield vJudu untdeuduvuesauu
U937 Arduino Wadsulusunsuiauisaleias [10]

(n) (%)
U7 2.10 (n) vasn Arduino siefu LED (1) uasa Arduino fiefu Uasn XBee Shield [10]

2.3.1 yauivinliuasnanglulufiden
$redonsian dsUuvuidsiugiu lidudoussngdmiudisuny , § Arduino
i i A LY S [] 2 i7 o [ [
Community. NANAUNTINAURALNTIUDLLY, Open Hardware Yilvigldanuasativeaialude
posldauldvatssu, Cross Platform anmunsawamalusunsuuu 0S Tafla [10]

2.3.2 sduuunsideuldsunsuuuenglu

5UT 2.11 sUwuunsdeulusunsuuuenglu [10]
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2.3.2.1 @gulvsunsuvuasufiames drunislusunsuanglu 1efd (Arduino
IDE) Feaunsaaniluaaléiann Arduino.cc/en/main/software

2.3.2.2 ndanideulfalusunsuiieviosud iglduifensuuainenglu 7

l9uagwuneay Com port

©  Arduing Uno
Ardaino Duemilancve w/ ATmegal2
Arduing Drecimda o Duemianove w/ ATmegaléd

= J| - Aduing Nano wi ATmega3s
e Arduing Hanc w/ ATmegals8

Arduine Mega 2560 ¢ Megs ADK
Ardhuino Mega (ATmegal 283}

Archive Sketch
Fix Encoding & Reload

i
Serial Menitor Ctri«Shift+M |
Board o —
Serial Port i COM33

Programmer *
Bum Bootloader

gﬂﬁ 2.13 \Gonuuieiay Comport 903Ua3n [10]

| 7 - ) ; " Y H
2.3.2.3 nelu Verify Wiensinaouninagnieias Compile lAalusunsuainiy
natu Upload Tda Tusunsuludavesneaqlu iumsae USB ieduluaniiouiosudn oz
Y] | h 5 ¢ a o o
wanstoA Nl uT19a1s “Done uploading” wavussnagaaumuilaulysunsulild

o =
NUN

Ied = 13

Sode (lad, OUTIUTYE

gﬂﬁ 2.14 navy Verify Lﬁammaaummgﬂﬁm wag Compile lanlusunsu
Upload Taalusunsy [10]
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2.3.3 Layout & Pin out Arduino Board (Model: Arduino UNO R3)

3.medm ICSP - dwdu USB interface

124SP1) MISO

114SPi) MOSI
104SP)) S8
-Interrupt 0

3nterrupt 1

.,
0,1-Serial

awoin VO
s

| 5weinICSP: Atmega328

=1 &MU Atmega3Zs

A5{120) SCL

gﬂﬁ 2.16 vosa Arduino [10]

Ad12€) SDA

2331 USB Port: Wansusianu Computer iigsulvanlusunsudn MCU uag
elwliuuese

2.3.3.2 Reset Button: Wutlu Reset Minaifiodpnisli MCU Gunisvienilud

23.3.3 ICSP Port: 984 Atmegal6U2 \unesaaldlusinsy Visual Com
port Uu AtmegaléU?Z

2.3.3.4 1/0 Port: Digital I/O #ausien DO Fs D13 wena N U Pin Azvintindl
Jue WisRNEE W Pin0,1 1uan Tx, Rx Serial, Pin3,5,6,9,10 wae 11 1uwn PWM

2.3.3.5 ICSP Port: Atmega328 Wunesnilalusunsu Boot loader

2.3.3.6 MCU: Atmega328 1ilu MCU #ilduuuasa Arduino

2.3.3.7 /0 Port: usnanaziilu Digital 1/O udy Fadsuu deefudynyin
aUNEeN AalAY1 AO-AS

2.3.3.8 Power Port: Tiassvasuasadosaintsdrelnlifuasasneuen
UsenouseuilWiass +3.3 V. +5V. GND, Vin

2.3.3.9 Power Jack: §ulwan Adapter Tngflusafiuagseming 7-12 v

2.3.3.10 MCU: %84 Atmega16U2 tfiu MCU fivhwdifiidu USB to
Serial 1t Atmega328 azfinnadiu Computer KU Atmegal6U2
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2.4 #iuesuawnas (Stepper Motor)
adivwesuewes [11] Wusewesidnsmubuadiy (Step) Wedonszualwiluds
InanTiueguuawADS (Stator) ludnwazfuilad (Pulse)
lunsdifidensaualiinlituuemaumiuvesaivieiuamesnaenafozinnis
wuifismdsaiuriniudainmn b vawadidlodronsyualiiild frewyumuaundtey
nendenseualniili
2.4.1 Yofvesaiuwesuamefiiiaiisuiisuiu DC wainas
1. gnsaldluarumuaudwnidudnumg 1993uguuuuLlda (Open Loop
Control) ¢ Tapitliidasnisdynindeundu (Feedback signal) uendunistusiuiu
vaswatidslumununITIyULNY
2. lilffdhuvesuunadwitawAnmmeuarliinnisaunfafiuUsedudoieielfiin
HRYEUIUTUNIU
2.4.2 wWavaesiuiUasuawmas (Stepper Motor Phase)
ey Sunuremeiitusguuaiamefueneananiusgnidase Tunsdves
wewmeiuuuyilen 2 watusingnazdonduseieoivuia 4 wafinsizunainiifusguy
awinesudagynazdl 2 va Futlannil 4 vnan wAg IS s U inmaTae iy
Hummeaifeuiiigadonsanatsuniiuseuanslusuil 2.21
2.4.2.1 mswumavudsmesvasaauasusmesuuoenld 2 Luuhe
1. mswunuuldaiaduiien (Unifilar)
2. mswusuulgane 2 @uiulueaeiu (Bifilar)

< @ o
U7 2.17 anwagmsnuvaaauuanaes [11]

2.4.3 yilpvosaauasuanas
2.4.3.1 131oida38nuaud (Variable Reluctance: VR)
fio Tsma3 (Rotor) vihvhewmdndeu Junsenssuenuazil \udnume iy
(teeth) awaad (Stator) axdiatawy warasyiludnuvazvesiiuduiu Wedienseualud
TfuvamaianmosasiAndudiivdnifuvesawmmeiuazimioni Ihiluvedswasiia
uthulimdniiitamssiudwiuanne i Wirsgatuiammyuvedaneiiu wewedals
Slasunfaeiivuin 3 wa luuieadienony fe 4 wa vemedadnianlyidronssualniinliiu

149467
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panuuaaes flsimeiozldifnusdgaivanines sewmesvilaillidouh 1Tl uau
gramnssuusazgni Tldfuaufiilvunadn 1w Micro-positioning table Wudu insne
Tiduidundwdnanssuiuluvarlisnenssuali v ivenaafiammes daldiinun s
=5 as s e = 2/ . . o q‘fd 1 8
AenA 75n159U (Driving) waen1snszRuWa (Phase Excitation) 3eMniiae Aauatenu
common WfuurasanglndIuin (+) wdrvinniseindlivatsaiu A, B, C #oadnsig
6o = E% ] [] -;lld 1Y £ 2 w & a € o
(Ground) muddu fazdateuaiin wuliFeuld uwiideenisiivyunduiainddeundu
wazlunisasunaseainilldazldvenaniwewmesviaiian

Commaon

O 1

sUf 2.18 Tassadaiwasuameiziinniedasdnuamduas doydnval (1]

2.4.3.2 Wuukiwdnanas (Permanent Magnet : PM)

= I3 - ] =3 =l I3

Aa Tstmos (Rotor) AI8LInaNa123 JUNTINTLUBNITHY ALALABS
(Stator) 9ilanalany uashavyinduitudedsnszualnirlvdueeainfiawmmesaziiadu
ﬁﬁLLﬁJLwﬁnﬁﬁuma&amLma‘%LLaxﬁ}sﬁqmﬂﬁ’U"ﬁ"meLLzJ'm?mm’nﬁiiLma%ﬁﬂ Tatianismyuredls

o’-g: 3 = ¢=if d:j .:’{ & =Y é’ 1 & o

WasTunanessiaflagazdsudauna 2 inatuliuewmesaintludeun Tulaluau
amawnﬁuumvmnm "Liﬂftmua1Jﬂsmﬂau'mLmaimummmqaaﬁlmwuumaLaauﬂ'svmwaa
Wiosiunt Wudy msgmudas wseded wastananieelrsaiisueeinasuilaivi
lﬁaguwagulﬂmazamﬂ (Step Angle) lilagiBanitu awfivay 3.6 7.5, 15,18 sarludu

Jawmasviatnsluarenszualvvluivasanuuanwmes (Stator ) fals
ImosazIinLsIRegaivamnesduinainsiuisveswumanansilanesiinngulagin
Frunuduumanlswesansa dulaainsuiutwumaniaziiaduainnseualunilvan
MUAAIANELALADTYALAYANT
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HEN

_ STATOR CUP A

STATORCUP B

Ui 2.19 avfiviasuawesyilamasunuuduunidn [11]

2.4.3.3 WUUREY (Hybrid: HB)
fo WudnnisviauresisdasluuuieenuuulagnamneIvzAa1aiu
WUU VR daulsinasazadnawuu PM uaezyi Wuily vewmeiuuviifevldlunugnaimnssy
wsnzusidngennuasidenvesadulunisvugs , A1UEINIIERIRUUNNA UL
4 = dgl =Y = =5 (3 = dl’ WV L Va
vatnasvfiatlasUndasianin 2 W 045 wa wazusinesvdadlatinaswaunTii
UsednSa wileninduludnlaali@ein “Enhanced Hybrid”

. [ Bracket / Rotor f Stator / Flange

gﬂﬁ 2.20 afivilasuawmasaiinlausauuin 5 wia [11]

2.4.3.4 yfinvasaiuilasuamasuunnudnuausa e Nl on o N U9 TIuLUS
2aNnke 2 WUU A
1. wuululwan (Bipolar) veaafianmeiudasynazliifignsiu nseaidi

=

fursastuaglduaeriassiurosunainudazyn nsvibiAntaudivdnfiaminesiildlag
nsanenszudlnanUaeduniisludanedninumilivasuaainuasnisiuasudandvani



20

8/

[

& = v = v & & v & v an e
awmosyatReaiuiifivh lalnsaduiirmenisinavesnszualriiiiuies Asiulsasduildds

o & a v a & 3 = o v 1w W
7\]'1Lﬂum@ﬁﬁqll'ﬁﬂﬂﬂUWﬂW']\iﬂ'ﬁ‘l‘Wﬁ“Ua\‘iﬂ‘izLLﬁlﬂ AsallUuUNBLABS 2 Lwaﬂﬁuﬁqa'ﬂiaﬁmﬂ"uﬁﬂu
1997 4 @

o

= o L3 123 @ I a &
U 2.21 dgyanual lassasnuaraasiuildivusmesiuilulwan 2 wa [11]

2. wuugdlnan (Unipolar) aamaiiaiainesisiayynazilynsiu n1swu
ananas ULy Bifilar nssiowanurastuaslduargvesunaausasn1uaeLiInUINATIU
wazldgesausadiutivanvesunadsingln n1svih BiAndausimniiamnaiii lalaens
Frunszuallnlunasingndinainsnifuiasuasivatefuniavesunaig REIMGIL
5 [ [ ::I L4 = o ;d ] A 4 :!' o =t
PIuslmanaaaiyalaenuinm Taleaasunisiienseudlniianuaniislugdnunnils

d ar 1 f L7 5 s = = d - 70 ) A
YBUAEIN LB ULAMINBTYALAE MY fraursastuTadurasaivndiioyin isienszualn
NNUTAAIAASUNIITLYINIL

nstifuuawes 2 Waasdaeildnaduiuiems 5 visa 6 @y

Current

Uil 2.22 dydnwal Inssadauazasastuildivuamasuuugiilnan 2 wia [11]

&afl
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adliosuemeas 2 waniinisiuaiauuuluiawasienlansunazun
sannfudsuansadondoidunuusiaglagadl

B1 B2/B1 /B2

o s

TU‘V] 2.25 E’iEUaﬂ‘l‘f}ﬂl Iﬂ‘ixﬂﬁi’]ﬂﬂamiﬁz LWﬁWWUﬂ’JﬂLLUUIUWﬁ']LLﬂuLLEJﬂiJﬁ"IEJ‘UENLLG]ﬂ Um [11]

<

A9E19NSABEY

(n)Unipolar Motor () Bipolar Motor (Parallel) (@) Bipolar Motor (Series)
i‘lJ‘V] 2.24 EyyanwainnIeealgwuUnnaT [11]

vawwosTnanesnindmietasinsiumatuuluilanunguliidldiden
selonunuuseuautesuise el lias
2.4.3.5 Tassadauazmsdnsmisiuilsmesvesaiunasueinasyin
lausa

Iﬂ‘ix‘]ﬁﬁ’ld‘ﬂaﬁi‘im’E]‘i’ﬂ"ﬂiuﬂi]‘l.]ﬂ')ﬂtmmﬂﬂﬂ?')‘i'iﬂ‘ﬂ'i\iﬂi‘”‘ﬂﬂﬂﬂ"l LU‘LJ‘W‘N

@

LL‘LI\‘lE]'aﬂL‘LJ‘u 2 ‘nuﬂaﬂjuwamumaﬂmfammua (North Pole : N) LLﬁ%‘Uu‘U@%LL&IL‘ViﬂﬂﬂTﬁ“U'ﬂW

]
1 o

(South Pole : S) ImﬂmiﬂamwuqﬁwmLLumaﬂmfasm’meaammLmumsqw"u (Pitch)
yaaulmdnanstamie Ls,asmsmwhLmﬂqﬂuﬁuamﬁmﬁﬂmﬁmmﬁaﬂauagmmmema
% (Pitch) voauslwmdnanstaldguiiu

i (Pitch) nuneds szpgviaainveaiiuiles 1 lusweailuiosddnly
Tnemsinagiaanvauludweuniagaisnarsluanianansild fiviimbheoduasen Gp) wiedl

1 2 a a 2
wiheuladins, 197 (AueM)
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Hll Pirch
Qif Ser

U7 2.25 Tassadauarmsdnshunisituilswesvesaiieiuaineiviinlauia [11]

=3 L3 € - & (3 4 as & o
afvasuamesyiiamwe suuuduundafmlsmesilugunsanszuen
= 1 s ° 2 a A o v a o o 4 1 <
Souwsifiamnosazin Wudnwazvesily wevih WiAatudmdnnilewatldlnsudsesniiu
aoayn MyNewiilurestuimdnyelaeriidnuuedafomumisiuuinann1nsvald
g uniedefiy (Pitch) veswdmdnanistamilonaznisnsiumisiureaivénnins
TFavilofiazegiidumisnsaiy (Pitch) vaawimanaistalauiy

U 2.26 TAseadauagn1saneundiiuRanmasvssaivilasuawmeas
afiamesunLudLIna [11]

FEAuamswanaiudasou (Steps per revolution) yulu 1 @iy (Step
angle) wagiy (Pitch)

AN Step perrev. = nxmxf
360
Step angle = ———
Step per rev.
Pitch = L
m

do  n Ao sautudimdndawidewasdaldfomeiamnes
(Susunuituiamn)
m fo Snnurestawimanilswes (Fenvntauiie)
f o Ansiivesiduvdamsnsquirtauuusng
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; : 5 i z 1 a . u ik §
n1siadaunvadlsmasazinfauntuaseay i YDINY FIUUAIUITOATUIUN

Step angle lAonTonilegall

210 Step angle :% Pitch

aaagne 195U7 2.21 YszneumsAiuan

/Al Stepperrev. =4x3x 1 = 12 adiv (eldnsiivndul)
Stepangle =360/ 12 @@U = 30 0am
Pitch =360 / 3 #u = 120 94611

Step angle = (1/4) x 120 9971 = 30 89
Tunsvhladivesuenesiidiuiuaivdesauadingiin lnan1snisiiudiuiu
i = o Y & o v
v MtAnduruiumén (Pole)
= o & a Yo o & ar P " VYoM o vaal o a o
fagh Wuitudnqliduiudsiuiiunlames wadildannsounlolassasielaisnisnaeiiuda
wuaduresauhlilnensivaouisdunionsnszsuliuiuy one - two phase excitation
W3001A38NIILUU half step

L3

] & P 2/ v X -
VILLULAANLAUR LLaﬂmmimaﬂMMﬂﬁuu LLﬂSWﬂuﬂaﬁﬁLm LABD9

UM 2.27 InssaSwesaiivesuaimesuilnleuin 2 i
PilTudlfUAeTeU 200 @i [11]

~ ~ 9] v O v Y aw |
1n3UR 2.27 luadiud 1 asdunisnsgduina A dniuszlunaliindniilivedsimesey
Tus wndsanasatus sndaiiuidusimvantmilovesdnnaitiviuigiay 1uag 5 1ian1s
=2 %) = s 1 =3 5 = [ o 1 o L] A < i [ 5 17
fagafululafgafuul wmandiuilovedlsimesoglud undinsanvituinluwivindals
YosdRsImMINEIEY 3 Way 7 iANshsgaiuiuiy 1Tvanglas 2, 6 4 uag 8 fiuvesd-

€ ° a i & = & - 1
inesagyh yuivhanudivdndanilenazldivadlsines Wuyw 1.8 asm uie 2 Piteh lua

2 ) ' v kY s o 1o e

WWuR 2 audunisnsefuia B feiuasfunaliulwdntilfvedsmetegluiumisiingeiy
aundsftudundmdndundovessameitivuisiay 2 uay 6 iian1Ragaiulua
wenfuwivintumilevedsinesagludumisfiessiuiiuiidundvantldvesamno it
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2
s

VueLa 4 uay 8 Len1sRgat Uiy idamvaneay 1,5, 3 uay 7 Huvaanasagyin

a1 1 ) =] 2 ¢ & = 1
yuivnannudmandauvilewasldvedlsines Wuyy 1.8 ase w3 p

Aaeg1e TigUR 2.27 Ysznaumsamuim

WasAwial Step perrev. = 40 x 50 x 1 = 200 &l (dleldidhAsfivinfu)
Step angle = 360/200 @fiy = 1.8 B9en
Pitch =360/ 50 Wu = 7.2 84fN

Stepangle =(1/4)x 7.2 831 = 1.8 93"

2.4.4 33m3du (Driving) w3a3Smanszduila (Phase Excitation) vasalfiuas
uaLnas
nsnsefumaresaiuaiowed Ae msdienseudluinludmeaaiiawmnes
vasusasaiiavih lilawmesmyutiules wissenidy 3 350
1. min‘izﬁuLWﬁLmU One phase excitation 138 Wave %38 Half Drive Juns
nazguirasuu il dlasnsinenszudlnilugs anaonnssasndanuuainne i

A13N71 2.2 N1sszdumELUY One phase excitation %38 Wave 38 Half Drive [11]

Step Unipolar Bipolar
Supply Supply
+V Gnd. +V Gnd.
1 Com. A A /A
2 Com. B B /B
3 Com. /A /A
a4 Com. /B /B B

2. m3nsedumaLUY Two phase excitation %38 Full Step 1Hun1snseduia
wuuihh ldlnensaenszualiilldmemnessasanivaniegindiuuuaininaiasl

99T 2.3 minixﬁmwawu Two phase excitation %38 Full Step [11]

Step Unipolar Bipolar
Supply Supply
+V Gnd. +V Gnd.
1 Com. A,B A,B /A, /B
2 Com. B B /B
3 Com. /A, B /A, B A, /B
4 Com. /A /A A
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17 2.3 (fl9) MINTEAUMELUY Two phase excitation w3 Full Step [11]

Step Unipolar Bipolar
Supply Supply
+V Gnd. +V Gnd.
5 Com. /A, /B /A, /B A,B
6 Com. /B /B B
7 Com. A,/B A,/B /A, B
8 Com. A A /A

nunewe 1.ateedl () Mlglun1sAnmm Step per Rev.
qda{ = Poas 1 aal A = |
WAL uay 2 TAinAU 1 d@wdsh 3 Tawiadu 2

2.5 2749

Tusugaamnssuilagtiu “ad” [2] flumumdadyann Sudumenaiiosiesdinen
Sesillnsanizasdsgivhemiwdemhsmiindnvemdslussuumuauuasivaiian
wthilldun meauazEunsia mssvasdasinisiva uax mstsuuuduyiemanisiva
Tnendaldgneanuuuimaesisiitelhmnefunislfauluniasmsitouddunuided
aUszgnAiu Mechanical Valve faaraimuauiianiinisivavesinavsevaval lnanns
Hausneile

gunsaiazshwienuguUTinanisiua Bandt ndmuaudasinsiva 1dwiu
sasnnsiua (Flow Control Value) utisenlsvaswiassdeydnual sl

1. —=— 778m0Aan (throttle valve)
2. —3X— Mdieanau (orifice valve)

3. —sk— dnemoaluuUsULA (variable throttle valve)

4. —>& . igenauliuld (variable orifice valve)

2.5.1 ¥finves1an il 4 afialugq Ao

2.5.1.1 1787 AUAL (Control Valves)
— Un@ Ungn, Wavwd, Wagn
— mildnuiieuiuviomuaunislveveweanaimiefing
— nmmuaudu ansaeenuuulinuauliie amug,anudy,

U3unau visogaum)il gAkaIusILABInIs

2.5.1.2 & Un-Ue dlugdd (Automatic Valves)
— Und Unan v3e WUagn
— mslduiedngunsalinag senanszuy

2.5.1.3 1én fundu (Check Valves)
— Unf Un w3 U
— mslde iemuauiiemnanislva
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2.5.1.4 2187 AIUANAINANEGIEA (Maximum Pressure Control Valve W4

panwu 2 wiin ‘

1. 38 1né (Relief valves) Wumédadsfousumiildemiaiufauas
vouvan Tnsaginwmuauanudulildmufidaueily wu Fawndivesgunsal lansedn
du (hydraulic pumping system)

2. \¥lA 1dq (Safety valves) undrdlsfeildifu favdelathwin
sBudailedemusuiinals Lz,as%L‘TJmLﬁuﬁ'Lﬁammﬁuqqm’wﬁﬁg\iﬁ 3% 9101y oAy
Fuamasundnd 3 % Jwasla

2.5.2 n15eanluU1a (Valve Design)

TnemludedldZondudiuves 1ér duwmileuty wsznarldeuimiii
wilauiu szuanandulufianiggusrmiin, e, %’agﬁls&’, Fnwgany, musuiinu
19, qquﬁﬁmul@f, witu Tngluwddiudduves 1182 Ao wih 2187 Suldud fad (disc
valve) uaz @w (seat valve) uenantutiudindus avesnuuuilinunganiunisldanu
tue

2.5.2.1 MSMVUATUIAVBNITE

IngunRBenaUTLINUEY pipe W38 tube U 2” pipe = 2” valve

2.5.2.2 sfiavasaendfilddeusaiuvie

1. Wuwuuindeavie (screw pipe thread)

2. Wuwuuriden (utt-weld)

3, dununsluion (socket weld)

