Chapter 4 Pressure Measurement

Contents

Introduction

Absolute pressure, Gauge pressure &

differential pressure
Pressure calibration