4. Juwuunthuau (flange)

5. Wuluvaiugn (swaged)

Tunseenuuunieins sedesmilsiviwioluil iteanuuaenfouazinagnis
Temdlviuuiiga (6]

1. mUAU (Pressure) : TawA AYTUKUN, NNTRBALUY seat, NFaanUU actuator

2. gl (Temperature) : lauA lavig, n15eanlUY seat, denvila packing A3
iR A VE8F7

3. U3u1au (Volume) : lawd aglaninsasrunisivaminls, Snwugnisluvadu
wuule (flow pattern), NM598NLUY actuator

4. nnuRu (Control) : 1ALA DBNWUU seat, 9BNWUU stem,pBNILU actuator

5. vilnvosveslna (type of fluid) : lawn 1, dhafu, wia ot (water, oil, gas,
steam)

6. ansidauu (Purity of fluid) - loun Bewasiiuvewdduvedluaiiozin
&7 ibiianisannseuls

7. anudunsasng (pH) : laun Aseenuuulinusanisianssuvasesiall

8. mMsduvunsiva (Flow restrictions) : Lan n1seanwuy 2187 1Al
Uszansnw
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2.6 \JUDSATINIUNAAINVBIAUAY (Differential Pressure Sensor)

WuwesnTadunaniesmudiu w3s Differential Pressure [15] Aagunsalinaiiy
fuiFouifleuanuduisaesiniy wu duduazesnld enmivaeunsanfiuresEUy
wioly punzgdmiunserisdeunisgaduvesuniunsetenmlusiu

Uﬁ 2.28 1§ ULUDIRII9UNaR19DIA e (Differential Pressure Sensors)[15]

HAR19BIANNAUMIBAMAURTLWELTUTEE - (differential pressure, AP) Fuen
AINBANATIUBIANINAY (Pressure) 5ENINN9AERIIN umLUuﬂuaLmamﬂmumaawmmﬂu
Ay shegmsuszyaildey gy msiasesnsresmnniy ieduamAndasins
va (flow measurement) We n15Tauasnsgsamuiufinumtuaziundwewhnseiie
Uspiduagnasldianu, sonfidenuduisnsnannuansididsanysnindiefidonseann
# [16]

2.7 183 (IC: integrated circuit)

2395524 w30 2995 0mnan (integrated circuit : 1C) muneds [5] 29asninienlalen
NIuUTaAR AIRIUNIU AUAUUTZY LazeIAUTENDUTTAINY 1UsENBUTINAULY
WU TVUIRAN Iui’]aa;ﬁ’uLLs&uNﬁ)iﬁwﬁﬂﬁaaLLﬂJu%ﬁﬂau U191919:38n31 AU (Chip) uay
#51909AUTZNOUIITAA Eiqagjwl,wiuwﬁﬂﬁ Aluaifusiaiisendn Monolithic nsads
pefUsznoUINRsULUNENd a¥ldnssuIBmesunIsatenTasiBen NaNfUTUIUNTINALATTY
TanensasiiaueziBangunn aeluled asddiuvesmeninunmeg wu lulasluseaes
Felivhawmunu roufiaines

silicon
chip

U 2.29 (n) dnwouz IC v U (0) Snwassneluves IC (5]
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2.7.1 le®3nnuamas (IC Regulator)
lo@idnnawesauviviiadisussduni le@iinqawesneluusznoumeises
Snnua-nesuuvsynsy duissldau 3 91 Ysznaudien Bunm 1B 1vnm uagns1m 449z
aussiualaamialaaiani nesiuerdnuvesastounduiisznoums Ry uay R, 1 3
Yy 1 = o & = ' ~ 2 fad a1 MY
il iduduniavedled Fwailediunndslvanlefisngameinusuela

in

GND ~ - out

UM 2.30 TasasevasloTdnguawed [17]

U

nidureslofidngiameirineiiae awisdeisasiidslidesdegunsal
meveniudsinniin Tunsderssnsedssuiufesielodiingatnosviminunasnelv
duwviiu 5 wudting Jerstadiulszadidnnselad vwiadszanm 10 lulasvhia dnda
Whusum uietesumaiinesadaaniimauigs Jeasvilinsesviaefiosnin ewinni
sananladiingiaimed avlfussiuwini3ouneauniseguén usensarlddivuszanil
fdszang 100 ladlaswnsa ietasusul sty dusduseiuledisngamede
ﬁmﬁaﬂﬁmaﬁmmﬁwmmﬁ ﬁmaﬁﬁ@anLLsaﬁuLaﬁﬁww"LﬁmﬁwmﬂLU@%Lﬁiu 5V, 52V, 6Y,
8V, 10V, 12V, 15V, 18V Lay 24V n‘ssummﬁwwé‘?\wi 10 fiaduaud B4 3 woud wavillwiden

verdiadnnawesiiuinuasisngiawmesinay

2.8 5tad (Relay Module)

Gugunsailwilwinuil daihmihiidadersesuuuiieaivaiad Tnensuaunisieu
el Relay fivansusziny feud Relay vuadndildlusndidnnsedndmily auds
Relay muﬂmlwiyjmﬂumulw“ﬁ%mqa Ineiigusramimuandisiuesnly uaiindnnisiau
fiagnandatu dmsunisin Relay Wl agldlunisiarenses Wil Relay faaunsa
denl¥aulivannvangsuuuu (9]

N{

N
NJcon
/r

o

U7 2.31 doydnwallinsasiniiwessiad (9]

ot
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2.8.1 a1#lu Relay agusznaulufiasvnalrnuazutinduna
1. wilndutla NC (Normally Close) tHuntndudaunala laaluaningunf
wihduiatagsodifurl COM (Common) wazaranevisliduidatudiefinszualniinlna
NIUUARIN
2. wiihdusfa NO (Normally Open) WWuniihdudaunfila Tneludniizunfiag
aagad lignaaiuy1 COM (Common) LLW%”L‘UB&JWBF\HLQJ@MHSULLﬁllWiMaNWu‘Uﬂa?ﬂ
3. 971 COM (Common) Lﬂumwaﬂﬂlﬂmu‘i’;uﬂusvmﬁe NC ua NO 3ua giudn

yatuiinsrualninaiiuunaiavield vihdudalu Relay 1 mmwmﬂm'} 1 %0 Yuay
fufkAnuayanvazassauiigni g mmwmﬁmﬁammaaﬂmu

AedasgnuenUILaNAINIIULIY Pole Uagduau Throw Fsd1uu Pole (SP-
Single Pole, DP-Double Pole, 3P-Triple Pole, etc.) 9zuandeduIuINasiinnIndn-Ua
Wi $1UIUVB4Y1 COM 1fuled wazs Uiy Throw (ST, DT) aguaniasnuiuvasiudonyes
Pole f@EMaLtU SPST- Single Pole Single Throw andazaunsaidenliliesodufvilay
sz Juunfiln (NO-Normally Open) w3aun#ta (NC-Normally Close) wid1tdu SPDT-
Single Pole Double Throw aﬁmﬁmzﬁﬁﬁ&@:ﬂwﬂﬁﬂm (NO) LLazSﬂmﬁ&@jLﬁuUﬂﬁﬁmam
(NO) flaguit 2.32

B A B B Bz Ai1B1 A2B:
o e
A C Cim @
SPST . SPDT DPST  DPDT

(n) ()
U 2.32 (n) SPST uag (¥) DPST [9]

SPST fi® Single Pole Single Throw DPST #Aa Double Pole Single Throw
SPDT @® Single Pole Double Throw DPDT f@® Double Pole Double Throw

| T b
S feowm | =
| %’r TO £

-

COM

l

NO

g‘dﬁ 2.33 @n1gMIinaues Relay [9]

ndrulsenautneduiilanaialy tsragleenu Relay wuu SPOT (Single Pole Double
Throw) #8nn15¥1191Uv04 Relay 1 ludiuvesunain Weflnszualwiluaniu agvinli
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apanAanIsmieiasyivtndaiiouwsinaniuill damaliun com ﬁL%aumagﬁ’u
vithdusa NC (uanmzidiliifiansmiiond) fronduieusedunirduda NO uny uay
Udeeltian NC ae ieussiivn NC fiu COM was NO fu COM wdiagiiuiiinisvinufin-
sudnuar A emsThuesEiv inaunsnedeauautRiiluussandldals [9]

HWN

SU#i 2,36 dnunizas Relay Module [9]

s L3

1. Bve JuvokEn (Lusua) aufedydnualiinsgiusingeg

L]
Qs o

2. s1sazidgnvadiwinnssuaaduTiseasuni1svinaula (VAQ)
3. seazidupuadiiinssnanssisassunisinaula (VDQ)
4. Tapa saulTnuRiunan slauarlaseasy uavdoyaniu Coil Sensitivity

2.9 wAduiiigades
2.9.1 “Experimental and numerical Investigation on the performance

of small-sized cavitating venturis” [12]

(MvaassuaznTsaUlEeY WeafuyszanBamawisnuy il

PWIALAN)

viaruyiduglnisiagnedieiieinsaiiludszgnalilugnaivinssuit inmausu
uanssvasdmsnsinavewetwan lunuAsedldnunmishouresisnuyiuundn uas
AruanIalunsAUANsasINsluaiuna SmmasiaznsvaeusigAdiniey naves
AuFuRpUR ULz RuUATEIBaLIuYF Tuen iR fatsade Wy W
Audnannsirenen uariunsyatelunislvaveuia wardRsivesnuiuy Aegndfase
msfinw dmfunaiuteyanisvinaeeia 3 dauvesvialiuys 0.7, 1 uae 1.5 Sadwas il
a¥ratuiniionaany vieluyIgnueaaeuanuduuandididutaslaievie ilovindaun1s i
dmnsivasenvevie wazdnwmuzvandulas nislualuvaliuyigndtaeslaeneuiinnes
Taesmuslffuveslvauuulaunin antseasunuiificndeauugeaavesdoyadivensu
1§ 5-10% wazldSunisBuduinduitnmadsiuariiamnsnihunlflunsieseidnsdu
ausufidAuarsnsnisivaveunaasve e vunadnld vonanidavuiusivundn
mawiaLaumﬁé’qmmimmmqué’mﬂmilwaﬂuaamaﬁadﬂLﬂuﬁﬂwmsﬁtﬂuﬂﬂﬁ lngn1san
vnaduruguinareaonvastnssilivuadusiinumniy nantsmaaeaduan i
JINENLLNTNTEMEUALAINLETIVDIABABA EINALTENSIEILTRIRIUAUARAY
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2.9.2 “Cfd Simulation on Different Geometries of Venturimeter” [14]

i aw o d v
A5 2.4 MTNHANINAGITDINUINLNYIVDS

ANPUZVDINITDONUUUYIBLIUNS HANISNAADY
' Parameters Min Max
Pressure(Pa) -53977.21 5552.164
Velocity(m/s) 0 9.4006
Turbulent(m?s?) | 0.2347 5.28177
WuUd 1
Parameters Min Max
Pressure(Pa) -90194.45 13095.87
Velocity(m/s) 0 9.185
Turbulent(m?s?) | 0.2672125 | 11.630932
Parameters Min Max
Pressure(Pa) -51152.82 5681.665
Velocity(m/s) 0 9.38077
Turbulent(m?s?) | 0.1972782 | 4.908975
Parameters Min Max
Pressure(Pa) -19414.05 7617.83
Velocity(m/s) 0 6.73726
Turbulent(m?s?) | 0.1887413 | 2.143962
LLUUﬁ aq

s laAnsnuidenigdedunisaeniuuvieliuys 1LaeNaNYUEYaIe

nuyFlunuudt 3 lesansanisveassiiinaiesruduuazasndage uaziinaaiu
Hutuvesfnevievaunmnigluvie (Turbulent) s Suvinldgunsalasaadumnuiuasiadu
aansaasreduldie werdnvuzvamionuys fMaswadvlumsesnuuuiiazmnuasiesie
msthluiuduau



E
unnm 3
V=1 ] = = o
A9NT19ATLUUITIUIY
Tuaddslifitnguisadiiednvinisavauanududmiunsindnsinisiva Ade
NNAANITBIALSY TasniseantuulasIadtevauasasiiedn vannnidd@nwinstady

1 = i ° A A w oA
AT NURAA2NTITVNIUTDAATDINBIAVIDBNLUU

3.1 Jaguazaunsal

i o e o v
15199 3.1 Jaquargunialiineades

?ia%’aqu,asqﬂnmi A wUsEnau
1. Stepper Motor (42HB34F08AB)

2. A4988 Stepper Driver Module

5U# 3.2 Driver Motor (A4988) [18]

3. Regulator (LM1117)

5U7 3.3 Regulator (LM1117) [17]




3197 3.1 (sie) TaquazgUnsaliiieidas

55

Yadaauazaunsal

anwudsgnau

4, Buzzer 5V

5. Relay Module 12V

6. ¥m Arduino UNO R3

7. 1aAuAs (Control Valves)

Uil 3.7 ndmuay (Control Valves)
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Yolaauazaunsal

Awudsenau

8. WulwasinAuAuLANGNa (Differential
Pressure Sensors: SPD 611,‘&’3\‘1 +500 Pa)

‘E‘Llﬁ 3.8 Differential Pressure Sensors [15]

9. suuasln 12v

10. ATUNA

11. aauamAsHa (LCD)




A15N7 3.1 (si0) Jaguazaunsaliliietes
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of

Yotaquazgunsnl

AMnusznau

12. Tsonflwas

13. nwlulnsau

Ul 3.13 Aalulnsiou

14. Aluminum Alloy Coupling for Motor
UIR 5 mm x 8 mm L25 mm

; S
B ERARGIR R

5U# 3.14 Aluminum Alloy Coupling

for Motor
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A139% 3.1 (AD) JARLASQUNTUNNIVDY

36

{ o

yalaquazaunsal

nnYsenau

15. 979 CNC

16. vionuys

17. ApauTEUI8DIne 12V

18. WHUBYASAALUUALELALEAN

poyyoris

U7 3.18 wniuezasdauuulauarde
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A3 3.1 (M) TaqUargUNIUNLNEIVD
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Yolaquazaunsal

AwUsenau

¥ A -
19. WgaNUTEa LT AIAA

mate

3m yidn

20. NTaLAUY

]
el

Uil 3.20 nagalAY

21, WEUUSUNDILAL

= s
TUN 3.21 UHUUTUNDILAY
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Yadaauavauniol

AMnuUsEnau

22. anglndwiuvesaegly

23. anglvlian

i 8

23 awlwian

24. gunsadldEmTuNITUTENEULNEIRS
ATUAN

— W59

— A7

— ignUseaau

— gangin

- & o &
— damesinlias

UM 3.24 gunsallddmiunsuszney
WHIITAIUA
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3.2 FMIAUUII
3.2.1 nsasildnyavaasiotauy’
nsAnduaddedudnvmquiiiisidesiuiniodetanaznisesnuuy
inTesiiotndnanisivavesfnavianiuy’ Taelilusunsy Solidworks 2012
3.2.1.1 AnwiniseenuuuienuyTielfiduiindnsimsivaveaielulasiau
dwfunsneaedunmsaiiiueidy Jeldvinsesnuuuviedu 3 dw
il
drud 1 (Converging cone): Liﬂmiaamwmﬁus\hu@uéﬂmwmm a4
mm osnlidiuviesuluesufiing dudesdimmudutazeiusy dwil
dawit 2 (Throat): @ufilfudiAnanmassanudesiariliaig
duanas osnfudininga (A) anas setudauil fe drufifnuadiianudy
d2ufl 3 (Diverging cone): druidudaufifinnsiuiuiiniign vilrd
mssiuanuiuanas anaudlvviuduudn (ntet) Lﬁaaﬂmiqmﬁwmmmﬁu

2 . - s
55 soLoworrs LR - b

B o |N-O N
Skelh  Smart
Dimension |

- a-

TR T

20.00

3.00

i L

e S v, 277 SN C =

4,00
R
¥

sUN
U

3.25 Layout NF88NLUUYIBNIUY3
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Ty,

| ] I
Ul 3.27 nIsenLUUYIBIUYS dufl 2

u

&z N Y o o ¥ él‘ = O 1 Y o v & Y k%
nansiiluenansianulidmsumsidauienisinwvindu leygalinhluldusslevimunisnn

lidnsdilag Nsdu Bnnsinudilidaudadlion wavdesdedadsinvedenalsynassninistluld



41

o ' o & [ @
U7 3.29 nseanuuuvieliuy’ Ui 3 daunlseneuiu

&z N Y o [ ¥ = = O 1 ¥ o £ L% k%
nanstiluenarsianulidwsunislidanuionisfnewmingu eygslvilulduselevinunisen

Laidnnsdilag viedu BniamulilvanuUasilont wazdednadadadvesenasynasaninisunluly
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3.2.1.2 dwesesdiavienuyinesnuuululsunsaledaiisa (SolidWorks) iy
ARTIERSENINWARURIANAY (AP) AU dnsinisinavesing (Q)
Tngldfandunsiimsizndasinisiualuvie (Flow Simulation) Aagud

3.30 lpgfiiuguaunisiuiyed Aaunns

Q = AvC,

1

2

=

P,-P
Q= ACd«.g——-—( - 1)
p

A o & 1 v
Toghi Q = dnsInsluarasing wiae ml/min

p = anuninuuuvasmeglulasiau wiadu 1.251 ke/m?

AP = HAR19u89eINSY KLY Pa
dw d‘ ¥ @ 1 Gl 1 o
= Nuimidnvesvialauys Mie m
v, = e IEUeY Mg m/s

=

C, = enduusgansnisuantasey C; ~0.98

B0 0 TR Presirel RightplaneloAasd AUt Update ) T T N AT S F B

| =
Pressure [Pa)
-— 101339 Pa
N 101321 Pa
Min=101321 Pa Max=101333 Pa
lteration = 104
SRR I e Tyt R T T a3 ST erees ; B - i A ) et
RETTNNTWe List of Goals v A EREn
Name Current Value C

Criterion

0152104 Pa Checking cotena
SG Av Total Pressure 1 101340 Pa

0.303622 Pa Checking criteria
SG Av Total Pressure 2 101326 Pa (RO 0.00661123 P2 Checking criteria
SG Av Total Pressure 3 101337Pa RS 0.211717 Pa Checking criteria
SG Av Total Pressure 4 101324 Pa e 0117646 P2 Checking criteria
SG Velume Flow Rate of Nitregen 1 0.749999 Vmin R 0.5 |/min Checking criteria
SG Volume Flow Rate of Nitrogen 2 -0,750106 I/min O] 0.5 |/min Checking criteria

JUT 3.30 98 NMTIATIENTENINANAAITBIAINAY, AP (U 9nsIN5aveang, Q
Taglarandunisimsieensinisivalue (Flow Simulation)
vulusunsuledaisa (SolidWorks)



a3

T R S e R Py e e
Yelocity [m/s]

4.91465 m/s

Iﬂmls

Min=0 m/s Max=4.91465 m/s

Turbulent Energy [/kg)

. 1.37509 Jfkg

3.66088e-023 Jjkg
Min=3.66088e-023 Jlkg Max=1.37509 Jfkg

Iteration = 104

JUN 3.31 FOE 1IN TILATIRTERIWNATNARITDIAIUGL, AP AU 9nsIn15inaweenid, Q
Taglgfandumsiesizronsanisvialune (Flow Simulation)
vulusunsuledaisa (SolidWorks)

Femsienesasnisinalure (Flow Simulation) uulusunsuleda
34 (SolidWorks) tevnamassyssnnusiu (AP du isldhmsiiszisnsnisivaly
via (Flow Simulation) Ya%um 3 A1 W&IMIAIRARISYEIA NRLREE udiddnsnsina
yosfalulasiay, Q fiduiaseusasnds naennsmauduiusseninednsinisivaves
Arelulasiau , Q(mL/min) AU narsrasmady | AP (Pa) iilevnunUszenalfiduaunis
vaursadloinfioeniuy

3.2.1.3 yieluysiinduseuies (n3esilelniioaniuy)




a4

3.2.2 2933NIAIUANNITHINY

mw‘hLﬁumu%’aL“%:JmsaanLLUU’Ludawawmmuwé’mﬁmﬂwa‘uaqﬁ”w
ulasiau Aouwdhszuuvienauys Tﬂammﬂuﬁuﬂmaauamﬂsmaumqq il

B.2:2.1 mm%uumuwauwﬂmm A1 A4988 Stepper Driver Module 11
Usznaulwisasdruaiuaunsineu FagUR 3.33 TnezunsuluniseenuuuIasAIuANNTS
duieduindsunsvyuessaiiviesuaines (Stepper Motor) wanaiiisiden Ad988
Stpper Driver Huldinszanunsauiueuaziden Step geanldtis 1/16 Step w3e 0.1125°
per step ﬁaﬁﬂﬁmﬁﬂLﬂa%uamaa’ﬁmmasLﬁam’Lum‘amumnéﬂ%u %4 1 A4988 Stepper
Driver (with Heat sink) §95895Unszulagagn 2 A uazatusaldsaufu CNC Shield V3
Engraving Machine A4988 Driver Board (EFDV557) dwi3ua3ne CNC, 3D Printer %38 laser
cutters

vDD

microcontroller

|— GND

logic powar supply
(3-5.5V)

U7 3.33 laagunsy dmsunsdeudeilasreulnsawasiuds Ad988 Stepper Driver
Module \eduaivasuomas (Full-step mode) [13]

3222 nsiuiumddeiislii s afiuesuemes (Stepper Motor) a1
Wusmuauasinamuvenndiniuau (Control Valves) FagUil 3:34 (v) dwdusimuadi
Fasnisivavesfwlulasian afivilesuaines (Stepper Motor) awisnduindeulne
wnasanglvinszuanse (00 wazlusunsa Arduino ldgnihunatuaudnsinisivavesing
Tulasiau Faandiilesunined (Stepper Motor) aggnAUANMEyaR1deaInlsunsa
Arduino Lwrﬁ]waﬁmlﬁaﬂ afiuosuoinad (Stepper motor) 4 w31z awsaldlusu
auauiunisludnvagsmvanuuulald laglideansdygyinudoundu (Feedback
signal) wredamstiusiuay pulse fidslumuaunismuuny evihlirnuuiud luGeses
Fumis 79 afiuesuewed (Stepper motor) HimuaziBealun1svisu 1.8° per step

3.2.23 mssuiunidelddnumquiiiedesiugiuvureandniun
Fmsanrsivavesfing Misdeants muaudasinisiuavesiilulasiou idrds fu vuda
(inlet) voagarioiauys lagisldun uuaa1findanda (Mechanics Valves) wila 21469
AruAu (Control Valves) suafiseenisulilunisvhausiufuiedesdieinioenuuy finns
shaulaegn awdiviasueinas (Stepper Motor) AuauuLNsviuseiie fagui 3.34
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AT den Mdanauan (Control Valves) i insigandimuau (Control Valves) Ay
avlBualumsindnsinsivevesinuwazaunsanuanuaulageds 9 bar

gﬂ‘ﬁ 3.34 (n) 1181AuAn (Control Valves) — (v) MénFeusefu Stepper Motor

3.2.2.4 nssudinenATeliAnunguiiedesiunsfasadunsiadns-
nslnaresfine lnsdnduiwesnsiadunanisvesnInuau (Differential Pressure Sensors
SDP 611) ‘ﬁﬁﬂ'ﬂm'im'nﬁﬂNam'wuammuﬁuagj'lu‘thqﬁﬁadmi IRy sEnINNNITNAADU
inTesiioiniieanuuu a gudmaluladlulasdidnnsedind ivhnisfine Data Sheet vasi
UL $ATIIUHARNITIAIINRL (Differential Pressure Sensors : SDP 611) mawaffim
Fon duduweinsradunariswesanuiy dunldiiesesninnisinavesiglulnsiaunay
AUIUNINTInanTINs luaresfnelulnsiau wsglivimsiadurafIgueInuaY +500 Pa
FuRanelumsianasstesmnusy tardduesiiduanfioontn (Output) Wulds
uleuslugn

330 ﬂﬁm'u,uumu'malﬂﬂﬂm Data Sheet ‘ti@le'JLiﬂLich']El‘i (Regulator :
LM1117 3.3V) mmwamw.aaﬂmmmsma‘su mﬂ‘iuﬂaﬂmqaﬁmumum;msmmw
muﬂmamim'ﬁlwa‘ummeﬂu‘lmLw W31z 41 fnsgianes (Regulator LM1117 3.3V) an
eusenuludn 2.3V WAufiduesnsiadunan1weIn1uay (Differential Pressure
Sensors : SPD 611) faguil 3.35

Fixed Output Regulator

LM1117-XX

i Vour
GND
10 uf * 10 uf
Tan1ulumT T Tantalum

E‘Uﬁ 3.35 Schematic N157Ma3395 IC LM1117 Voltage Regulator 3.3V [16]
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3.2.2.6 mstuiluanAdElfhnmsosnuuuiasmuunshuiimuALSa -
mslwavesielulnsiauvauaiesilednfieanuuy Tnensieudu Schematic 1héh A4988
Stepper Driver #11U5¢N8UULMITAILAINANNITIIUTRIUALSAsINTsinavesiing
ulasiou vilusinsal PCB Wizard dafiunsaslunstuindounismyuues afuiesuawmes
(Stepper Motor) ﬁ&gﬂﬁ 3,36 WazlHasHeanLUUIUSuasnsE M eWTAR s 79
penuuy whthudaasuuusiuiunewuns Taeldtherfnaeusuiieliifuaisresidaieu
wdmiufideusetanuazgunsal Tnsmstnnd suadasouies feguil 3.37

3.2.2.7 nsanduaudte wldAnwinisiiuvesengly Fadugunsel
Bidnnseiind Aidnuuziliuveinlilasroulnsiass 15134161 vasa Arduino vl UNO R3
uUsgnavludinrasnismuaunsinnuiinuausasnislvavesielulnsiau Tasamiide
vaasia IdAnwn Library w0 Uasa Arduino UNO R3 wéavhnisidsulusnsuiioriugy
nMsvhauiimuausnmmbvavesfislulasiaunasdmsuniss A man1veALiLAIN
FuduwesnsadurasuaInudy (Differential Pressure Sensor)

P ¢ o w o o s ¢
E'lhﬂ 2.7 Ua'iﬂ'}Q'ﬂ'iFnUﬂiuiguuﬂ']iwﬁlqrﬂfﬂﬂqﬂ']'ﬁmULﬂaauaLmULﬂaiuaW]a'ﬁ
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323 esesiieiniinnsaseudos

nsiuauied thismuazeunsal sideudeiy uazdszneundstezasan
dmiiluetesiietaluszuuianun Tideuten Tnefingosduuuarindsfounn donld
Founanuulunadesaniilisnadldosnednisusasiidosdunaan msideuss Buzzer
5v adlUlunees waruananalydaasuanana (LCD) dwsunmsdeumimununisvineuees
winafateanuuy aufitsdesnts Inefiveudnina (LCD) 9suandm 8nsInTsivavesnie
Tulasiauiisadauandnly waznadevesamuduanuwedniiadunasiavoinudiy
(Differential Pressure Sensors : SDP 611) ialdaninsesfiofafieanuuu uagiudnnaas
Jefndanan was Ansssautadli 12V Bisudendeiiedsamndenisnaaauay wag i
aAnd Wa-Ua Waauszurwenimitedidaelunissyuieanudouainnisinauaiely

iwsaediainfisanuuu AINFUN 3.38 uas U 3.39

Instrument designed (Venturi Tube) Differential Pressure Sensor

Control Valve

Stepper motor
Stepper Driver

Arduinb

5 s s (3 < A o o
‘EU‘V] 3.38 aﬂﬁm3ﬂ181U3ﬁﬂLL63Qﬂﬂim?JE]\‘!Lﬂi@ﬂll@’)ﬂﬂi]aﬂLL‘U‘U

EU‘V] 339 Lﬂi@\‘lﬂJE]’JﬂV’IE)E]ﬂLLUULLﬁ’]U'ﬁ%ﬂa‘ULﬁ%‘ﬂL%EJUiEJEJ



undi 4
NaN151v8kasN15anNUsIgNa

Tunsnaseniunidaussasdiiedinneimanuduiussuinesannsivaves
falulnsisufunadsuesnudureneissde Tafleanuuy Saasinsiasgiannisnge]
vasuusyad ,nMsinseinasnnimeageululsunsuledaita (SolidWorks) Tnaldandu
nslaTgsidnsnisivavasindluiefisaniuy (Flow Simulation) ,M5AtAs1e¥iNasInns
naaeulumafilasldietasiotasnsnisina (Flow rate model 0550E) ndsainiuin
iwesdletailoanuuuithunisaeudisunnnsieneimanmadeuiisiuiindnunldnu
334 emdnanisinavesfelulasiaudrgwiwiluesUfoins

4.1 NIVAEBIANNENNUSTENI98A5INTINaTaNIBNUNAANIVRIANNAY
4.1.1 aeufl 1 MIeszinaunsTguivasusyad iemuanmHain RNy
Tunnanaaesiiumsduimmsaiisesaiudu saunmsvguisuyadlngd
i muataesnsnisivavesfaelulasiau 7 50 mL/min §1 800 mL/min Wiefiny
anuduifufuewarsrEsuiAsuuladuidiednmmsmavesfalulasiauasu 91n
aun"g

2 2

AP NN 2 [5] <

AC, T2 Xa

2

vy ot AL L

nR*C, 2

2
-6
e bt [ SO s
(AJ 60 2
T 5 Cd



M1597 4.1 NFIATISANAUNTTNOWVDILUTURS LNBAUINVINARNYBIAINAY

Togdl Q = dwms1nsivavesing nuae mL/min

p = enunuiniuvesiiglulasiau windu 1.251 kg/m?

AP = Na@19u8IAuAUY U7e Pa

= WuimhdnuamaIuys mie m?

A
v, = AUSAUSUAU w8 m/s
C,

= Adudseansnislandase C, = 0.98

aau | ansnistuavesinglulasiau Naf9URIANUAY , AP (Pa)
Q (mL/min)
1 50 0.0412
2 100 0.1650
2 150 0.3713
4 200 0.6601
5 250 1.0315
6 300 1.4853
T 350 AN
8 400 2.6406
9 450 3.3421
10 500 4.1260
11 550 49925
12 600 5.9415
13 650 6.9730
14 700 8.0870
15 750 9.2836
16 800 10.5627

Taafl vu2e mL/min Aa fadansnaui

Y78 Pa Aa Uraea
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wisantuihAilaaInnIsiasERaInaun IR vedkusyad uwaenns

warANNEIRUSISE IR TINsiuavesiwlulasiay, Q AU Nas1eueIRINel, AP

12
10 y = 0.00002x>""

o

1

5 8

=

k]

% 6

=

| 5

&

& 4

=3

L

(o

k3

€

0
0 100 200 3000 400 500 _ 600 700, . 800 900
ansnsivavasiiglulasay , Q(mL/min)

JUn 4.1 nemuanspdNiussEvsenIMs ivavesielulasiau | Q (ml/min)

U Har19wesANAY, AP (Pa) @5la1nn1siAsedanaun s us ves
WUTYAA (NBANIMMNARINUDIAINIL
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4.1.2 paudl 2 mshaszinasnmnagaululusunsuledaisa (SolidWorks)
lumvnaesiifunmaaeuenuylaensieseigasnisinaluvierauy3i
senuuvlulusunsuledndsn (SolidWorks) ilemnasisvesmnuduiiinty Tneldiledidu
nsitaseueslualuviefioanuuu (Flow Simulation) uazlsnfivuatesninisivaves
freflulnsiau 7 50 (mL/min) fla 800 (mL/min) Wituveuy3 efnwrasiswasnaudy
Adsuuasludlesnsnmsinavesinelulasioudou Tnavnsmaass 3 ada udnhendld
AR NARaYBIANLTUREY

A15197 4.2 nMsiesizieaainnisvaaaululusunsuledaisa (SolidWorks)

a1au ansINsviavasig Naf19uaIANUAY , AP (Pa)
Tlasiou,Qml/min) | a%ii1 | adsiiz | a¥el 3 | 1aBe
1 50 0.2314 0.2314 0.2314 | 0.2314
2 100 05770 0.5770 0.5771 0.5770
3 150 1.0229 1.0227 1.0228 1.0228
q 200 1.5528 1.5528 1.5508 1.5528
5 250 2.1708 2.1708 2.1708 | 2.1708
6 300 2.8755 2.8755 | 2.8756 2.8757
T 350 36712 3.6711 3.6711 3.6711
8 400 4.5285 4.5286 4.5286 4.5285
9 450 5.4932 5.4932 5.4932 | 5.4932
10 500 6.5467 6.5464 6.5461 6.5464
11 550 7.6953 7.6953 7.6953 | 7.6953
12 600 3.9039 8.9039 8.9039 | 8.9039
13 650 10.1744 10.1750 | 10.1737 | 10.1744
14 700 11.5376 11.5372 | 11.5376 | 11.5375
15 750 121055 13.1056 | 13.1056 | 13.1056
16 800 14.7388 14.7394 | 14.7399 | 14.7394
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NAIINUUAITLANANTIATIERINANNITNG B VBUUTYAT L INaoAnTIH
wanapuFuiussenInednsinsivareaiiglulasiay, Q (mL/min) AU NaANUDIAUAY,
AP (Pa)

16

14

12

, AP (Pa)

10

as

NANN9UBIAIUAU
(o)}

0 100 200 300 400 500 600 700 800 900
Fnsnasivavesinelulasiay , Q (mL/min)

= o e 1 s & 5 s
5UM 4.2 nsmluansanuduiusserinadninisivavesiaglulasiau ,Q (ml/min) fu

nafeuaIn A, AP (Pa) #9ldainmsitasigvinaniaassainnisneaaeauly
Tusunsuledadise (SolidWorks) Tagldandunisitasigivaslualuvienesnuuy

(Flow Simulation)
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4.1.3 paufl 3 mshenzinannmmaseulunsfialasldieieiiodngnsnis
wa (Flow rate model 0550E)

Tumsneaesiifumsvaaeurtaiuyilas msvaasulumajialneldiesesde
$ndns1nsluaesfing (Flow rate model 0550F) wagis1imungaesasinisinavesfing 7
50 (mL/min) @ 800 (mL/min) ilafnwradisvesmusuivasuwadluillesnsnisiva
gasfneiUAsy Tagvinmsneans 3 ads LdnhARlERuamARasavesRLRuLREY

JUT 4.3 amaSinsiesginaaInmvaseulunnUg Ui
v o4 A w oW
Inaltiadaailaindnsnisiva (Flow rate model 0550E)

Measurement tools are built

U7 4.4 amleezunsumsinsginannmanaaeulune fUn
neldiasaailatndnsinisiva (Flow rate model 0550E)



AT97 4.3 mMslessirannnsnedeulunujiRlaeldiasecdleindnsinisiva
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a1au am5IN15avasig NafA19U89ANAY , AP (Pa)
lulasiau, Q(ml/min) | a3ei1 | afsfiz | afefi3 | 10fe
1 50 0.2300 0.2200 0.2300 | 0.2300
2 100 0.5600 0.5700 0.5700 | 0.5667
3 150 0.8700 0.9300 0.9000 | 0.9000
q 200 1.2600 1.2000 1.2400 1.2333
5 250 1.5500 1.5800 1.5700 1.5667
6 300 1.9300 1.9700 2.0000 1.9667
7 350 2.2000 2.4000 2.3000 | 2.3000
8 400 2.9001 2.6333 27667 | 2.7667
9 450 3.3000 2.9700 37000 | 3.3000
10 500 3.9300 3.9000 3.8700 | 3.9000
11 550 4.5600 4.4700 4.4700 | 4.5000
12 600 5.1000 4.9000 5.3000 | 5.1000
13 650 5.7800 56700 5.6500 | 5.7000
14 700 6.2300 6.4300 6.2400 | 6.3000
15 750 6.8800 6.9000 6.9200 | 6.9000
16 800 7.6000 7.5800 7.3200 | 7.5000
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WAINUULATIH91NNSIATIERINANNITN B VBIWUTUAR NINaBANTIW
wanapuFuiusszninedasnisiuavesinglulasiay, Q (ml/min) AU HAAINUDIAMNAL,
AP (Pa)

AU , AP (Pa)
=3 w ()8 -~

w

A1 MEE R
[N

—_

0 100 200 300 400 500 600 700 800 900

ansnsinavasinglulasiay ,Q (mL/min)

A o L 1 o & & @
UM 4.5 nemuansanudiiussenindnsnsivaresilulasiay.,  (ml/min) fu

HAaYBsALY, AP (Pa) Fsldainnsinssviaannisnageulunisua
loeldiasesiloTnansinislva (Flow rate model 0550E)
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4.2 ALASITARNAINAITNARDING 3 VUMDY

16 y= O.OOOSXLSIGS

14

T 12

& y = 0.00002x*""
410
aé 1.2465
g . y=0.0017x"

5

&

@

S 6

&

€ 4 —e—yqufiiuey’

—o—[Usunsuledaisa
——A303Rons N5 bna

0 100 200 300 400 500 600 700 800 G500
31013 Wwavaaielulasian,Q (mL/min)

U7 4.6 nymluanseudniusssrindasinisivavesmelulesiau, Q(ml/min) iy
HaReUaeNLY, AP (Pa) F9lAannsilasIzBHan1SMAaeIINAST AU
14 3 Wan15nAand

INMISVINRDIN 3 AU SvnUda peudl L n1sTiAsigsiaannannuiveaiuiyad e
AU YNERRNI YR IAINAY RauTl 2 Mswsizvinaannsnageululusunsuladaide
(SolidWorks) waymeud 3 n1siiasizsinasinnsvaaavlumefialaelfiadededndns
n15lua (Flow rate model 0550E) fluualilunsivluansanuduius sswinesnsinmsivaves
Aralulasian, Q (mlL/min) fiu wadsvesausy, AP (Pa) iulvlufiamadardulugiuuy
Hertuenmds fefumdndenaumsiilianmsiinssinannmsmaasulumaU) iflagly
esiloTsnInisiua (Flow rate model 0550) wiendnsinisinavesialulnsiauves
idesiletafioanuuu Wesmnidumildinmamaseussuasiinugndes
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iaunsitldanmsimsizinasinnisnageulunisjialaegldinsediodnans-
n3lua (Flow rate model 0550E) anldiuiasasiiadniioanuuy

3 =0.0121x-2.1608

©
& s
% ;
ag @974 50-400 mL/min
:
& —@— 23 450-800 mL/min
éé 2
Z ——=— Linear (434 50-400 mL/min)
£
(=)
=

g 7 o SN G OONN\\\\ VS SS s Linear (974 450-800 mL/min)
0 — - - )

0 100" 200 300 - 400 500 600 <700 800 900

dnsnisiavasinalulasiau, Q (mL/min)
-2

g‘uﬁ 4.7 ﬂiwwLLammmé{’mﬁ’uéssmwé’miwm‘ﬂuamaqﬁ’w"l,uimsmu,Q(mL/min) AU WA

ga9nusiy, AP (Pa) F9laanmisiinsigvinanisnaassannmaaaulunsUfun
Tasldip3agiladnensanistvia (Flow rate model 0550E)

NFUT 4.7 namluansrudiusszndadasnisivavesidlulnsian, Q (ml/min) fiu
raRsasANLiY, AP (Pa) eldannisiingsinanisneassainnisvaaeyunicljoflae
MHedosiotnsnsanisiva (Flow rate model 0550E) thaun1sildainnisilasizsinaannnns
nagoulunis jialaslfiadesslodndasinaslva (Flow rate model 0550F) Ao aunis
w= D001 7% wldrueseadiefafioanuuu Tasiswitmsuuaduidunse 2 429 (Partial
Linear) Tagahait 1 fudrssnsanisinavesfglulasau 150 ml/min fia 400 mL/min
Ao y=0.0069x-0.1302 uazd13d 2 Faurnadnsinisivavesiglulnsiau 7 400 §1 800
mL/min Ae y=0.0121x-2.1608 \ftathuldfuiniasiiotnfieanuuu Wilanuiiomss

'
@/

wardauusuguindelu nntduihaunsiuvaiu 2 ¥ednsuiudsulusunsugaid
Tfuirdesilonldeenuuuiieniuaudnsinisinavesingludae 0 - 800 mL/min lagazdl
LHUNINGIL
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AP to Flow rate (@)

Stop Motor

Sensor <

Step Up

UM 4.8 unudsnavhemuresaAdimuALsasnsivavasielulasiau

Step Down

f .

MnuuaagaasaesuelUsunsaTuauldRed Buandmstudinisuanannulufu
(Key pad) lngazanunsaladu fuavdasnisivavesfiiglulasauiifesnislumias mL/min
Tugas 0-800 ml/min tiednsinisivazasigluilasauiidoanisaunay mntudTsunsu
agluFuAnassrasauiuiinaduiedues slddnadiavasmudufiozgn
Wasudusasnsinaveshelulpsaumuaumsveaaiasioildludieiu ndmndufes
dWhdeuledin snsnsinavesinglulasiuiladnluanutiufion (Key pad) whiiug §as1
mslnavasfielulasuildnnaadisanuiuanninsaiulaedusesusalyl sy
szuumuaEfiveneavhanldsasnsluamuiideams fldwihiuieziiteulufiududim
wausuliiAamsmuauaundazyiniy (eelisadudivuemes) Weldmsnsmslnavas
Alulasioumuiidesnissuumunufiasnen uay wdmintu 10 uiit seuvasiinsiey
adueluilomanmaaeumdnnmsivavesialulnsiaulmiagaase



Fregran1sAuaniiansasnisinavasialulasiau
— 429t 1 Sasmslva 71 50 B4 400 mL/min Ao y = 0.0069x-0.1302
— +29f 2 Smsnsiva 7 450 s 800 mL/min Aa y = 0.0121x-2.1608

el x Ae snsinsivavasialulasiay (mL/min)
y A9 NARUIAINaY (Pa)

A8n13AUIN
INANNTITYNN 1 y = 0.0069x-0.1302

F108714AU 31AUN 2 NaR1URIAINAUTAINNY 0.5667 Pa

0.5667 = 0.0069x - 0.1302
0.5667+0.1302 = 0.0069x
0.6969 = 0.0069x

0.6969
= 0.0069
% = 101.0000

AU RTINS avadinelulasan WAy 101.0000 mL/min

nALASTT 2 y=0.0121x-2.1608
Fraeaaiy AT 9 nar DR NSEAYIARU 3.3000 Pa

3.3000 = 0.0121x - 2.1608
3.3000 + 2.1608 = 0.0121x
5.4608 = 0.0121x

5.4608
*=0.0121
x = 4513058

AU onsnsivavasielulngiau Ussuned 451.3058 mlL/min
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4.2.1 poufl 4 mavaaasanniagaulumeufialaeldiedasidie aflaanuuy

lunsmeaesiuninineiesdietniioanuuulunaaeuindnsinislvavesing
Tulnsiauluiesuftintg Tnsuansuafiviiosveandasdiedn sdmusdidnsimsivaves
fing #¥adaud 0 mL/min &1 800 mL/min 91nnstleutards ilenuAusnsIsivaes
fnglulasiau LLasLﬁaﬂﬂiaﬁwgﬂﬂwmaqLﬂ%"mﬁai'ﬂﬁaaﬂLmu?iqﬁﬂ']'sﬁ“uﬁﬁﬂé’mi"m'ﬁlwal,mu
TsanfimesiilukesujuinisunldifiouiAssdiifaldarniadedatndnnianiaiie
Uszneumsiansanuszavsnmueaasesilonsiutinsindadlividudesanniadidas
Smsmslva Msmiweslufesfiinisannsaals

P57 4.4 NaMIARRIIINNTIATIZARaIINNINARU TS UR
Tagldasasilainfioanwuu TnalaAHAIINGILT U DINTITTUNARINTBIAINLAU

AN9ATINT A ansnsinavasniglulasiay , dneds | wWosidud
yasiglulnsiau Q (mL/min) AUAANA
, Q (mL/min) Min < \naau (%)

20 18.96 26.96 22.28 11.42
30 26.69 34.42 30.55 1.85
40 34.42 42.15 38.28 4.28
50 49.88 57.61 53.74 7.49
60 57.61 65.34 61.47 2.45
70 65.34 73.07 69.20 1.13
80 73.07 80.00 76.53 4.33
90 88.53 96.26 92.39 2.66
100 96.26 103.99 100.12 0.12
200 196.74 204.47 200.60 0.30
250 243,12 250.85 2046.98 1.20
400 396.21 401.72 398.96 0.25
500 495.38 500.89 498.13 0.37
600 59456 600.07 597.31 0.44
750 748.83 754.34 751.58 0.21
800 798.41 803.92 801.16 0.14

Wasidudanuranadau (%) wae 2.41
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4.3 n1seAUTIENa
aaudl 1 nsiaseinaunsmguiiveuuiyad Weduiamnnaiisanudiy
PNMIMeABIMAINEIRUTIZIERTIN T Inavesig lulasiauiunasiie
gespuiilaeniiesgianaunismguiveauiyadtaduniununaniie sy

AUANNTS
2 A 2
=212 —] 1
AC, | 2\ &

FIFTUIUNARNIYBIANNAY Bl NoRTINTIvan1eT Beldfvunt9ensinig
Inasafnglulasiaui 50 mL/min 4800 mL/min tila@nwnasisuesmnuauiiudeuly
o o) & a .:? YV as 2 o] . = i
lesnsinisinavesfudintu lnelisnsinisinavesirelulasiaud 50 mL/min Wual
Sudu wariindnsinisivavesiilulasiauassaz 50 mL/min 9u@s 800 mL/min 9310
N1SNAABINUIT LHBERIINTITINALANTY HaR19Y8IAINAUANNTULAZIINTINLERS
AUELUSTsunIegns s ivazesiiglulasiau, Q (ml/min) (U NasdsusIAIuaY, AP

(Pa) Wunswiilsiduanirdedudulumamannsnguijveswuiyaanlana1iineiu

aaudt 2 Msdessinannisnadeululusunsulednida (Solidworks)

NATNAFDIIANLFURUSSEN IR IS Inare sing lulasiauiunanis
maﬂmwﬁuiﬂamimﬂauﬁaLaumﬁﬁaaﬂLLUU’LuIU'iLmiuTsaﬁﬂﬁ%ﬂ (SolidWorks) laanne
JTzviansinisivasesinglulasiauainiladdu naslmserdnsinisinaluvie (Flow
Simulation)  \iteRnwmasnawasmmiuiasuludesnsinislnaiiutu Tnelisnsinis
Inavasnalulasoudl 50 mL/min WuaBudy taziudnsinmsivavesielulnsioundoas
50 mL/min Ui 800 ML/min F99INANTNREBINUTT FILERIPINEITLSTEI198RIINNS
Tnavasfiglulasio, Q (ml/min) fiu nas1svadausy, AP (Pa) nsmiiuualinduilsddu
pnrinds iWudendummasesneudl 1 Wiemuvguijveauuiyad

poufl 3 Msdeszinaarnnisuadaulumafiflasldinieiiefasasinsiva
(Flow rate model 0550E)
NNITNAABIVIAMUAURUSTEN IR T inavesia lulasiaudunanig

ANUUleY ATNAFBUYIBLIUYS efnwnamweasnuiuiidsuludlesnsinisinaves
Bradindu Inglwsnsnisivavesialulasiauit 50 mU/min WuASudu wasifindnsinis
Tnavasfaglulnsiaundaas 50 mL/min auils 800 mL/min 3991AA15NARBINUTT NS
syyinsdnsmsivaveselulnsiauiunadisvesnusy Wunsmifiuultnduluamanis
vaaesd 1 uaz 2 aslidieseniseantuuaiadiedn Seirldnsidunsnuuudunse
undau (Partial linear) teuszansnmasansiauagmsnuauasiaiasiafiusiug
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nouil 4 MsvaaasannmageulunsUfuRlaeldiedetie Sniieanuuy

Mnnmesestaiesieinfiosnuuulunaasuiadnsinisivavesiine
Iulnsieulufesiitingg Tnsuanssafivinaevesndosdietn 1dmuatisdnnnslvaes
frglulasiay A¥asud 0 mL/min fa 800 mL/min 9nmstlauadds Wemuaudnsinis
Inavesialulasiau uasilegussavinmvsasissiiotaiisanuuy

NNIVRREINU Adasmsinavesineiiduesnsadunaiwesmy
su FenildaenndasiuAdnsnisinavesielulanauiieldandlsnfmes Jwnnis
naaesfieunanirdeulnisogfifosas 2.41 vaariiiald aunsaiauazmuanSnsIns
Twaludae Shsnnsluavesfnelilasiouil 20 mL/min 81 800 mL/min ldedadiussavdam



unil 5
A3UNAN13IBuaTYaLEUB LY

5.1 @5Unan13idey

nsvesaslumeudl 1 msiensinnaunsvguiveuiyad e nammaiaves
PNy, audt 2 mylasginaanntsadeululusunsuledaisa (SolidWorks) LazAoun
3 MamzirannnsageulunsufTRlnelHiaTesiloTndnsinislua (Flow rate model
0550F) wénhuaiesiietafleanuuuluindnsnsivavesielulasiauluiesyfiinisline
nsvinaRads meudl 4 nsveassanmsvaaeulumauiiilaglfiaiesiletnfleanuuy 3
annsaagUlddnatesdotafioonuuuannsnindnsinisivavesfinglulnsiaulfiasa Sedi
danfianinsnindnanislnavesielulasiauldfe 20 mi/min uazgegniileiesiioaunse
ol 800 mL/min Fardesiletailoonuuuiiuiinsldaunisvenaiasdefiliannisaey
Feundesdlotaly meud 3 msdwmsinavinmanadeuluajiflaslfiesesllatadnsn
n15lva (Flow rate model 05508) dsia3osiadnsin1sinavesfine (Flow rate model
05506) Slauiuduazdeseldanusaialdluges 0 mL/min - 1000 ml/min Fefudald
aunis y =0.0017x" 2 lunrsaeuiieuluneui 3 durldfuimiasiio¥n 990015 AT 99
aun1sdenTazeglugtvesilaidusndideds ssiiulit funlitvesnsm Wudleatu
manguiuusyaduasnsmsdnsizinannnisnageululysnnsuledaida (SolidWorks)
wiaunsisnsdimuuandaiueg Wesnnuesiadasanislvauuuiiuys fleanuuutiu 3
AwAnATsINanNAR kaynraiiuuunesindasnsluauuuuy’ faunataeiou
MM eswianmaasuniUsunguldnisa (SolidWork) esan HU YUIN DIAT 90
\Fouresaq arusudsuneluianiinddulseny veshasiadasnisivauuuiuys a9
fruaaiaadeuluarnniseanuuululusunsuledniise (Solidwork) Jeilvinasisves
AR LARN1TgayLie (Pressure Drop) lutndesflofafionnuutanntu ndsintudei
aunsiilfanmsaeuiieu wie neud 3 inldiudesiiaTaitsanuuy ieeuusiugilums
fauaznismuaudnTnisinavesielulasiauvaaiodiatn elfudsaunisdedud
gonifudunss 2 93 (partial linear) Faaviliiedosiietnfioanuuuanunsninlfsiuduas
gnasunndeiu Gsdiaunarmndeundeegiifesar 2.41 vesmiiald uay 1ulunu
Taquszasiveanuide Ae tietesdieirieenuuululfimilukecufdinisliag

5.2 Ualduanu

ANN1INAGE N1TBRNLUUITULTamSTaziinswaudiudy enfiviu Tudiuvesnis
ponuuuAmTIEinsnwLinBuiieliadealndifeaturlugaund 1nfign uas wiade
FHlunsiamsfiaziinsanwidiudy Tnoanzludewsinisididuwesinnaiiaves
ausuldfuiedesiieTaflsanuuu msaidengunsahviomeilaldvmuvauiunistnfing
Lﬁamﬁmﬁﬁﬂw%wﬁmwmnﬁqm
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AANUIN N AITIUERINANISIAY

HAN1TNARRIRINANTIATIEINaTINn svadeuTueUfURlnglHaTedleini
paNULUU TnguanINaINAaLiuYes AT UNaTRIA LA

ANSNLANIKENTIARBINTIATIERas N veasulun 1 uRlaeldiaTesiletah

A1omsnslvia NINANTDUEAIKA Awantsandines
Ya9hnw Ardnsnsiuavesialulasau , A9AsINTs INava RN
Tulasiau, Q (mL/min) Tulasiay, Q (mL/min)
Q (mL/min)

20
@ 18.96 mL/min
Q= 26.69 mL/min
g e
30 £ : et
Q= 34.42 mL/min tnc
E
4 ©
12

Q = 26.69 mL/min




AN LERINANITIAABNTIATIEINaT N Iedeulun U U e ldesasdieini (de)
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ANBATING NTWIMNIDUEAIHA AmaINlsATmed
lnavesfw A19nsnisiavasfinglulasiay, A9nsIN15Mavasing
lTulasay , Q (mL/min) lulasiau, @ (mL/min)
Q(mL/min)
a0
50
Q= 57.61 mL/min




ANTNLAAIHANTIARBIN TR INNsndeUlun U fuRlngliaTesilaini (se)
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AN9ASING AWIAMNVDBEAAIHE nnwanlsaniivas
wavasfne Anansinsinavasinalulasiay, A19A51N5 avaIANY
lulpsiau , Q (mL/min) lulpsiau , Q (mL/min)
Q(mL/min)
60
o 65.34 mL/min
70 Q = 65.34 mL/min
Q= 73.07 mL/min




ANINUEAIHENNTIARBINTIATIIRAIINN SVaaeUlueUfTRlneltinTestlo Tall (Fie)
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ANDATINT ANINADWEAIA AMWANsAaees
lnavaefine AransInsivavesfnglulasiay, AN9ASINTSINAVRINY
Tulasiay, Q (mL/min) lulasiay, Q (mL/min)
Q(mL/min)
80
B3
j i
$
3
E.
90 ~
-
q:f
i<
Q= 96.26 mL/min




AT NLERINANSNAARINTILATIEYRa NN IadeUlun Ui TRlaeldiaTesiloTaq (o)

71

AN9AIINTG AWAINDLEAALEA AMWAINTIAALADS
vavaeinw Aransnistnavasfnlulasiay, ANDNIINTINAVRINY
Tulasiay, Q (mL/min) lulasiau, Q (mL/min)
Q (mL/min)
100
200 Q€ 196.74 mL/min
Q= 204.47 mL/min




AITHLENHANSYIAABIMTIATIEARaI NN IeaauluMsUURlnglHATasiladni (Fa)

72

A1DASINTT AMNANVDLEAINE awanlsaniiwad
vavasfne A19nsInasinavesnglulnsiay, A19nIINsavasinY
Tulasiay, Q (mL/min) Tulasiay, Q (mL/min)
Q(mL/min)
250
400
Q= 401.72 mL/min




= L el d u H‘ 1
ANTNLEAHANINAAINTIATIERa NN sngaulun U uRlnelHiaTesilednd (de)

73

ANDAIINTS ATNINADUEAINE ananlsandimed
navasinw Adnsinisivavesinelulasiay, AN9RSINNS IMavR IR
Tulasiay, Q (mL/min) lulasiau, Q (mL/min)
Q (mL/min)
500
600
Q- 600.07 mL/min




AINLARINANTIRaBIMTIlATEiRasnn sngeulunslfiRlaeldiaTesileini (vo)

A19NIINT ATNINVDUAAINE awanlsaniliees
navasie ArdnsInstuavesfinglulasiay, ANBATINTS IRAVDINY
Tulasiay, Q (mL/min) lulasiay, Q(mL/min)
Q (mL/min)

750

Q= 754.34 mL/min

800 Q= 798.41 mL/min

Q= 803.92 mL/min
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AMANUIN U Datasheet

Stepper Motor (42HB34F08AB) Schematic

HYBRID STEPPING MOTOR MOD. 42HB34FOSAB

Wiring Diagram:
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Cavitating venturis (CVs) are simple devices which can be used in different industrial applications to
passively control the flow rate of fluids. In this research the operation of small-sized CVs is characterized
and their capabilities in regulating the mass flow rate were experimentally and numerically investigated.
The effect of upstream and downstream pressures, as well as geometrical parameters such as the throat
diameter, throat length, and diffuser angle on the mass flow rate and critical pressure ratio were studied.
For experimental data acquisition, three CVs with throat diameters of 0.7, 1 and 1.5 mm were
manufactured and tested. The fabricated CVs were tested at different upstream and downstream
pressures in order to measure their output mass flow rate and to obtain their characteristic curves. The
flow inside the CVs was also simulated by computational fluid dynamics. The numerical results showed
agreement with the experimental data by a maximum deviation of 5-10% and confirmed that the
numerical approach can be used to predict the critical pressure ratio and mass flow rate at cavitaing
condition. It is found that despite the small size of venturis, they are capable of controlling the mass flow
rate and exhibit the normal characteristics. By decreasing the throat diameter, their cavitating mode
became more limited. Results also show that increasing the diffuser angle and throat length leads to a

decrease in critical pressure ratio.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Cavitating venturis (CVs) are very simple flow-control devices
which are used in various industrial applications. A cavitating
venturi is consisted of a converging section (nozzle), a short and
straight throat section, and a diverging section (diffuser) as shown
in Fig. 1.

CVs can be used as an alternative device for complex and
expensive active controlling systems such as servo valves due to
their brilliant features like simplicity, low cost and weight, lack of
moving parts, high reliability and long life. It is also shown that by
applying a discharge coefficient and using only upstream pressure,
the cavitating venturi can be used as a flowmeter with a high
degree of accuracy in a wide range of mass flow rate [1].

As a liquid passes through the converging section, according to
Bernoulli’s law, its velocity increases. As a result, the pressure
simultaneously decreases until it reaches the vapor pressure of the
liquid. At this time cavitation starts to occur at the throat of the
venturi and a mixture of vapor and liquid forms as a bubbly flow in
this region.
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It is shown that speed of sound in water-vapor mixture is
much lower than either pure component. For example, the sonic
speed at room temperature is about 430 m/s in steam, and about
1420 m/s in pure water whereas the speed of sound in water and
vapor mixture is as low as a few tens of meters per second [2,3].

When the downstream pressure, Loy, is less than about 0.8 of
the upstream pressure, Py, cavitation occurs and the velacity of
the fluid reaches the sonic speed. Therefore, the flow inside the
venturi becomes choked. Further decrease in downstream pres-
sure will not cause any increase in the mass flow rate, and the flow
rate becomes independent from the downstream pressure. -Thus,
the main capability of CVs is providing constant flow rate under
varying downstream pressure. They can also be used as very
precise and accurate flow meters by exerting a discharge coeffi-
cient and measuring only the upstream pressure.

Randall [4] was one of the pioneers in working on CVs. He
explained the principles of operation and details of construction of
this very interesting device. In the mid 1990s, a series of investiga-
tions were pursued in connection with venturis used in an
ammonia cooling loop for the freedom space station. Ungar et al.
[5] investigated the performance of CVs under low inlet sub-
cooling. They found that when a CV is operating at its unchoked
mode, if the downstream pressure is decreased, overflow can occur.
The overflow condition has a hysteresis fashion and will persist
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Nomenclature

A throat area (m?)

D inlet diameter (m)

d throat diameter (m)

f Darcy friction factor (-)

b hydraulic loss in pipe (m)

K, loss coefficient through the venture (-)
L venturi length (m)

1 throat length (m)

Menokea  choked mass flow rate (kg/s)
mr mass flow ratio (-)

P presure (Pa)

Pg bubble surface pressure (Pa)
Py inlet pressure (Pa)

Pour outlet pressure (Pa)

Py pressure ratio (-)

Py crit critical pressure ratio (-)

Psar saturation pressure (Pa)

Re evaporation source term (kg/m?)
R. condensation source term (kg/m?)
Rp bubble radius (m)

Vi velocity of phase k (m/s)

vy vapor phase velocity (m/s)

Greek symbol

a vapor volume fraction (-)

ay volume fraction of phase k (-)
Hn viscosity of the mixture N s

1y turbulent viscosity N s

P density (kg/m?)

P density of the mixture (kg/m?)
Py vapor density (kg/m?)

2 liquid density (kg/m?)

Fig. 1. Schematic of a cavitating venturi.

until the downstream pressure is decreased to a much lower value,
Ungar and Mal [6] also investigated alternative geometries to
mitigate the overflow condition by placing an aft-facing step in
the throat region of the CVs used in the thermal control system of
freedom space station. Liou et al. [7] conducted performance tests
on small CVs under low inlet sub-cooling. Their tests were carried
out under choked flow, overflow, and recovery conditions.

Navickas and Chen [8] used an axisymmetric computational fluid
dynamics program to model the cavitating venturi flow characteristics.
Their results indicated that computational methods are effective in
obtaining relative magnitudes of significant parameters affecting the
performance of CVs. Xu and Heister [9] simulated various venturi
orifice cavitating flows using a homogeneous flow model. They
characterized cavitating venturi flow rate, oscillation frequency, and
cavitation extent for a wide range of conditions and compared the
results with experimental data. Some studies were also conducted on
liquid helium to realize its properties in cooling systems. Harada,
Murakami and Ishii [10] studied cavitation phenomena of liquid
helium inside a venturi channel by PIV method. Ishimoto and Kamijo
[11] numerically investigated cavitating flow of liquid helium in a
venturi channel.

Moholkar and Pandit [12] investigated the dynamics of the
bubbly flow in hydrodynamic cavitation with the help of numer-
ical simulations. They used a continuum bubbly mixture model to
study the one-dimensional cavitating flow through a venturi. They
explained the effect of parameters such as downstream recovery
pressure, venturi/pipe area ratio, initial bubble void fraction, and
initial bubble size in the flow on the dynamics of flow. Vortmann,
Schnerr and Seelecke [13] developed a new model which takes

non-equilibrium effects into account to simulate cavitation and
high-speed flows in very small-scale injector nozzles.

Delale, Schnerr and Sauer [14] purposed a new model to solve
the quasi-one-dimensional steady-state cavitating nozzle flow
problem. They employed a homogeneous bubbly liquid flow model
and the nonlinear dynamics of cavitating bubbles were described
by a modified Rayleigh-Plesset equation.

Chen, Lu and Wu [15] developed a numerical code to investi-
gate unsteady turbulent cavitation flows in a venturi type section.
They used modified RNG k—¢ model to simulate turbulent flows.
They also treated cavitation by introducing a barotropic law that
strongly links the fluid density to the pressure variations.

A large number of studies were also carried out in the field of
cavitation by the Turbomachinery and Cavitation team of LEGI
(Laboratoire des Ecoulements Géophysiques et Industriels, Grenoble,
France). Barre et al. [16] investigated cavitating flows in venturis by
means of experiments as well as computational fluid dynamics
(CFD). They performed new double optical probe measurements
and special data processing methods to estimate the void ratio and
velocity fields for cold water flows. They also applied a CFD code,
previously developed in this group, and compared experimental
findings with numerical results. Goncalves and Patella [17,18]
developed a one-fluid compressible Reynolds-Averaged Navier-
Stokes (RANS) solver with a preconditioning scheme to simulate
the flow inside the venturi geometry. They studied cavitation
phenomenon by two different EOS models. Since turbulence model-
ing plays a major role in capturing unsteady behaviors, Goncalves
[19] studied the effects of different turbulent models on the precision
of numerical results.
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Nouri, Mirsaedi and Moghimi [20] used large eddy simulation
(LES) to model the cavitating flow at a Venturi-type section. LES
method has the advantage of directly resolving large energy-
containing structures, whereas most of these structures are
modeled in RANS. This gives LES an improved fidelity over RANS
and the results are more accurate.

Ulas [21] designed an experimental setup to verify the CVs
performance at specified flow rates. He tested the CVs at different
upstream pressures but the influence of downstream pressures was
not studied. Ghassemi and Fasih [1] studied the performance of CVs
under different upstream and downstream pressures as well as time-
varying downstream pressures. Their results showed that for down-
stream/upstream pressure ratios less than 0.8, the mass flow rate is
constant and independent of the downstream pressure.

In many applications, only a very small amount of fluid flow is
allowed, i.e. a few grams per second. An example is supplying the
proper amount of fuel to the engine in the fuel injection systems.
At such instances, CVs with small throat area would be a very good
candidate, which would give a constant amount of fuel indepen-
dent of the varying pressure of the combustion chamber, Due to
the small area of the throat, some issues may arise in the
performance of the CVs related to the viscous effects and frictional
losses.

As can be seen by reviewing the previous studies in this field,
investigating the effect of geometrical parameters on the perfor-
mance of small-sized cavitating venturis has not been performed
so far. Therefore, the main purpose of this work is to investigate
the effect of geometrical parameters, such as throat diameter,
throat length, and diffuser angle, on the mass flow rate, critical
pressure ratio and application range of CVs.

In this research the performance of small-sized cavitating venturis
was experimentally and numerically investigated. Verifying capabil-
ities of CVs in controlling the flow rate under different upstream and
downstream pressures was one of the goals of this study. Determina-
tion of application range of small-sized CVs was another issue which
was raised in this study.

2. Theoretical background

CVs have two modes of operation, choked mode and all-liquid
mode. At the first one, cavitation occurs in the throat and the flow
becomes chocked. Under such a condition, the mass flow rate
becomes constant and independent from the downstream pres-
sure. At the same time, cavitation causes formation of a two-phase
flow in the throat and diffuser section. The location where the
vapor area terminates, i.e. liquid flow reattaches to the diffuser, is a
function of the downstream pressure. As the downstream pressure
increases, the reattachment point moves upstream towards the
throat. When the downstream pressure reaches a critical value
such that the reattachment point reaches the throat, no cavitation
will occur. This is the situation where the all-liquid mode starts.
The flow rate will then decrease with any further increase in the
downstream pressure. At this mode, the CV acts similar to a
standard all-liquid venturi. The all-liquid flow rate is then a
function of the pressure drop across the venturi. Usually the
operation of a CV is determined by a characterization curve,
schematically shown in Fig. 2.

Under either condition, the actual measured mass flow rate of
CV, Myeuan €an be expressed in dimensionless form as

_ Mgcrual

Ty =
Mehoked

(1)

For the case of choked flow, the mass flow ratio is unity, i.e.
iy = 1. The venturi’s downstream pressure can also be expressed
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Fig. 2. Characterization curve of cavitating venturi.

in dimensionless form of the pressure ratio, P;:

POH[ '”PSGI
Pr— Piﬂ"PsaI (2)

In Fig. 2, zone 1 of the curve shows the choked mode and
zone 2 shows the all-liquid mode of operation. Point A corre-
sponds to the critical pressure ratio (Prq) where the reattachment
point reaches the throat and cavitation no longer occurs. By
decreasing the pressure ratio to a value below the critical value,
the venturi returns to its choked mode.

For a steady and choked flow condition, the static pressure
reaches to a minimum at the throat, and is assumed to be equal to
the saturation pressure of the liquid at the inlet temperature. The
cavitating venturi's mass flow rate (fgpereq) can then be deter-
mined through the Bernoulli's equation as

Mehoked = Ath V' 2P(Pin — Psat) (3)

For a non-choked and all-liquid condition, a flow loss coeffi-
cient must be applied to account for the friction loss through the
venturi (K)). K; depends on geometrical features of CV as well as
the flow regime. The cavitating venturi's mass flow rate at the
non-choked mode (i) is determined as

mh‘q = A/ 2p(Pin —Pour)/K; (4)

Based on Egs. (1), (3) and (4) the mass flow ratio for the all-
liquid flow can be expressed as

mii‘q _ (pin —Pﬂut)

Ny = 5
Hr Kl(Pin APsar) @)

Mehoked

Assuming negligible saturation pressure compared fto inlet
pressure, i.e. Psqr/P;, ~ 0 leads to the final form of mass flow rate
ratio as following:

i mn‘q 1-Pr
mn=———= (6)
" Mehoked Ki

Eq. (6) represents the equation of the second zone of char-
acteristic curve of CV shown in Fig. 2 whereas the equation of the
first zone is

=1 (7)
The critical pressure ratio, Prerir at the intersection of the

choked flow zone and the all-liquid flow zone, can be obtained

by equalization of Egs. (6) and (7):

Pr, crit = 1 _KJ (8)

Cavitation is generally assumed to occur wherever the pressure
ratio is less than the critical value, Py On the other hand, the all-
liquid flow is assumed to occur where Pr exceeds Py with iy <1
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3. Experimentals
3.1. Experimental setup

An experimental setup was designed and manufactured to
investigate the operational behavior of CVs. Fig. 3 schematically
shows the various parts of the used setup.

The setup is consisted of a compressed air cylinder, a pressure
regulator, a water tank, a manual ball valve, a needle valve, a
cavitating venturi, and a discharge tank for water, and two pressure
transducers.

The water tank is pressurized with compressed air. The pressure
regulator is used to control the pressure on the water tank. The ball
valve, which is located after the water tank, is responsible for
opening and closing the circuit. The needle valve, which is located
downstream of the venturi, was used to slightly change the down-
stream pressure. Two pressure transducers are located upstream and
downstream of the CV to record the inlet and outlet pressures of the
CV. The transducers were obtained from Sensys company model
M5156. The discharged water was collected in a container and the
corresponding discharge time was recorded by a chronometer. The
average mass flow rate was then calculated using the weight of the
discharged water divided by the discharge time.

Three cavitating venturis were designed and manufactured to
study the effect of the throat size of cavitating venturi on its
performance. A schematic presentation of the venturi is shown in
Fig. 1. Specifications of the used CVs are given in Table 1.

The angles of converging and diverging sections were selected
as 15° and 7¢, respectively, in order to obtain minimum pressure
losses, following the literature [21]. The diverging angle was then
modified in the numerical simulations to investigate the influence
of the diffuser angle on the CVs performance. In order to obtain
steady and fully developed flows at the entrance and exit of the
venturis, two pipes with lengths of 20 cm were fixed at both sides
of the venturis. Since the inlet diameter of the venturis is
D=4 mm, therefore Lype=50D, which is larger than the entrance
length required for fully developed flow.

3.2. Experimental methods

To determine the capability of CVs in controlling and regulating
the mass flow rate, as well as the influence of the throat diameter on
the performance of the venturis, the characteristic curves of the CVs
had to be achieved. As such, one needs to obtain the mass flow ratio
versus the pressure ratio. The easiest way to achieve this purpose was
to fix the upstream pressure and justify the downstream pressure by
adjusting the downstream needle valve. For that reason, at the

Pressure
Transducer

Pressure
Transducer

‘ i Cavitating

Compressed Venturi

Air Capsule Discharge
Container

Fig. 3. Schematic of the experimental setup.

Table 1
Specifications of cavitating venturis.

Venturi no. d (mm) D (mm) I (mm) L (mm) d/D

1 0.7 4 ¥ 40 0175
2 1.0 4 1 40 0.250
3 15 4 1 40 0.375

e

Fig. 4. Cavitating venturis used in the experiments.

beginning of the experiment, the upstream pressure was fixed around
20 bar while the downstream pressure was set about the ambient
pressure. During each test, the upstream and downstream pressures,
mass of discharged water, and the discharge time were thoroughly
recorded. At the next stages, the downstream valve was slightly
closed to increase the downstream pressure and to create a different
pressure ratio. This pracess was repeated about 25 times for each CV
to gather sufficient data points required to plot the characterization
curve of the venturi. It is worth to mention that at the beginning three
steel CVs were used. However, since the flow regime inside the
venturis could not be seen, three transparent CVs made out of Plexy
Glass™ were replaced with the formers to visualize the flow regime
inside the venturis. Fig. 4 shows a photograph of CVs used in this
study. Apparently, by using the transparent CVs, one can easily
observe whether cavitation has occurred or not at a particular
pressure ratio. The details of cavitating region of venturi have been
captured by using a high speed camera.

The accuracies of the experimental devices are presented in
Table 2. According to these accuracies the uncertainty of the
experimental data has been estimated to be around 10%. A brief
calculation which gives an estimation of the experimental errors is
also provided in Appendix A.

4. Numerical simulation

In order to understand the effects of geometrical parameters on
the performance of small sized CVs a numerical approach was
employed. For the cases that either implementation of experi-
mental conditions is difficult or experiments are time consuming,
this approach is very helpful.

The governing equations of fluid flow in venturi include con-
tinuity and momentum equations. Since the flow through the venturi
is two-phase the mixture multiphase approach is employed in order
to simulate the two-phase flow through the venturi. It must be noted
that the primary phase is liquid water and the secondary phase is
vapor. The governing equations have the following form:

The continuity equation for the mixture is

d
&(f)m) +V x (pmvm) =0 9)
where V , is the mass-averaged velocity:

—_
v ke APV k
p=k=1 k" &

10)
Pm (
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Table 2
Accuracy of the experimental devices.

Source of error Amount of error

Accuracy of digital scale 0.0001 kg
Accuracy of pressure transducer 100 Pa
Accuracy of chronometer 01s
Accuracy of manufactured venturi 0.00005 m

and p,, is density of the mixture:
n
Pm= zakpk 11
k=1

where n is the number of phases and « is the volume fraction of
phase k.

The momentum equation for the mixture can be obtained by a
summation of the individual momentum equations for all phases.
That can be expressed as

¢ (pm7m> +V x (p,n?m?m) =—-VP+V

at
T
x {(ym+,u[)<v7m+v Vi )} (12)
where y,, is the viscosity of the mixture:
n
Hm= Y il (13)
k=1

Using Reynolds averaging approach turbulence stresses appear
in the momentum equation. The k-¢ realizable turbulence model
was used in order to take account the effect of turbulence. This
model which is developed by Shih et al. [22] seems to be a very
suitable model for high speed two-phase flows incorporating
separation and circulation.

In cavitation, the liquid-vapor mass transfer, i.e. evaporation
and condensation, is governed by the vapor transport equation:

d
—(ap,)+V (apvﬁv) =R—R; (14)

where v, a, p,, and 7y represent vapor phase, vapor volume
fraction, vapor density, and vapor phase velocity, respectively. R,
and R, are mass transfer source terms connected to the growth
and collapse of the vapor bubbles and account for the mass
transfer between the liquid and vapor phases in cavitation.
Schnerr and Sauer model [23] was used for the calculation of net
mass transfer from liquid to vapor. The mass transfer source terms
are as follows:when P, = P;

APy 3 2B =P)
Re= = a(l a}ﬂ 3P (15)
when P, < P;

_ PP _ 3 E(P"Pv}
Rc_—p—a(l a}ﬂ_s 3 7 (16)

where p,, Pg, Py and P are liquid density, bubble surface pressure,
vapor pressure and local far-field pressure, respectively.

The bubble radius Rz comes from the bubble dynamics which
is described by the Rayleigh-Plesset equation describing the
growth of a single vapor bubble in a liquid [2].

The CFD Simulations were carried out using ANSYS FLUENT
software. The software incorporates a 2D pressure-based solver
and calculates the equations in steady-state conditions. It is used
in order to simulate the presence of vapor in the throat and
diffuser regions and to calculate the mass flow rate of fluid
through the venturi.

Continuity and momentum equations were discretized by means
of control volume scheme. The First-order upwind method was used
for the spatial discretization. The pressure-velocity coupling was
utilized by the SIMPLE algorithm.

Geometries were built and simulated exactly similar to the
manufactured venturis. A quadrilateral structured mesh was
chosen. A special contraction of the mesh is applied in the flow
direction around the throat section to capture the two-phase flow
more effectively.

To ensure the mesh independency, the geometry was meshed
with different mesh sizes given in Table 3. The number of meshes
in the throat region (number of divisions perpendicular to the axis
of the venturi) is chosen as Nx which is altered from 10 to 80.

The effect of grid size on the pressure distribution and velocity
along the venturi axis, as well as the characterization curve of the
venturi inside the domain was investigated. The plotted curves,
which are not provided here for the sake of brevity, demonstrated
that except the first case, which contains coarse meshes, almost
identical results were obtained for other mesh schemes, i.e. the
system was mesh-independent. Therefore the mesh scheme con-
taining 420 nodes in the flow direction and 20 in the orthogonal
direction and a total amount of 8400 cells was chosen. After
refining the grid, in order to have a grid-independent solution, the
value of y+ must be checked. Maintaining a value of y+ for the
first grid point, such that it is located in the log law region, when
using wall functions is necessary. The value of y+ near to the
boundary was checked and it was in the acceptable range
(y+ ~ 30-300) reported in ANSYS FLUENT theory guide [24].

Fig. 5 shows the computational mesh employed with the
details of the grid around the throat. The boundary conditions
for the simulation are also schematically shown in Fig. 5. As is
shown, half of the geometry is modeled, with an axisymmetric
boundary at the centerline.

The simulations were conducted for different upstream and
downstream pressures. In order to ensure the convergence of the
simulations, as well as accuracy of the results, the following
strategies were adopted:

1. The inlet and outlet mass flow rates were both checked to
ensure they are equal (Mass Conservation).

2. The residuals were set to reach a specific low value in the
software. For example, the residual for the continuity equation
was set at 1075,

3. The pressure and the velocity at a specific point of the domain
were checked at different iterations to make sure they
converge,

4. In cases where the difference between upstream and down-
stream pressures was significant, the downstream pressure was
slightly reduced upon each convergence to prevent the simula-
tion becoming divergent.

5. Results and discussions

In the following section effects of geometrical parameters of
the venturi on its performance have been studied. At the

Table 3
Mesh specification created for mesh independency study.

No. Nx No. of cells Mesh

1 10 2,400 240 = 10
F: 20 8,400 420 % 20
3 40 23,600 590 x 40
4 80 60,000 750 x 80
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Fig. 5. Domain geometry, grid details, and boundary conditions of the problem.

beginning, the effect of throat size has been numerically investi-
gated and compared with the obtained experimental data. The
effects of diffuser angle and throat length on the venturi's opera-
tion were inspected numerically. A study has also been conducted
on the effect of operating pressure on the cavitation region.

5.1. Effect of throat size on CV performance

After achieving experimental and numerical results, they were
plotted for each venturi to compare the prediction of simulations
with the experimental results. Fig. 6 shows the characteristic curve
of venturi 1 with a throat diameter of 0.7 mm. This curve indicates
the non-dimensional mass flow rate of the venturi in terms of the
ratio of downstream and upstream pressures. As it is shown, the
CV has been capable to maintain a constant mass flow rate up to a
pressure ratio of about 0.65. Comparison of the numerical and
experimental results shows that the critical pressure ratio as well
as discharge coefficient of the venturi are over estimated. This
deviation can be referred to uncertainties of the reference mea-
surements and errors in the experimental method discussed in
Section 3.2, and also to the shortcomings of the CFD simulations.
In the numerical methoed, the main sources of errors are related to
the turbulence model and the wall function.

RANS Models, which are used in the CFD simulation, are
approximate turbulence models and often use averaging to sim-
plify the solution of the governing equations of turbulence. Hence
they have lower precision in comparison to higher order models
and cannot resolve the exact effects of turbulence and dissipation
of turbulent kinetic energy.

Another source of error in the numerical method is simplifying
assumptions in the wall functions used in CFD simulations. Wall
functions are introduced to evade the excessive grid requirements.
Wall function models may produce large errors especially in the
case of wall bounded flows. This issue is thoroughly discussed
elsewhere [25]. In the current study, the mentioned problem exists
especially in the throat section of the venturi.

For a better comparison, the mass flow rates obtained experi-
mentally and calculated numerically and theoretically are given in
Table 4 for this venturi. As it can be seen, the theoretical mass flow
rate which is obtained from Eq. (3) differs more from the experi-
mental result than the numerical one. This can also be attributed
to the simplifying assumptions which exist in Bernoulli’s equation.

In Fig. 7, experimental data are compared with numerical
results for venturi 2 with a throat diameter of 1 mm. As shown,
the numerical results well follow the experimental data. Mean-
while, the critical pressure ratio for simulated results is about 0.75
while that for the experimental data is about 0.72. Perhaps the
bigger diameter, in comparison with CV 1, which lowers the
friction, is responsible for the better fitness of the numerical
results.
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Fig. 6. Numerical characteristic curve of CV 1 vs. experimental data.
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Fig. 7. Numerical characteristic curve of CV 2 vs. experimental data.

Mass flow rates in venturi 2 according to various methods of
calculation for a typical pressure ratio of 0.49 are given in Table 4.
As it can be seen, the numerical mass flow rate is much closer to
the experimental one, comparing with that of theoretical mass
flow rate.

Experimental data and numerical results of venturi 3 with a
throat diameter of 1.5 mm are shown in Fig. 8. Similar to the
previous cases, the calculated critical pressure ratio and discharge
coefficient are slightly greater than experimental data. Again, mass
flow rates of this venturi according to various methods of calcula-
tion are given in Table 4.

As depicted in Figs. 6-8 and Table 4, the numerical results are
in good agreement with the trend of experimental data. The
experimental discharge coefficient of the venturi as a main
performance parameter varies for different venturis, while its
numerical values are almost the same. It must be notified that in
CVs or other hydraulic devices, the actual mass flow rate differs
from the ideal mass flow rate, which is calculated by Bernoulli's
relation, due to frictional losses. The ratio of the actual mass flow
rate to the ideal mass flow rate is represented by a discharge
coefficient and is shown as:

Macrual

Cd mrheory (] 7)

In order to figure out the influence of throat diameter on the
performance of CV, Fig. 9 shows the characteristic curves of three
CVs under consideration. It is shown that by decreasing the throat
diameter, the critical pressure ratio also decreases. This means that
smaller CVs have shorter ranges of cavitating modes. Venturis 1, 2,
and 3 have P, of 0.8, 0.75, and 0.7, respectively. The details of
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Fig. 8. Numerical characteristic curve of CV 3 vs. experimental data.
Table 4

Mass flow rates in venturis for a typical pressure ratio.
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Fig. 9. Characteristic curves of venturis with different throat diameters.
Table 5

Comparison of discharge coefficients and critical pressure ratios of venturis.

CV Inlet Outlet Pressure  Mmeory  Mpumerical  Mexperimentol v d (mm) Numerical Experimental

pressure pressure ratio (kgfs)  (kgfs) (ke/s)

(bar) (bar) Ca PN G Praric
1 2970 13.19 0.44 0.0296  0.0281 0.0270 1 0.7 0.95 070 0.86 0.65
2 3551 16.80 049 00788 0.0766 0.0721 2 1.0 097 0.75 0.90 0.72
3 2230 11.20 0.50 01117 01074 0.0983 3 S, 0.96 0.80 0.90 0.75

discharge coefficients and critical pressure ratios of venturis
obtained from experiments and numerical simulations are pro-
vided in Table 5. As stated before, the numerically predicted
discharge coefficients are almost the same, A similar fashion can
also be seen in the experimental data. The numerically obtained
pressure ratios decrease monotonically with decreasing the throat
diameter. This conclusion is also confirmed by experimental data.

The simulation results show that by increasing the throat
diameter from 0.7 to 1.5, the Pycica increases from 0.7 to 0.8.
The amount of C; has a very small increase from 0.95 to 0.96. The
reason of the increase in Preirica; and Cy4 can be explained by Darcy—
Weisbach equation. This equation gives hydraulic head loss in a
pipe and is valid for duct flows of any cross section and for laminar
and turbulent flow [26].

LV?
hy=f d2g
By increasing the diameter, the hydraulic head loss in the throat
section becomes less, leading to a lower value of K; explained in
Eq. (4). Also Eq. (8) shows that when K; gets a lower value, the
amount of Prouica gets closer to the ideal amount of 1. Moreover,
since there is less hydraulic loss in the throat of the venturi, the
amount of T Will become closer to Moy Consequently
according to Eq. (17), the amount of Cy will increase.

Since the numerical results indicate that computational methods
are efficient in obtaining relative magnitudes of significant para-
meters affecting the performance of CVs, some other studies were
conducted using the numerical approach. To ensure that the numer-
ical solution has the ability to resolve the flow details, some essential
features of the flow such as vapor formation and separated flow in
converging part of the venturi were investigated. Fig. 10 shows the
pressure contour of CV 2 with a pressure inlet of 20bar and a
pressure outlet of 14 bar. The latter pressures correspond to the
pressure ratio where cavitation starts to occur. It can be seen that the
pressure decreases through the converging section until it reaches the
vapor pressure of water at 27 °C, i.e. 3.54 kPa. This causes the water to
evaporate and the vapor phase is formed in the throat and diffuser
sections. Fig. 11 illustrates the void fraction of flow in the throat area.

(18)

Y (mm)

X {mm)

Fig. 10. Pressure contour of venturi 2.

Emerging vapor is clear in the beginning of diverging section. Fig. 12
shows the streamlines of the flow inside the venturi. It can be seen
that the flow separates in the diffuser and produces a circulation
region close to the wall. This phenomenon causes hydraulic losses
and dissipates energy of the flow stream.

5.2. Effect of pressure ratio on the size of cavitaion region

Another interesting parameter in CVs which affects the perfor-
mance of a CV is the cavitation region and the size of the vapor area
created. Fig. 13 shows the cavitaion region inside CV 2 obtained from
numerical results at different downstream pressures (the upstream
pressure was fixed at 20 bar). As shown, by decreasing the down-
stream pressure, the cavitation region becomes larger. This phenom-
enon has been illustrated for a number of particular downstream
pressures.

Fig. 14 presents the real pictures of cavitation regions for different
downstream pressures. Still images with high quality and high
exposure were taken with a SLR Canon EOS camera. It can be seen
that by decreasing the downstream pressure, the flow re-attachment
point moves toward the end of the venturi and the cavitation region
becomes larger. Frame (a) shows the initiation of cavitation while
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Fig. 11. Void fraction contour of CV 2.
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Fig. 12. Streamlines inside CV 2.
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Fig. 13. Growth of cavitation region for different downstream pressures in CV 2.

frame (e) represents the situation where the downstream valve is
completely open, i.e. the downstream pressure is ambient.

5.3. Effect of diffuser angle on CV performance

The diverging angle of the CV is another important geometrical
parameter which affects its operation characteristics. As mentioned in
literature [21], it is recommended to use a 7° diverging angle due to its
minimum pressure loss. Geometrical influence of this angle on the
venturi is illustrated in Fig. 15. Here the influence of diffuser angle on
the performance of CV was studied. For this reason, CV 2 with a throat
diameter of 1 mm was chosen and its performance for diffuser angles
of 5, 7, 10, and 15 degrees were thoroughly investigated. The
characteristic curves of the mentioned CVs are also shown in Fig. 16.
It can be seen, by increasing the diffuser angle, the critical pressure
ratio, P.ein, decreases from 0.75 to about 0.6. In other words, the
choked mode (cavitating mode) region of the CV becomes more
narrow. This phenomenon is not favorable since the CVs are designed
to operate in their choked modes. The reason for this cbservation is
the hydraulic loss caused by gradual expansion occurring in the
diffuser section of the venturi. By increasing the diffuser angle, the
situation becomes more similar to a sudden expansion and the
hydraulic losses of the diffuser increase, The expansion induces a loss
due to flow separation at the walls and a swirling secondary flow at
the diverging section of the venturi. This subject is thoroughly
discussed in [26]. According to Eq. (8), Praic is proportional to Ki. As
such, the more the hydraulic losses, the lower the critical pressure
ratio becomes.

Another important point is that in the choked mode, approxi-
mately all of the CVs have a unique characteristic curve (see Fig. 16).
This means that the discharge coefficient and mass flow rate for all of
the CVs remain almost constant. C; decreases only from 0.93 to 0.92.

Fig. 14. Cavitation region at different downstream pressures (upstream pressure
20 bar): (a) 14 bar, (b) 13 bar, (c) 10 bar, (d) 5 bar, (&) 1 bar.

Mass Flow Ratio

|

0 01 0.2 0.3 04 05 06 07 08 08 1
Pressure Ratio

Fig. 16. Performance curves of CV 2 with different diffuser angles.

In this mode, since all of the CVs have a similar entrance, converging,
and throat, it is quite expected that the mass flow rate does not
change with changing the diffuser angle. In other words, diverging
part is placed at the downstream of the choked throat and has no
effect on the upstream. On the other hand, in the all-liguid mode, the
mass flow rate is related to pressure difference; therefore, it varies by
changing the diffuser angle.
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Fig. 17. Performance curves of CV 2 with different throat lengths.

5.4. Effect of throat length on CV performance

Throat is a key part of a cavitating venturi. Its diameter has direct
effect on the mass flow rate and critical pressure ratio, as previously
discussed. The throat length is another geometrical parameter which
its influence on the characteristic curve had to be considered. For this
purpose, CV2 with four different throat lengths of 1, 1.5, 2, and
2.5 mm were simulated to investigate this effect.

As shown in Fig. 17, by increasing the length of the throat
section, the critical pressure ratio of the CV decreases, also the
choked mode of the CV becomes more limited.

Simulation results show that by increasing the length of the throat
section from 1 to 2.5 mm, Pqisicat reduces from about 0.75 to 0.65. This
can also be explained by Darcy-Weisbach equation (Eq. (18)). Increas-
ing the length of the throat section is similar to use a longer pipe,
which causes a higher pressure loss due to friction. Again, higher loss
means higher lower amount of Py qiticar-

As a result, the discharge coefficient decreases and the perfor-
mance curves shift down in all-liquid mode. In the cavitating mode,
however, discharge coefficient remains unique for all performance
curves, i.e. performance curves lay on each other. It can be claimed
that in the non-cavitating mode, no vapor exists in the throat section
and the liquid is in direct contact with the solid wall. Therefore, by
increasing the throat length, the frictional losses increase. On the
other hand, in the cavitating mode, the throat section is partially
filled with vapor and the liquid is not in contact with the throat wall
and therefore the frictional losses significantly decrease. As such, the
discharge coefficient remains almost constant and no difference will
be observed in the cavitating section of the performance curves.

6. Conclusions

Effects of several geometrical parameters of small-sized cavitating
venturis on their operating characteristics have been studied. Three
CVs with throat diameters of 0.7, 1, and 1.5 mm were chosen and
characteristic curves for several diverging angles and throat lengths
were numerically obtained. An experimental investigation was also
conducted to validate the numerical results. It was shown that the
numerical findings were in agreement with the experimental results
by a maximum deviation of 5-10%. Some remarkable conclusions are
as following:

1. CVs in very small sizes are also capable in controlling and
regulating the mass flow rate while their characteristic curves
are similar to those of ordinary CVs with larger throat sizes.

2. A theoretical correlation was developed in order to predict the
relation between hydraulic losses inside the venturis and

critical pressure ratios. This assists one to find the performance
region of CVs by means of loss coefficients.

3. By decreasing the throat diameter of CVs, the choked mode
region and critical pressure ratio decrease. Discharge coefficient
also shows a slight decrease by decreasing the throat diameter.
This decrease was, however, less apparent in the simulation
results. The reason can be attributed to the existing simplifica-
tions in the simulation which do not adequately consider the
frictional losses near the wall boundary.

4. By decreasing the diffuser angle from 15 to 5 degrees in the
numerical simulations, the critical pressure ratio increases and
the discharge coefficient remains constant. By increasing the
throat length of CVs, the critical pressure ratio decreases while
discharge coefficient does not show any changes.

Acknowledgments

The research council at Iran University of Science & Technology
(IUST) is highly acknowledged for its financial support during the
course of this project.

Appendix A. A sample calculation of error estimation in mass
flow rate

The error in mass flow rate for the venturi with throat diameter
of 1 mm is calculated as follows:

— Inlet pressure: 20 bar
— Testing time period: 20 s
— Mass of discharged water: 1200 g

s n
Mepeory =A~\/2p( in—Psar) = ZDz \/2{)(1)&;1 —Psar)

3 1 1
1n(mme,,ry] = 7l In (2;)) +21In D+§ In(Py; — Psar)

By differentiating:

ld(Pi'n —Psat)

dmtheory= dD
i 2 (Pip —Psar)

o DT

A;r'."'![hecvry AD 1 APin
W ~AD 2 Py

Atitrenry _ 5(0.00005) 1 100
m 0001 ' 22000,000

This value is for the theoretical mass flow rate. The amount of
error for the experimental mass flow rate is calculated as follows:

i m
Mexp = T

=0.100025

In filexp = Inm—Int

For calculating the error the negative sign must be changed to
positive after differentiating:

A, Am At 00001 0.1
B S TR g T e

And finally the amount of error for C; is

m
Cp=nB
Mtheory

%"' 0.10025+0.005 ~0.10525
d
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Abstract

This paper describe an analytical approach for comparison of four different models to describe the velocity, pressure, turbulence
and mass flow rate taken place in the venturimeter and graph are plotted. Venturimeter are most commonly used for flow meters
for measuring volumetric or mass flow rate and velocity of fluid flowing through the venturimeter. Hence are also know as
variable head meters. Variable head meters work on the principle that a variation of the flow rate through a constriction with a
constant cross-sectional area causes a pressure drop suffered by the fluid as it flows through the constriction. The pressure drop
is related to the flow rate, and hence variations of the pressure drop can be used to measure variations in the flow rate. Fluent
soft ware was used to plot the characteristics of the flow of fluid through the flow meter and gambit software was used to design
the 2D model. Two phase computational fluid dynamic calculation, using K-Epsilon model were employed. The numerical results
were validated against experimental data from the literature and were found o be in good agreement. The pressure recovery is
better in the venturi meter.

Keywords: Gambit, Fluent, K-Epsilon model..

Rk
1. INTRODUCTION The behavior of the fluid as it passes through the venturi is
; . | . - j understood by writing the Bernoulli equation using the
In different applications like chemical, paper and minerals conditions at the entrance and the throat, and at the throat
processing industries these flow meters are used and also in and the exit. As the fluid passes from the entrance to the
order to control these processes and to calculate mass throat, its velocity increases and its pressure decrease. Upon
balances for these processes it is important to‘be able to passing from the throat to the exit, the velocity of the fluid
accurately meaptire the ﬂmfv rate of these ﬂ““?s as.they decreases and its pressure increases, largely recovering to its
move through pipes, conduits, or channels. Variable head value at the entrance. The venturimeter is designed to
meters work on the _pnnctple that a variation of the' flow rate recover most of the pressure drop.
through a constriction with a constant cross-sectional area
causes a pressure drop suffered by the fluid as it flows 2. PROCEDURE AND GEOMETRY
through the constriction. The pressure drop is related to the )
flow rate, and hence variations of the pressure drop can be The current study used FLUENT software, to solve the
used to measure variations in the flow rate. balance equation using control volume approach. These
equations are solved by converting the complex partial
differential equations into simple algebraic equations. The
Comvergent  Throot simplf: geometry is dor}c in the G_AMBI’_T software, a .ﬁne
(yiindricel infet | . meshing is done by using successive ratio and later given
' Divergent outet the boundary conditions for the geometry and for the media.
This file imported into Fluent software and has given the
input values like velocity, mass flow rate, pressure,
temperature efc.,
The geometry was done in the GAMBIT with
measurements; pipe diameter is 30mm, radius of the pipe
15mm and length of the pipe 200mm. Defining required
boundaries like inlet, outlet and wall of the geometry and
Pressure taps A S
mesh under tetrahedron. Defining the boundary conditions
Fig-1.1: Venturimeter for the water. The velocity at inlet is 4m/sec and the
gravitational acceleration of 9.81 m/s2 in downward flow
A sketch of a typical venturimeter is shown in Fig 1.1. direction was used.
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Fig-2.4: Forth model venturimeter.

3. SOLUTION STRATEGY

The simulation is done in the FLUENT based upon the
governing equations. The steps followed in the fluent are
define Model, define Material, define cell zone, boundary
condition, solve, iterate, and analyze results. The convergent
of the solution is shown in below fig 3.1.

158 saltion i conmersed
158 1.6316e-05 & 206015 2.27I0-05 TN A 0ETe-00 D.EIMe-I B0W W2

Fig-3.1: Iterations of solution.

3.1. Continuity Equation.
Continuity Equation also called conservation of mass. The
overall mass balance is

Input — output = accumulation

Assuming that there is no storage the Mass input = mass
output.

However, as long as the flow is steady (time-invariant),
within this tube, since, mass cannot be created or destroyed
then the above equation will be

mj = my (1)
amy _ dm,g

dE = dk @
pAju; = pAsu; 3
Avy = Apvy )

3.2. Momentum Equation and Bernoulli Equation.

It is also called equation of motion .According to Newton’s
2nd law (the time rate of change of momentum of the fluid
particles within this stream tube slice must equal to the
forces acting on it).

F = mass* acceleration
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Consider a small element of the flowing fluid as shown
below, Let

dA : cross-sectional area of the fluid element,
dL : Length of the fluid element,

dw : Weight of the fluid element,

u : Velocity of the fluid element,

P : Pressure of the fluid element.

Assuming that the fluid is steady, non-viscous (the frictional
losses are zero) and incompressible (the density of fluid is
constant).

The forces on the cylindrical fluid element are,

Pressure force acting on the direction of flow (PdA).
Pressure force acting on the opposite direction of flow
[(P+dP)dA].

A component of gravity force acting on the opposite
direction of flow (dW sin ).

Hence, Total force = gravity force + pressure force
The pressure force in the direction of low

Fp = PdA — (P+dP) dA=—dPdA 5
The gravity force in the direction of flow
Fg =—dWsin 0 {W=m g=p dA dL g}.
=—pgdAdLsin8 {sin6=dz/dL}.
=-pgdAdz (6)

The net force in the direction of flow
F=ma{m=pdAdL.

=pdAdLa

=pdAudu. @

We have

pdAudu=—dPdA-pgdAdz{=pdA}

dP/ p+ udu + dz g = 0 -----—--- Euler’s equation of motion.

Bernoulli’s equation could be obtain by integration the
Euler’s equation.

JdP/ p + Judu + [dz g = constant.
P/ p +u2/2 + z g = constant.

AP/ p+ Au2/2 + Az g =0 -- Bernoulli’s equation.

4, RESULTS.
4.1. Results of First Model.

Fig-4.1.1: Pressure contours.

Fig-4.1.2: Velocity contours.

Fig-4.1.3: Turbulence contours.
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Table-4.1.2: Results of mass flow rate.

Mass Flow Rate | (kg/s)
Interior -48874.855
Inlet 239.56801
Qutlet -239.56801
Wall 0

4.2. Results of Second Model.

Chart-4.1.1: Static Pressure-Position.

Fig-4.2.1: Pressure contours.

Chart-4.1.2: Velocity-Position.

Fig-4.2.2: Velocity contours.

Chart-4.1.3: Turbulent-Position. '

Table-4.1.1: Results of flow analysis.

s.n0 | parameters Min. Max.

1 Pressure(Pascal) | -53977.21 | 5552.164
2 Velocity(m/s) 0 9.4006

3 Turbulent(m’/s) | 0.2347 5.28177
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Chart-4.2.3: Turbulent-Position.

Chart-4.2.1: Static Pressure-Position.

Table-4.2.1: Results of flow analysis.

S.no parameters Min. Max.
1 Pressure(Pascal) -90194.45 13095.87
Velocity(m/s) 0 9.185
3 Turbulent(m2/s2) | 0.2672125 11.630932

Table-4.2.2: Results of mass flow rate.

Mass Flow Rate (kg/s)
Interior 1027.7252
Inlet 239.56801
Outlet -239.56801
Wall 0

4.3. Results of Third Model.

Conteurs of St Pressure (pascal

Fig-4.3.1: Pressure contours.

Contours of Vecty Magntuce (ma)

Fig-4.3.2: Velocity contours.

Fig-4.3.3: Turbulence contours.
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Table-4.3.2: Results of mass flow rate.

Mass Flow Rate (kg/s)
Interior -58327.486
Inlet 239.56801
Outlet -239.56801
Wall 0

4.4. Results of Forth Model.

Chart-4.3.1: Static Pressure-Position.

Chart-4.3.2: Velocity-Position.

Fig-4.4.2: Velocity contours.

Chart-4.3.3: Turbulent-Position.

Table-4.3.1: Results of flow analysis.

s.no parameters Min. Max.
Pressure(Pascal) -51152.82 5681.665
Velocity(m/s) 0 9.38077
3 Turbulent(m2/s2) | 0.1972782 4.908975

ig-4.4.3: Turbulence contours.
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Chart-4.4.1: Static Pressure-Position.

Chart-4.4.2: Velocity-Position.

Adpe, 2018
FLUENT 61118 6, pona 1he)

Chart-4.4.3: Turbulent-Position.

Table-4.4.1: Results of flow analysis.

5.0 parameters Min. Max.
1 Pressure(Pascal) -19414.05 7617.83
2 Velocity(m/s) 0 6.73726
3 Turbulent(m2/s2) | 0.1887413 2.143962

Table-4.4.2: Results of mass flow rate.

Mass Flow Rate (kg/s)
Interior -48615.779
Inlet 239.56801
Outlet -239.56801
Wall 0

5. CONCLUSIONS

The flow through venturi meter was numerically simulated
with water by steady flow in k-epsilon scheme. The major
observations made related to the pressure, turbulence,
velocity contours and mass flow rate in the process of flow.
The accuracy of results is with in 5%. The velocity and
pressure distribusions are discribed brifly and graphs are
plotted.

To conclude, this examination results indicate that FLUENT
can be used with high degree of accuracy to visualize the
various contours of velocity, pressure and turbulence can be
understand clearly, the relationship between the mass flow
rate and pressure drop for each flow meter is done and
pressure recovery is better in the venturimeter.

REFERENCES

[1]. Anderson, J. D. (1995). Computational fluid dynamics:
The basics with applications (6th Ed.). New York, NY:
Mcgraw Hill, Inc.

[2]. Versteeg, H.K. & Malalasekera, W. (2007). An
Introduction to Computational fluid dynamics: The Finite
Volume Method (2nd Ed), New Jersey: Pearson education
Itd

[3]. Cengel, Y. A. & Cimbala J. M. (2010). Fluid
Mechanics: Fundamentals and applications (2nd Ed), Noida,
UP, India: Tata McGraw-Hill Education.

[4]. Sapra, M.K., Bajaj, M., Kundu, S.N., Sharma, B.S.V.G.
(2011). Experimental and CFD investigation of 100 mm size
cone flow elements.Flow Measurement and Instrumentation,
22, 469-474.

[5]. Singh, R.K., Singh, S.N., Seshadri, V. (2009). Study on
the effect of vertex angle and upstream swirl on the
performance characteristics of cone flowmeter using CFD.
Flow Measurement and Instrumentation, 20, 69-74.

[6]. Hojat Ghassemi, Hamidreza Farshi Fasih (2011).
Application of small size cavitating venturi as flow
controller and flow meter. Flow Measurement and
Instrumentation, 22, 406—412.

[71. Denghui He, Bofeng Bai (2012). Numerical
investigation of wet gas flow in Venturi meter. Flow
Measurement and Instrumentation, 28, 1-6.

[8]. Singh, Rajesh Kumar, Singh, S.N., Seshadri V. (2010).
CFD prediction of the effects of the upstream elbow fittings
on the performance of cone flowmeters. Flow Measurement
and Instrumentation, 21, 88-97.

[9]. Reader-Harris, M.J., Brunton, W.C., Gibson, I.J,
Hodges, D., Nicholson, 1.G. (2001). Discharge coefficients
of Venturi tubes with standard and non-standard convergent
angles. Flow Measurement and Instrumentation, 12, 135-
145.

[10]. Hall, G.W. Application of Boundary Layer Theory to
Explain some Nozzle and Venturi Peculiarities Trans. IME,
London Vol. 173 No.36 1959.

Volume: 03 Issue: 07| Jul-2014, 'Available @ http:/www.ijret.org 462




IJRET: International Journal of Research in Engineering and Technology

eISSN: 2319-1163 | pISSN: 2321-7308

BIOGRAPHIES:

P.Hari Vijay completed schooling from
Geetanjali public school, East Godavari
district with 68% marks. Completed B.Tech
degree from Aarupadai veedu institute of
technology with 60%. Now pursuing
M.Tech from Kakinada Institute of
Technology and Science, Tirupathi(V),
Divili, East Godavari Dist., A.P., India.

Mr. V.Subrahmanyam working as Assoc.
Professor and Head of Mechanical
Engineering Department in KITS-Divili
Engineering college, Andhra Pradesh, India.
He has 15 years of teaching experience in
various reputed engineering colleges. He
guided so many B.Tech and M.Tech projects. He has three
publications in reputed international journals. He is doing
research in Nano-Technology and Thermal Engineering

Volume: 03 Issue: 07 | Jul-2014, Available @ http://www.ijret.org




Flow control valve

AIr'TAC

ASC Series

@ Specification

0 0 4] A 00-08 00-10 A 0

Fluid Air (to be filtered by 40 p m filter element)

Portsize 1) 178" [ 4 I 318" I 17z

Pressure range 0.05~0.95MPa{7 ~135psi)

Proof pressure 1.5MPa(215psi)

Temperature -20~70°C

Material body Aluminum alloy.

Flow | Control flow 200 | 450 [ 1250 | 1650

(Limin) [Free flow 400 | 800 | 1500 [ 2500
(1) PT thread, G thread and NPT thread are available.
@ Ordering code

ASC 30010 [

o Symbm P A Model Thread type
v@ ASC: Flow control valve! Blank: PT
Code 1('3':NGPT
@ Product feature 160: Tgo (g
¢ 200: 200 series Port size
1. Small and compact structure. | 300: 300 series Model Port size
2. Allows air to exhaust and cut off air flow. The adjustment screw is both~~ 1 100 series | 06: 1/8"
sensitive and precise.. | 200series ?g;:g
3. Can be mounted in various position to facilitate installation and appiicalinn}! 300 series [z
O Dimensions
@ Flow chart
ASC100-06 ASC200-08 i
i L ARGIID-0
S 400 fensten /%‘ |
= bl T |
= 300 T s TS I
3 ] ) \
g ] ASC100-0 I
g 200 [ eam | =
z R : | |
i 100 L i 1
0 R e e } ! \
0123 4 3687 899 1011 1213
Needle rotation (Turns) ] -
B T e T ASC300
ASC300-10 ASC300-15 |
2000 T T |
B i ASC300-15, I
o 1600 1 & e
£ [ ‘ e !
2 120077 T = i
2 PGy ZASCI004
T E— | ASCI000 | )
= 1 R |
£ 400 [t | F
¢ [EEErre ‘ I
0123 4567891011213 ’
Needle rotation (Turns) I
L
O Inner structure ]
B
No.| Item 1
1 | Adjustment cap ‘; * Typeltem[A [B [C |CA|CB |cD|D |E F K |KA[KB|L P |PA
2 | Clamping cap 4 ASC10006| 32| 18] 52.5/47 |26 |8.6]|23[M6x0.5 |M12x0.75(4.3|22 |18 |Mdx0.7|1/8" |10
3 | Throttle body 5 ASC20008| 36] 18] 56.5]51 [ 30 |8.6|27|M6x0.5 |M12x0.75|4.3| 26 |23 | M4x0.7| 1/4" | 13.5
4 | Hexagon nut 8 ASC30010| 50| 28| 74 |65 [40.5|10 |37|MBx0.75[ M16x1.0 | 5.3| 35 (32 | M4x0.7|3/8" [17.5
- 1 ASC30015/50] 2874 |65 [40.5[10 |37|MBx0.75| M16x1.0 |5.3]35|32 | M4 x0.7|1/2" [17.5
5 | O-ring ?I
6 | O-ring XN i
7 | Throttle sheath P —é
8 |Body 1% _Al
9 | Throttle column
10 | Spool O-ring I

A

—

AsSC
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Allegro

A49838

DMOS Microstepping Driver with Translator

And Overcurrent Protection

Features and Benefits

= Low Rpgion) outputs

= Automatic current decay mode detection/selection

= Mixed and Slow current decay modes

= Synchronous rectification for low power dissipation
= Internal UVLO

= Crossover-current protection

= 3.3 and 5 V compatible logic supply

= Thermal shutdown circuitry

= Short-to-ground protection

= Shorted load protection

= Five selectable step modes: full, /5, Vs, /g, and /g

Package:

28-contact QFN
with exposed thermal pad
5 mm * 3 mm > 0.90 mm
(ET package)

Approximate size

Description

The A4988 is a complete microstepping motor driver with
built-in translator for easy operation. It is designed to operate
bipolar stepper motors in full-, half-, quarter-, eighth-, and
sixteenth-step modes, with an output drive capacity of up to
35V and £2 A. The A4988 includes a fixed off-time current
regulator which has the ability to operate in Slow or Mixed
decay modes.

The translator is the key to the easy implementation of the
A4988. Simply inputting one pulsc on the STEP input drives
the motor one microstep. There are no phase sequence tables,
high frequency control lines, or complex interfaces to program.
The A4988 interface is an ideal fit for applications where a
complex microprocessor is unavailable or is overburdened.

During stepping operation, the chopping control in the A4988
automatically selects the current decay mode. Slow or Mixed.
In Mixed decay mode, the device is set initially to a fast decay
for a proportion of the fixed off-time, then to a slow decay for
the remainder of the off-time. Mixed decay current control
results in reduced audible motor noise, increased step accuracy.,
and reduced power dissipation.

Continued on the next page...

Typical Application Diagram

B 0.1 pF 0.1 pF
022pF I_||_| I

VDD

Microcontroller or
Controller Logic

T YYYVYYY \r::|
=
@

VREG ROSC CP1 CP2 VCP ypp1

VBB2 100 pF $

OUT1A
A4988 OUT1B

SENSE1 —-?
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=
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A4988 DMOS Microstepping Driver with Translator

And Overcurrent Protection

Description (continued)

Internal synchronous rectification control circuitry is provided
to improve power dissipation during PWM operation. Internal
circuit protection includes: thermal shutdown with hysteresis,
undervoltage lockout (UVLO), and crossover-current protection.
Special power-on sequencing is not required.

Selection Guide

The A4988 is supplied in a surface mount QFN package (ES), 5 mm
% 5 mm. with a nominal overall package height of 0.90 mm and an
exposed pad for enhanced thermal dissipation. 1t is lead (Pb) free
(suffix =T), with 100% matte tin plated leadframes.

Part Number Package

Packing

A4988SETTR-T 28-contact QFN with exposed thermal pad

1500 pieces per 7-in. reel

Absolute Maximum Ratings

Characteristic Symbol Notes Rating Units
Load Supply Voltage Vag 35 v
Qutput Current lout 2 A
Logic Input Voltage Vin -0.3t0 5.5 \"
Logic Supply Voltage Voo -0.3t0 5.5 \%
Motor Outputs Voltage —2.0to0 37 \%
Sense Voltage Vsense -051t005 \
Reference Voltage VRer 5.5 \Y
Operating Ambient Temperature Ta Range S —-20t0 85 °C
Maximum Junction T,(max) 150 °C
Storage Temperature Tag -55 to 150 °C
Allegro MicroSystems, LLC 2

0 115 Northeast Cutoff
Worcester, Massachusetts 01615-0036 U.S.A

MicroSystems, LLC 1.508.853.5000; www.allegromicro.com




DMOS Microstepping Driver with Translator

A4988 And Overcurrent Protection

Functional Block Diagram
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A4988 DMOS Microstepping Driver with Translator
And Overcurrent Protection

ELECTRICAL CHARACTERISTICS! at T, = 25°C, Vgg = 35 V (unless otherwise noted)

Characteristics | Symbol Test Conditions [ Min. [ Typ2 | Max. | Units
Qutput Drivers
Load Supply Voltage Range Vgg Operating 8 - 35 \%
Logic Supply Voltage Range Vop Operating 3.0 - 5.5 \Y
. Source Driver, loyr=-1.5A - 320 430 mQ
QuinlEON Besitance RosoN  rSink Driver, logr = 15 A = 320 | 430 | mQ
. Source Diode, Ir=-1.5A - - 1:2 A
Body Diode Forward Voltage Vg Sink Diode, I = 1.6.A - = 12 v
foyym < 50 kHz - - 4 mA
Metor Suppiv Curet les Operating, outputs disabled - - 2 mA
) foyum < 50 kHz - - 8 mA
Logic Supply Current lop Gttt = = 5 =
Control Logic
Logic Input Voltage Vinet MopX0- T\ N, s v
Vi) = » VppX0.3 v
Logic Input Current Inict YiNC YBr<P ¢ Tt Ly o A
vy Vin = VppX0.3 -20 <1.0 20 MA
Rus1 MS1 pin - 100 - kQ
Microstep Select Rysz2 MS2 pin < 50 = kQ
Ryss MS3 pin - 100 - kQ
Logic Input Hysteresis Vivsany  |As a % of Vpp 5 " 19 %
Blank Time taLANK 0.7 1 1.3 us
. : QSC = VDD or GND 20 30 40 Hs
Fhsed QI Tiie torF - Roge = 25 kQ 23 30 37 us
Reference Input Voltage Range VRer 0 | /= 4 \
Reference Input Current IRer -3 0 3 WA
Vier =2V, %lipmax = 38.27% - - +15 %
Current Trip-Level Error® ern Ve = 2 V, %lriguax = 70.71% - - £5 %
Vrer = 2 V, %lrpmax = 100.00% = = +5 %
Crossover Dead Time tor 100 475 800 ns
Protection
Overcurrent Protection Threshold* locesT 24 - - A
Thermal Shutdown Temperature Trsp - 165 - °C
Thermal Shutdown Hysteresis TrspHYS - 18 - °C
VDD Undervoltage Lockout Vopuwio | Vo fising 27 2.8 29 v
VDD Undervoltage Hysteresis VDDUVLOHYS - 90 - mV

1For input and output current specifications, negative current is defined as coming out of (sourcing) the specified device pin.

2Typical data are for initial design estimations only, and assume optimum manufacturing and application conditions. Performance may vary for individual
units, within the specified maximum and minimum limits.

Verg = [(Vrer/8) — Vaensel / (Vrer/8)-
4Qvercurrent protection (OCP) is tested at T, = 25°C in a restricted range and guaranteed by characterization.

Allegro MicroSystems, LLC . " 4

A lle rom'. 115 Northeast Cutoff 3 S
¥ " L] Worcester, Massachusetts 01615-0036 U.S.A.

MicroSystems, LLC. 1.508.853.5000; www.allegromicro.com




A4988 DMOS Microstepping Driver with Translator
And Overcurrent Protection

THERMAL CHARACTERISTICS
Characteristic Symbol Test Conditions* Value | Units
Package Thermal Resistance Rgja Four-layer PCB, based on JEDEC standard 32 [°C/W

*Additional thermal information available on Allegro Web site.

Power Dissipation versus Ambient Temperature

350 \

=
& e \
5 &
TI} >
S 200 "9.,0
2 <
o]
8 1.50
£
1.00

20 40 60 80 100 120 140 160
Temperature, Ta (°C)

Allegro MicroSystems, LLC 15}
0 115 Northeast Cutoff
Worcester, Massachusetts 01615-0036 U.S.A.
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A4988 DMOS Microstepping Driver with Translator
And Overcurrent Protection

:, tA > tB =
L i T
i [] I
— : —
STEP \
1 I 1
] ' [
1
e NN
: i :
MS1, MS2, MS3, 1 ' l
RESET, or DIR : | ;
I
1
Time Duration Symbol Typ. Unit
STEP minimum, HIGH pulse width ta 1 us
STEP minimum, LOW pulse width tg 1 . ps
Setup time, input change to STEP tc 200 ns
Hold time, input change to STEP i 200 ns

Figure 1: Logic Interface Timing Diagram

Table 1: Microstepping Resolution Truth Table

MS1 | MS2 | MS3 | Microstep Resolution | Excitation Mode
L |2 e Full Step 2 Phase
H b L | Half Step 1-2 Phase
L H L | Quarter Step' W1-2 Phase
H H L | Eighth Step 2W1-2 Phase
H H H | Sixteenth Step 4W1-2 Phase

Allegro MicroSystems, LLC 6

le 115 Northeast Cutoff
Worcester, Massachusetts 01615-0036 U.S.A
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A49838

DMOS Microstepping Driver with Translator

And Overcurrent Protection

Functional Description

Device Operation. The A4988 is a complete microstepping
motor driver with a built-in translator for easy operation with
minimal control lines. It is designed to operate bipolar stepper
motors in full-, half-, quarter-, eighth, and sixteenth-step modes.
The currents in each of the two output full-bridges and all of the
N-channel DMOS FETs are regulated with fixed off-time PWM
(pulse width modulated) control circuitry. At each step, the current
for each full-bridge is set by the value of its external current-sense
resistor (Rg,; and Rg,), a reference voltage (Vggg), and the output
voltage of its DAC (which in turn is controlled by the output of
the translator).

At power-on or reset, the translator sets the DACs and the phase
current polarity to the initial Home state (shown in Figures 9
through 13), and the current regulator to Mixed Decay Mode for
both phases. When a step command signal occurs on the STEP
input, the translator automatically sequences the DACs to the
next level and current polarity. (See Table 2 for the current-level
sequence.) The microstep resolution is set by the combined effect
of the MSx inputs, as shown in Table 1.

When stepping, if the new output levels of the DACs are lower
than their previous output levels, then the decay mode for the
active full-bridge is set to Mixed. If the new output levels of the
DACs are higher than or equal to their previous levels, then the
decay mode for the active full-bridge is set to Slow. This auto-
matic current decay selection improves microstepping perfor-
mance by reducing the distortion of the current waveform that
results from the back EMF of the motor.

Microstep Select (MSx). The microstep resolution is set by
the voltage on logic inputs MSx, as shown in Table 1. The MSI
and MS3 pins have a 100 kQ pull-down resistance. and the MS2
pin has a 50 kQ pull-down resistance. When changing the step
mode the change does not take effect until the next STEP rising
edge.

If the step mode is changed without a translator reset, and abso-
lute position must be maintained, it is important to change the
step mode at a step position that is common to both step modes in
order to avoid missing steps. When the device is powered down,
or reset due to TSD or an over current event the translator is set to

the home position which is by default common to all step modes.

Mixed Decay Operation. The bridge operates in Mixed
decay mode, at power-on and reset, and during normal running
according to the ROSC configuration and the step sequence, as
shown in Figures 9 through 13. During Mixed decay, when the
trip point is reached. the A4988 initially goes into a fast decay
mode for 31.25% of the off-time, tpp. After that, it switches to
Slow decay mode for the remainder of topr. A timing diagram for
this feature appears on the next page.

Typically. mixed decay is only necessary when the current in the
winding is going from a higher value to a lower value as determined
by the state of the translator. For most loads automatically-selected
mixed decay is convenient because it minimizes ripple when the
current is rising and prevents missed steps when the current is falling.
For some applications where microstepping at very low speeds is
necessary, the lack of back EMF in the winding causes the current to
increase in the load quickly, resulting in missed steps. This is shown
in Figure 2. By pulling the ROSC pin to ground. mixed decay is set
to be active 100% of the time. for both rising and falling currents, and
prevents missed steps as shown in Figure 3. If this is not an issue, it
is recommended that automatically-selected mixed decay be used,
because it will produce reduced ripple currents. Refer to the Fixed
Off-Time section for details.

Low Current Microstepping. Intended for applications
where the minimum on-time prevents the output current from
regulating to the programmed current level at low current steps.
To prevent this, the device can be set to operate in Mixed decay
mode on both rising and falling portions of the current waveform.
This feature is implemented by shorting the ROSC pin to ground.
In this state, the off-time is internally set to 30 ps.

Reset Input (RESET). The RESET input sets the translator
to a predefined Home state (shown in Figures 9 through 13), and
turns off all of the FET outputs. All STEP inputs are ignored until
the RESET input is set to high.

Step Input (STEP). A low-to-high transition on the STEP

B
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A4988 DMOS Microstepping Driver with Translator
And Overcurrent Protection
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Figure 3: Continuous Stepping Using Automatically-Selected Mixed Stepping (ROSC pin grounded)
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A4988

DMOS Microstepping Driver with Translator

And Overcurrent Protection

input sequences the translator and advances the motor one incre-
ment. The translator controls the input to the DACs and the direc-
tion of current flow in each winding. The size of the increment is
determined by the combined state of the MSx inputs.

Direction Input (DIR). This determines the direction of rota-
tion of the motor. Changes to this input do not take effect until the
next STEP rising edge.

Internal PWM Current Control. Each full-bridge is con-
trolled by a fixed off-time PWM current control eircuit that limits
the load current to a desired value, Iygp- Initially. a diagonal pair
of source and sink FET outputs are enabled and current flows
through the motor winding and the current sense resistor. Rg,.
When the voltage across Rg, equals the DAC output voltage, the
current sense comparator resets the PWM latch. The latch then
turns off the appropriate source driver and initiates a fixed off
time decay mode

The maximum value of current limiting is set by the selection of
Ry, and the voltage at the VREF pin. The transconductance func-
tion is approximated by the maximum value of current limiting,
Itipmax (A), which is set by

Lippaax = Vrer/ (8 X Ry

where Ry is the resistance of the sense resistor (£2) and Vg is
the input voltage on the REF pin (V).

The DAC output reduces the Vygr output to the current sense
comparator in precise steps. such that

Lyip = (Dol gripniax/ T00) X Tripagax

(See Table 2 for %l ax at each step.)

It is critical that the maximum rating (0.5 V) on the SENSEI and
SENSE?2 pins is not exceeded.

Fixed Off-Time. The internal PWM current control circuitry
uses a one-shot circuit to control the duration of time that the
DMOS FETs remain off. The off-time. topp. is determined by the
ROSC terminal. The ROSC terminal has three settings:

= ROSC tied to VDD — off-time internally set to 30 us, decay
mode is automatic Mixed decay except when in full step where
decay mode is set to Slow decay

= ROSC tied directly to ground — off-time internally set to
30 ps, current decay is set to Mixed decay for both increasing
and decreasing currents for all step modes.

= ROSC through a resistor to ground — off-time is determined
by the following formula, the decay mode is automatic Mixed
decay for all step modes except full step whic is set to slow
decay.

torr = Rose / 825
Where topr is in ps.

Blanking. This function blanks the output of the current sense
comparators when the outputs are switched by the internal current
control circuitry. The comparator outputs are blanked to prevent
false overcurrent detection due to reverse recovery currents of the
clamp diodes, and switching transients related to the capacitance
of the load. The blank time, tg; ank (1S). is approximately

tyrank =1 us

Shorted-Load and Short-to-Ground Protection.

If the motor leads are shorted together, or if one of the leads is
shorted to ground. the driver will protect itself by sensing the
overcurrent event and disabling the driver that is shorted, protect-
ing the device from damage. In the case of a short-to-ground. the
device will remain disabled (latched) until the SLEEP input goes
high or VDD power is removed. A short-to-ground overcurrent
event is shown in Figure 4.

When the two outputs are shorted together, the current path is
through the sense resistor. After the blanking time (=1 us) expires.
the sense resistor voltage is exceeding its trip value, due to the
overcurrent condition that exists. This causes the driver to go into
a fixed off-time cycle. After the fixed off-time expires the driver
turns on again and the process repeats. In this condition the driver
is completely protected against overcurrent events, but the short
is repetitive with a period equal to the fixed off-time of the driver.
This condition is shown in Figure 3.

During a shorted load event it is normal to observe both a posi-
tive and negative current spike as shown in Figure 3. due to the
direction change implemented by the Mixed decay feature. This
is shown in Figure 6. In both instances the overcurrent circuitry is
protecting the driver and prevents damage to the device.

Charge Pump (CP1 and CP2). The charge pump is used to
generate a gate supply greater than that of VBB for driving the
source-side FET gates. A 0.1 uF ceramic capacitor, should be
connected between CP1 and CP2. In addition, a 0.1 pF ceramic
capacitor is required between VCP and VBB, to actas a reservoir
for operating the high-side FET gates.

Capacitor values should be Class 2 dielectric £15% maximum,
or tolerance R, according to EIA (Electronic Industries Alliance)
specifications.

Allegro:
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DMOS Microstepping Driver with Translator

And Overcurrent Protection

VReg (VREG). This internally-generated voltage is used to
operate the sink-side FET outputs. The nominal output voltage
of the VREG terminal is 7 V. The VREG pin must be decoupled
with a 0.22 uF ceramic capacitor to ground. Vg is internally
monitored. In the case of a fault condition, the FET outputs of the
A4988 are disabled.

Capacitor values should be Class 2 dielectric £15% maximum,
or tolerance R, according to EIA (Electronic Industries Alliance)
specifications.

Enable Input (ENABLE). This input turns on or off all of the
FET outputs. When set to a logic high, the outputs are disabled.
When set to a logic low, the internal control enables the outputs

as required. The translator inputs STEP, DIR. and MSx, as well as
the internal sequencing logic, all remain active, independent of the
ENABLE input state.

Shutdown. In the event of a fault, overtemperature (excess Tj)
or an undervoltage (on VCP), the FET outputs of the A4988 are
disabled until the fault condition is removed. At power-on, the
UVLO (undervoltage lockout) circuit disables the FET outputs
and resets the translator to the Home state.

Sleep Mode ( SLEEP ). To minimize power consumption
when the motor is not in use, this input disables much of the
internal circuitry including the output FETSs, current regulator,
and charge pump. A logic low on the SLEEP pin puts the A4988
into Sleep mode. A logic high allows normal operation, as well as
start-up (at which time the A4988 drives the motor to the Home
microstep position). When emerging from Sleep mode, in order
to allow the charge pump to stabilize, provide a delay of 1 ms
before issuing a Step command.

Mixed Decay Operation. The bridge operates in Mixed
Decay mode, depending on the step sequence. as shown in Fig-
ures 9 through 13. As the trip point is reached, the A4988 initially
goes into a fast decay mode for 31.25% of the off-time. togg.
After that, it switches to Slow Decay mode for the remainder of
topr A timing diagram for this feature appears in Figure 7.

Synchronous Rectification. When a PWM-off cycle is
triggered by an internal fixed-off time cycle, load current recircu-
lates according to the decay mode selected by the control logic.
This synchronous rectification feature turns on the appropriate
FETs during current decay, and effectively shorts out the body
diodes with the low FET Rpg(on)- This reduces power dissipation
significantly, and can eliminate the need for external Schottky
diodes in many applications, Synchronous rectification turns off
when the load current approaches zero (0 A), preventing reversal

5A/div. N
1 Fault

- latehed ]

Jemr————

N

t—

Figure 4: Short-to-Ground Event
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Figure 6: Shorted Load (OUTxA — OUTxB) in Mixed Decay Mode
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Figure 7: Current Decay Modes Timing Chart
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And Overcurrent Protection

Application Layout

Layout. The printed circuit board should use a heavy ground-
plane. For optimum electrical and thermal performance, the
A4988 must be soldered directly onto the board. Pins 3 and 18
are internally fused, which provides a path for enhanced thermal
dissipation. Theses pins should be soldered directly to an exposed
surface on the PCB that connects to thermal vias are used to
transfer heat to other layers of the PCB.

In order to minimize the effects of ground bounce and offset
issues, it is important to have a low impedance single-point
ground, known as a star ground, located very close to the device.
By making the connection between the pad and the ground plane
directly under the A4988, that area becomes an ideal location for
a star ground point. A low impedance ground will prevent ground
bounce during high current operation and ensure that the supply
voltage remains stable at the input terminal.

The two input capacitors should be placed in parallel, and as
close to the device supply pins as possible. The ceramic capaci-
tor (CIN1) should be closer to the pins than the bulk capacitor
(CIN2). This is necessary because the ceramic capacitor will be
responsible for delivering the high frequency current components.
The sense resistors, RSx, should have a very low impedance
path to ground. because they must carry a large current while
supporting very accurate voltage measurements by the current
sense comparators. Long ground traces will cause additional
voltage drops, adversely affecting the ability of the comparators
to accurately measure the current in the windings. The SENSEx
pins have very short traces to the RSx resistors and very thick,
low impedance (races directly to the star ground underneath the
device. If possible. there should be no other components on the
sense circuits.

O T
RS1 RS2 = 5
= | EE= I+ Ve
| c2
SN s2=33 L
a s £ = E 2 2 =
= &8 3 &~
W w
ouT28 OUTiB
ENABLE A4988 NC
S0 PAD DR f—e—
CA1 —_l_.- GND R3
cP2 REF
VCP STEP [—<—  R2 =
NC . VDD
© 9 |& + Voo
w - w
222888 | aC
CﬁI} + + *Ré

'l M-
=

Figure 8: Typical Application and Circuit Layout
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A4988 DMOS Microstepping Driver with Translator
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Table 2: Step Sequencing Settings
Home microstep position at Step Angle 45° DIR =H

Phase 1 | Phase 2 Phase 1 | Phase 2
Full | Half | 1/4 118 | 116 | current | Current Step Full | Half | 1/4 18 | 116 | ayrrent | Current Step
Step | Step | Step | Step | Step | [% lripmax) | [% lripmax] | Angle Step | Step | Step | Step | Step | [% lyipmaxd | [% kripmax] |  Angle
# # B # i (%) (%) (°) # # # il # (%) (%) )
1 1 1 1 100.00 0.00 0.0 5 9 17 33 -100.00 0.00 180.0
2 99.52 9.80 5.6 34 -99.52 -9.80 185.6
2 3 98.08 19.51 g 18 35 -98.08 -18.51 191.3
4 95.69 29.03 16.9 36 -95.69 —-29.03 196.9
2 3 ] 9289 38.27 205 10 19 37 -92.39 -38.27 202.5
6 88.19 47.14 281 38 -88.19 —47.14 208.1
4 7 83.15 55.56 33.8 20 39 -83.15 -55.56 213.8
8 77.30 63.44 39.4 ‘ 40 —77.30 -63.44 219.4
1 2 3 5 9 70.71 70.71 45.0 3 6 " 21 41 -70.71 -70.71 225.0
10 63.44 77.30 50.6 42 -63.44 —77.30 230.6
6 1" 55.56 83.15 56.3 22 43 -55.56 -83.15 236.3
12 47.14 88.19 61.9 44 —47.14 -88.19 241.9
4 7 13 38.27 92.39 67.5 12 23 ] 45 -38.27 -92.39 247.5
14 29.03 95.69 Fiaye! 46 ~29.03 -95.69 253.1
8 15 19.51 98.08 78.8 24 47 —19.51 -98.08 258.8
16 9.80 99.52 84.4 48 -9.80 -99.52 264.4
3 5 9 17 0.00 100.00 90.0 ’ 18 25 49 0.00 -100.00 270.0
18 -9.80 99.52 95.6 50 9.80 -99.52 275.6
10 19 -19.51 98.08 101.3 26 51 19.51 -98.08 281.3
20 -29.03 95.69 106.9 52 29.03 -95.69 286.9
6 11 21 -38.27 92.39 112.5 14 27 53 38.27 -92.39 292.5
22 —47.14 88.19 1181 54 47.14 -88.19 298.1
12 23 —55.56 83.15 123.8 28 55 55.56 -83.15 303.8
24 —63.44 77.30 129.4 56 63.44 —77.30 309.4
2 4 T 13 25 —70.71 70.71 135.0 4 8 15 29 57 70.71 -70.71 315.0
26 -77.30 63.44 140.6 58 77.30 —63.44 320.6
14 27 -83.15 55.56 146.3 30 59 83.15 -55.56 326.3
28 -88.19 47.14 151.9 60 88.19 —47.14 331.9
8 15 29 -92.39 38.27 157.5 16 31 61 92.39 -38.27 337.5
30 —95.69 29.03 163.1 62 95.69 -29.03 343.1
16 31 -98.08 19.51 168.8 32 63 98.08 -19.51 348.8
32 -99.52 9.80 174.4 64 99.52 -9.80 354.4
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ouT28
ENABLE

BLEEP |14

Terminal List Table

Name Number Description
CP1 4 Charge pump capacitor terminal
CcP2 5 Charge pump capacitor terminal
VCP 6 r Reservoir capacitor terminal \
VREG 8 Regulator decoupling terminal
MS1 9 Logic input
MS2 10 Logic input g
MS3 11 Logic input
RESET 12 Logic input
ROSC 13 Timing set
SLEEP 14 Logic input
VDD 15 Logic supply
STEP 16 Logic input
REF 17 G, reference voltage input
GND 3,18 Ground*
DIR 19 Logic input
OUT1B 21 DMOS Full Bridge 1 Qutput B
VBB1 22 Load supply
SENSE1 23 Sense resistor terminal for Bridge 1
OUT1A 24 DMOS Full Bridge 1 Output A
OUT2A 26 DMOS Full Bridge 2 Output A
SENSE2 27 Sense resistor terminal for Bridge 2
VBB2 28 Load supply
ouT2B 1 DMOS Full Bridge 2 Output B
ENABLE 2 Logic input
NC 7,20, 25 No connection
PAD - Exposed pad for enhanced thermal dissipation*

*The GND pins must be tied together externally by connecting to the PAD ground plane
under the device.

Allegro MicroSystems, LLC 1 8
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For Reference Only; not for tooling use
(reference JEDEC MO-220VHHD-1)
Dimensions in millimeters

Exact case and lead configuration at supplier discretion within limits shown

A Terminal #1 mark area

& Exposed thermal pad (reference only, terminal #1

identifier appearance at supplier discretion)

& Reference land pattern layout (reference IPC7351

QFN50P500X500X100-29V1M);

All pads a minimum of 0.20 mm from all adjacent pads; adjust as
necessary to meet application process requirements and PCB layout
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EIA/JEDEC Standard JESD51-5)
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SDP600 Series  (SDP6xx/5xx)

Low-cost Digital Differential Pressure Sensor

Accuracy better than 0.2% FS near zero
Digital output (12C)

Excellent repeatability, even below 10 Pa
Calibrated and temperature compensated
Excellent long-term stability

Flow measurement in bypass-configuration

Product Summary

The SDP600 sensor family is Sensirion’s series of digital
differential pressure sensors designed for. high-volume
applications. They measure the pressure of air and non-
aggressive gases with superb accuracy and no offset drift.
The sensors cover a pressure range of up to £500 Pa
(£2inch H,0 / £5 mbar) and deliver outstanding accuracy
even at the bottom end of the measuring range.

The SDP600 series operates from a 3.3V supply voltage
and features a digital 2-wire interface, which makes it easy
to connect directly to a microprocessor. The signal is
internally linearized and temperature compensated.

Applications

Medical
HVAC

Automotive

Process automation
Burner control

OEM options

A variety of custom options can be implemented for high-
volume OEM applications. Ask us for more information.

SENSIRION

THE SENSOR COMPANY

The outstanding performance of these sensors is based
on Sensirion's patented CMOSens® sensor technology,
which combines the sensor element, signal processing
and digital calibration on a tiny micrachip. The differential
pressure is measured by a thermal sensor element using
flow-through technology. Compared with membrane-
based sensors, the SDP600 features an extended
dynamic range, better long-term stability, and improved
repeatability, especially near zero.

The well-proven CMOS technology is perfectly suited for
high-quality mass production and is the ideal choice for
demanding and cost-sensitive OEM applications.

Sensor chip

The SDP600 series features a fourth-generation silicon
sensor chip called SF04. In addition fo a thermal mass
flow sensor element, the chip contains an amplifier, AID
converter, EEPROM memory, digital signal processing
circuitry, and interface. The highly sensitive chip requires
only a minuscule amount of gas flow through the sensor.

www.sensirion.com
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THE SENSOR COMPANY

1. Sensor Performance

11 Physical specifications!

Parameter SDP600-500Pa | SDP600-125Pa | SDP600-25Pa SDP601 SDP500 SDP501
SDP610-500Pa | SDP610-125Pa | SDP610-25Pa SDP611 SDP510 SDP511
Short Description Standard Low DP Lowest DP ‘Mass Flow" Low cost Low cost
‘Mass Flow”
- 500 Pa -125Pa -25Pa —500to +500 0Pa
Calibrated range? to +500 Pa to +125 Pa to +25 Pa Pa to +500 Pa
(£20in.HO) | (£05in HO) | (x0.1in HO) | (£20in. H:0) (010 2.0 in. H:0)
Temperature- - 3
compensation yes yes yes mass flow yes mass flow
Resolution 12 bits preset* (adjustable from 9 to 18 bit)
Zero point accuracy5$ 0.2 Pa 0.1Pa 0.2 Pa
Span accuracy’t 3% of reading 4.5% of reading
Zero point ' {
repeatabiltys 0.1Pa 0.05 Pa 0.03 Pa 01Pa
Span repeatability58 0.5% of reading
Offset shift due to None
temperature variation (less than resolution)
Span shift due to o : o
temperature variation < G0% oifesdingPer 40°6
Offset stability < 0.1 Palyear
Response time* 4.6 ms typical at 12-bit resolution
Warm-up time for first Typ. 50 ms
reliable measurement (first measurement typically after 16 ms)

1 Unless otherwise noted, all sensor specifications are valid at 25°C with Vdd = 3.3 V and absolute pressure = 966 mbar.
2 The SDP50x/SDP51x sensors can detect negative differential pressures in the range of -500 to OPa. A negative differential pressure is represented

by a negative value. The accuracy of the negative differential pressure is not specified and might have significant inter-sensor variation.
3 Please see chapter 5.3 for details.

4 See Application Note for response times with other resolutions, e.g. 1.3 ms with 10 bits.
5 With 12-bit resolution; includes repeatability and hysteresis.
8 Total accuracy/repeatability is a sum of zero-point and span accuracy/repeatability.

www.sensirion.com Version 1.9 — July 2015 2/10



1.2 Ambient conditions

SENSIRION

THE SENSOR COMPANY

Parameter SDP5xx [ SDP6xx Series
Calibrated for? Air, N2

Media compatibility Air, N2, Oz
Calibrated temperature range -20 °Cto+80 °C
Operating temperature -20°Cto+80 °C

Storage temperature’

-40 °Cto +80 °C

Position sensitivity

Less than repeatability error

1.3 Materials

Parameter

SDP5xx / SDPgxx Series

Wetted materials

PBT (polybutylene terephthalate), glass (silicon nitride, silicon oxide), silicon, gold,
FR4, silicone as static sealing, epoxy, copper alloy, lead-free solder

REACH, RoHS

REACH and RoHS compliant

2. Electrical Specifications

Parameter SDP5xx | SDP6xx

; 30-36V
Operating voghg (A supply voltage of 3.3 V is recommended)
Current drain < 6 mA typical in operation
Interface Digital 2-wire interface (12C)

Bus clock frequency

100 kHz typical, 400 kHz max.

Default 12C address

64 (binary: 1000 000)

Scale factor®
SDP6xx-500Pa & SDP5xx 60 Pa’
SDP6x0-125Pa 240 Pat
SDP6x0-25Pa 1200 Pa!
For all 500 Pa versions:
Scale factor to alternative 6'000 mbar-!
units® 413'686 psi”
14'945 (inch H20)1
24'000 mbart
SDP 6x0-125Pa 1'654'744 psi!
59780 (inch H20)
120'000 mbar-!
SDP6x0-25Pa 8273719 psi!
298'900 (inch H20)"

7 Contact Sensirion for information about other gases, wider calibrated temperature ranges and higher storage temperatures.
8 See section 5.1. The scale factor may vary with other configurations.
9 Instead of the standard scale factor (to get the physical value in Pa), the sensor output may be divided by alternative scale factors to receive the physical

value in another unit.

www.sensirion.com
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3. Interface Specifications

The serial interface of the SDP600 series is compatible
with 12C interfaces. For detailed specifications of the 1°C
protocol, see The 12C Bus Specification (source: NXP).

3.1 Interface connection — external
components

Bi-directional bus lines are implemented by the devices
(master and slave) using open-drain output stages and a
pull-up resistor connected to the positive supply voltage.

The recommended pull-up resistor value depends on the
system setup (capacitance of the circuit or cable and bus
clock frequency). In most cases, 10 kQ is a reasonable
choice.

The capacitive loads on SDA and SCL line have to be the
same. It is important to avoid asymmetric capacitive loads.

[2C Transmission Start Condition

VDD

master Rp|| Rp
—< |soA

slave (SDPG00)

i ; A
—< [soL | (>
e =

Both bus lines, SDA and SCL, are bi-directional and therefore
require an external pull-up resistor.

3.2 I2C Address

The 12C address consists of a 7-digit binary value. By
default, the 12C address is set to 64 (binary: 1000 000).
The address is always followed by a write bit (0) or read
bit (1). The default hexadecimal 1°C header for read
access to the sensor is therefore h81.

3.3 Transfer sequences

Transmission START Condition (S): The START condi-
tion is a unique situation on the bus created by the master,
indicating to the slaves the beginning of a transmission
sequence (the bus is considered busy after a START).

12C Transmission Start Condition

SDA $
!

A"

START condition

A HIGH to LOW transition on the SDA line while SCL is HIGH

SENSIRION

THE SENSOR COMPANY

Transmission STOP Condition (P): The STOP condition
is a unique situation on the bus created by the master,
indicating to the slaves the end of a transmission
sequence (the bus is considered free after a STOP).

[2C Transmission Stop Condition

@ T

SCL
P

STOP condition

A LOW to HIGH transition on the SDA line while SCL is HIGH.

Acknowledge (ACK) / Not Acknowledge (NACK): Each
byte (8 bits) transmitted over the 12C bus is followed by an
acknowledge condition from the receiver. This means that
after the master pulls SCL low to complete the
transmission of the 8th bit, SDA will be pulled low by the
receiver during the 9th bit time. If after transmission of the
gth hit the receiver does not pull the SDA line low, this is
considered to be a NACK condition.

If an ACK is missing during a slave to master transmission,
the slave aborts the transmission and goes into idle mode.

12C Acknowledge / Not Acknowledge

not acknowledge
‘ %y

SDA ‘ l x Ix :

|
acknowledge

- |
SCL 4&1_;)* wACKL im* —M

Each byte is followed by an acknowledge or a not
acknowledge, generated by the receiver

Handshake procedure (Hold Master): In a master-slave
system, the master dictates when the slaves will receive or
transmit data. However, in some situations a slave device
may need time to store received data or prepare data to
be transmitted. Therefore, a handshake procedure is
required to allow the slave to indicate termination of
internal processing.

%Hold Master
gl A ) 8 L
SCL i R! ACK i) = Do ACK

master.
SCK line pulled LOW L data ready: SCK line released

After the SCL pulse for the acknowledge signal, the SDPG00
series sensor (slave) can pull down the SCL line to force the
master into a wait state. By releasing the SCL line, the sensor
indicates that its internal processing is completed and
transmission can resume. (The bold lines indicate that the
sensor controls the SDA/SCL lines.)

WWW.sensirion.com
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3.4 Data transfer format

Data is transferred in byte packets in the |°C protocol,
which means in 8-bit frames. Each byte is followed by an
acknowledge bit. Data is transferred with the most
significant bit (MSB) first.

A data transfer sequence is initiated by the master
generating the Start condition (S) and sending a header
byte. The 12C header consists of the 7-bit I°C device
address and the data direction bit (R/_W).

The value of the R/_W bit in the header determines the
data direction for the rest of the data transfer sequence. If
R/_W = 0 (WRITE) the direction remains master-to-slave,
while if RZ_W = 1 (READ) the direction changes to slave-
to-master after the header byte.

4. Command Set and Data Transfer
Sequences

A command is represented by an 8-bit command code.
The data direction may not change after the command
byte, since the R/_W bit of the preceding I°C header has
already determined the direction to be master-to-slave. In
order to execute commands in Read mode using 1°C, the
following principle is used. On successful (acknowledged)
receipt of a command byte, the sensor stores the
command nibble internally. The Read mode of this
command is then invoked by initiating an [2C data transfer
sequence with RI_W = 1.

If a correctly addressed sensor recognizes a valid
command and access to this command is granted, it
responds by puling down the SDA line during the
subsequent SCL pulse for the acknowledge signal (ACK).
Otherwise it leaves the SDA line unasserted (NACK).

The two most important commands are described in this
data sheet, and the data transfer sequences are specified.
Contact Sensirion for advanced sensor options.

41 Measurement triggering

Each individual measurement is triggered by a separate
read operation.

Note that two transfer sequences are needed to perform a
measurement. First write command byte hF1 (trigger
measurement) to the sensor, and then execute a read
operation to trigger the measurement and retrieve the flow
or differential pressure information.

On receipt of a header with R/_W=1, the sensor generates
the Hold Master condition on the bus until the first
measurement is completed. After the Hold Master
condition is released, the master can read the result as
two consecutive bytes. A CRC byte follows if the master
continues clocking the SCL line after the second result

SENSIRION

THE SENSOR COMPANY

byte. The sensor checks whether the master sends an
acknowledge after each byte and aborts the transmission
if it does not.

[2C Measurement

8-bit command code: hF1
Command: Trigger differential pressure measurement

Hatched areas indicate that the sensor controls the SDA line.

Note that the first measurement result after reset is not
valid.

4.2 Soft reset

This command forces a sensor reset without switching the
power off and on again. On receipt of this command, the
sensor reiniializes the control/status register contents
from the EEPROM and starts operating according to these
settings.

12C Soft Reset

8-bit command code: hFE
Command: Soft reset

gy 2 Wa 485 g [3n o a0t 12 12 TS5 18 1F 18

0\0\0\0\0\0 n§1 11]1]4 1‘1 o‘@ system reboot
f [2CAdr LI Command I

4.3 CRC-8 Redundant Data Transmission

Cyclic redundancy checking (CRC) is a popular technique
used for error detection in data transmission. The
transmitter appends an n-bit checksum to the actual data
sequence. The checksum holds redundant information
about the data sequence and allows the receiver to detect
transmission errors. The computed checksum can be
regarded as the remainder of a polynomial division, where
the dividend is the binary polynomial defined by the data
sequence and the divisor is a “generator polynomial’.

The sensor implements the CRC-8 standard based on the
generator polynomial

X8 o xR 1,

Note that CRC protection is only used for date transmitted
from the slave to the master.

For details regarding cyclic redundancy checking, please
refer to the relevant literature.

WWW.sensirion.com
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5. Conversion to Physical Values

5.1  Signal scaling and physical unit

The calibrated signal read from the sensor is a signed
INTEGER number (two's complement number). The
INTEGER value can be converted to the physical value by
dividing it by the scale factor (pressure = sensor output +
scale factor). The scale factor is specified in Section 2.

52 Temperature compensation

The SDPB00 sensor series features digital temperature
compensation. The temperature is measured on the
CMOSens® chip by an on-chip temperature sensor. This
data is fed to a compensation circuit that is also integrated
on the CMOSens® sensor chip. No external temperature
compensation is necessary.

53 Mass flow temperature compensation
A sensor output proportional to mass flow is necessary for
measuring mass flow in a bypass configuration. Even
though the output of the SDP sensors with mass flow
temperature compensation is still differential pressure, the
temperature compensation is adapted especially for mass
flow measurements in a bypass configuration. At
calibration temperature both calibrations are equivalent.
Please find the application note “Bypass Configuration
Differential Pressure Sensor SDPxxx" on our website.

5.4  Altitude correction

The SDPB00 sensor series achieves its unsurpassed
performance by using a dynamic measurement principle.
The applied differential pressure forces a small flow of gas
through the sensor, which is measured by the flow sensor
element. As a result, any variation in gas density affects
the sensor reading. While temperature effects are
compensated intemally, variations in  atmospheric
pressure (elevation above sea level) can be compensated
by a correction factor according to the following formula:

DPei = DPsensor % {Pcal / Pamb)

DPe:  Effective differential pressure

DPsensor: Differential pressure indicated by the sensor
Pea:  Absolute pressure at calibration (966 mbar)
Pam:  Actual ambient absolute pressure.

Altitude correction factors:

SENSIRION
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1500 842 115
2250 766 1.26
3000 697 1.38

Altitude Ambient pressure (Pams) |Correction factor
[meters] [mbar] (Peal / Pamb)
0 1013 0.95
250 984 0.98
425 966 1.00
500 958 1.01
750 925 1.04

Example: At 750 m above sea level and a sensor reading
of 40 Pa, the effective differential pressure is 41.8 Pa.

Note: In many HVAC applications such as air flow
measurement in a bypass configuration, the described
dependence on absolute pressure is actually welcome
because the quantity that must effectively be controlled is
the mass flow and not the volume flow. Mass flow is
dependent on differential pressure and absolute pressure.
For details please refer to our application note “Measuring
Flow in a Bypass Configuration”.

6. OEM Options

A variety of custom options can potentially be
implemented for high-volume OEM applications. Contact
Sensirion for more information.

www.sensirion.com
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7. Mechanical Specifications

7.1 Mechanical concept

The SDP600 Series is designed for through-hole
technology and can be wave-soldered or hand-soldered to

aPCB.

e The SDP60x/SDP50x can be directly connected
to a manifold using two O-rings.

e The SDP61x/SDP51x sensors have ports for
connecting standard-size plastic tubes.

7.2 Mechanical characteristics

Parameter

Clip-in and hand or wave soldering.
PCB attachment Additional mechanical attachment

depending on force requirements

Allowable .
overpressure 1 bar (100 kPa, 400 inches H20)
Rated burst pressure > 5 bar
Sy through <150 mijmin
Weight <6g
Protection rating IP 30

7.3 SDP60x/SDP50x — Manifold connection
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Figure 1: SDP60x/SDP50x manifold mount version. Al
dimensions are in mm.

Sensirion recommends O-rings with the following
dimensions:

@_ ! i @7 di: 3-4 mm

d2: 2 mm

@d,

Figure 2: Cross section of recommended O-ring
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7.4 SDP61x/SDP51x - Tube connection
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Figure 3: SDP61x/SDP51x version with ports for tube
connection. All dimensions are in mm.
7.5 Pin assignments
Y £\
Data GND VDD Clock
Figure 4: Digital output pin assignments (bottom view).
7.6  Footprint
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Figure 5: Footprint for PCB mounting. (top view = sensor side).
All dimensions in mm.

A: Overall sensor dimensions

B: Holes for additional mounting screws (optional)
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8. Instructions for Use

8.1 Soldering instructions

Standard wave soldering systems may be used for
soldering SDP600 series sensors. Reflow soldering is not
feasible and may damage the sensor.

The sensor ports must be protected from solder splash
and flux during soldering. Figure 6 shows an appropriate
temperature profile with maximum temperature values.

Exit from solder
(Time in wave <2 s)

Entrance to solder _, ,

Flux zone | Preheat zone

I

Solder Wave Peak
Temp. max. 260°C

250°C

200°C Approx. PCB
150°c 4  bottom-side temp.

Max 145°C

100°C A -
50°C w,,/ PCB top-side .,
— temperature \ )
OEC 1 T T T T
Start {ppwem

1 min
Figure 6: Suitable wave soldering profile.

The characteristics of wave soldering machines vary, so
any soldering setup must be tested before production use.

8.2 Sensor handling

The sensors of the SDP600 series are designed to be
robust and vibration resistant. Nevertheless, the accuracy
of the high-precision SDPB00 series can be degraded by
rough handiing. Sensirion does not guarantee proper
operation in case of improper handling. Note: avoid
applying any mechanical stress to the solder joints of the
sensor during or as a result of PCB assembly.

The sensor ships in an anfistatic package to prevent
electrostatic discharge (ESD), which can damage the part.
To avoid such damage, ground yourself using a grounding
strap or by touching a grounded object. Furthermore store
the parts in the antistatic package when notin use.

8.3 Additional attachment

If necessary, the robustness of the sensor attachment to
the PCB can be increased by using a bracket as shown in
Figure 7.

Sensirion recommends using this additional bracket when
the sensor is fitted to a PCB. The bracket must be secured
before the pins are soldered to the PCB, as otherwise
sensor performance may be degraded by mechanical
stress.

SENSIRION
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Figure 7: Supplementary bracket for the SDPG00 series.

8.4 Airflow and tubing

Due to the dynamic measurement principle, a small air
flow is required.

+120
- ,"’“/
= .
E
E/ 4
2
e ..
-~ ,/-:,
-120
-600 0 +600

Pressure difference (Pa)

Figure 8: Typical air flow through the SDPG00 series sensor.
Note: 1 sccm = 1 ¢cm3/min at 0°C and 1013 mbar
(1 scem = 0.001 standard liter).

This air flow through the sensor creates a dependence on
the tube length. The error is less than 1% with a tube
length up to 1 m (with 3/16 inch inside diameter).
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9. Ordering Information

Use the part names and item numbers shown in the
following table when ordering SDP600 series differential
pressure sensors. For the latest product information and
local distributors, visit www.sensirion.com.

5 e |5 B| 2
= 5z
5| B2 | 2 o
—

o | S e
SDP501 e (Oﬂt(t)":zf’i?f_’ﬁfo)  14.5%|1314.01
SDP600-500Pa |, Mol (551?1‘_]::‘0) 2% 045602
SDP610-500Pa | 08 (;25?5’ Ejo) 3% 045502
SDPG00-125Pa | o MM (tcﬂzir?.iim 3% |0760-02
SDP610-125Pa [\ 108 {¢E?52;E520) 3% 076102
SDP600-26Pa |0 MaNTOl (i{]f;_”szo) 3% |0756-02
sDPst0-25Pa | U8 (:(ﬁ?:iigm 3% |0759-02
SDP601-500Pa | o, Marel (fzsi(r].(.]:fm x | 3% |0603.02
sOP611-500Pa | o U0e (;25535:‘0) x | 3% (060402

Packaging units: 80 items/tray and 480 items/box.

9.1 Packaging

Housing: The sensor housing consists of PBT. The
device is fully RoHS compliant - it is free of Pb, Cd, Hg,
Cr(6+), PBB and PBDE.

Each sensor is labeled by laser printing on the front side:
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@ Sensor type
@ Sensirion
product number

PN: 1-10000¢0x © ® Serial number

SN:oxxxxxxxx @

'i‘:'ul LEA C R U )

S

Figure 9: Marking of the housing.

Traceability Information: SDPxxx are shipped in trays of
80pcs. The tray dimension is 355mm x 255mm x 21.5mm.
By piling them up, the height per tray can be considered
as 19mm. For traceability, each tray is marked with a label.
No information can be derived from the code directly,
respective data is stored at Sensirion AG and is provided
upon request.

@ Sensor type
® Sensirion item

1-10x0¢-0x @ @ Lot number
X0oooox. @ 80 @ @® Number of
sensors inside
RS
® Barcode of lot
number

Figure 10: Label sticking on each tray

Revision history

Date Author |Version |Changes
Sept, 2008 |PHA V1.0 |Initial release
Nov, 2008 |PHA |V1.1 |Small amendments (power

consumption, asymmetric lines and US
office address)

Jan, 2009 [PHA |V1.2  |Explanation to SDP5x0 calibration
range, media compatibility extended
Feb, 2009 |PHA [V1.3 |Packaging information added, sensor
handling instruction

Nov, 2009 |PHA |V1.4 |Zero pointaccuracy changed. Supply
voltage requirements and

recommendations relaxed.

January, |DAT |V1.5 |Introduction of low power

2011 versions(SDP6x6) and low differential
pressure versions SDP6xx-125Pa/
SDP6xx-25Pa.

Feb, 2011 |VWO |V16 |Calibrated Temperature Range is
extended, minor corrections

Sept, 2012 |ANB  |V1.7  |Updated Product Number.

June, 2015 |ANB  |V1.8  [Added SDP5x1. Moved SDP6x6 to
separate datasheet. Minor updates.

July, 2015 |ANB |V1.9  |Fixed broken link in chapter 5.
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Important Notices
Warning, personal injury

Do not use this product as safety or emergency stop devices or in
any other application where failure of the product could result in
personal injury (including death). Do not use this product for
applications other than ifs intended and authorized use. Before
installing, handling, using or servicing this product, please
consult the datasheet and application notes. Failure to comply
with these instructions could result in death or serious injury.

If the Buyer shall purchase or use SENSIRION products for any
unintended or unauthorized application, Buyer shall defend, indemnify
and hold harmless SENSIRION and its officers, employees,
subsidiaries, affliates and distributors against all claims, costs,
damages and expenses, and reasonable attorney fees arising out of,
directly or indirectly, any claim of personal injury or death associated
with such unintended or unauthorized use, even if SENSIRION shall be
allegedly negligent with respect to the design or the manufacture of the
product.

ESD Precautions

The inherent design of this component causes it to be sensitive to
electrostatic discharge (ESD). To prevent ESD-induced damage andfor
degradation, take customary and statutory ESD precautions when
handling this product.

See application note “Handling Instructions” for more information.
Warranty

SENSIRION warrants solely to the original purchaser of this product for
a period of 12 months (one year) from the date of delivery that this
product shall be of the quality, material and workmanship defined in
SENSIRION's published specifications of the product. Within such
period, if proven to be defective, SENSIRION shall repair and/or
replace this product, in SENSIRION's discretion, free of charge to the
Buyer, provided that:

® nofice in writing describing the defects shall be given to

SENSIRION within fourteen (14) days after their appearance;

Headquarters and Subsidiaries

SENSIRION

THE SENSOR COMPANY

= guch defects shall be found, to SENSIRION's reasonable
satisfaction, to have arisen from SENSIRION's faulty design,
material, or workmanship;

= the defective product shall be returned to SENSIRION's factory at
the Buyer's expense; and

= the warranty period for any repaired or replaced product shall be
limited to the unexpired portion of the original period.

This warranty does not apply to any equipment which has not been
installed and used within the specifications recommended by
SENSIRION for the intended and proper use of the equipment.
EXCEPT FOR THE WARRANTIES EXPRESSLY SET FORTH
HEREIN, SENSIRION MAKES NO WARRANTIES, EITHER EXPRESS
OR IMPLIED, WITH RESPECT TO THE PRODUCT. ANY AND ALL
WARRANTIES, INCLUDING WITHOUT LIMITATION, WARRANTIES
OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR
PURPOSE, ARE EXPRESSLY EXCLUDED AND DECLINED.

SENSIRION is only liable for defects of this product arising under the
conditions of operation provided for in the datasheet and proper use of
the goods. SENSIRION explicitly disclaims all warranties, express or
implied, for any period during which the goods are operated or stored
not in accordance with the technical specifications.

SENSIRION does not assume any liability arising out of any application
or use of any product or circuit and specifically disclaims any and all
liability, including without limitation consequential or incidental damages.
All operating parameters, including without limitation recommended
parameters, must be validated for each customer's applications by
customer’s technical experts. Recommended parameters can and do
vary in different applications.

SENSIRION reserves the right, without further notice, (i) to change the
product specifications and/or the information in this document and (i) fo
improve reliability, functions and design of this product.

Copyright © 2001-2015, SENSIRION.
CMOSens® is a trademark of Sensirion
All rights reserved

SENSIRION AG
Laubisruetistr. 50
CH-8712 Staefa ZH
Switzerland

phone:  +4144 306 40 00
fax: +41 44 306 40 30

info@sensirion.com

Www.sensirion.com

Sensirion AG (Germany)
phone: +4144 927 1166
info@sensirion.com

WWW.Sensirion.com

Sensirion Inc., USA
phone: +1 805 409 4900

info_us@sensirion.com

WWW.SEnsirion.com

Sensirion Japan Co. Ltd.
phone: +813 3444 4940
info@sensirion.co.jp
WWW.SEnsirion.co.ip

Sensirion Korea Co. Ltd.
phone: +82 31337 7700~3
info@sensirion.co.kr

Www.sensirion.co.kr

Sensirion China Co. Ltd.
phone: +86 755 8252 1501

info@sensirion.com.cn
WWW.Sensirion.com.cn

To find your local representative, please visit www.sensirion.com/contact
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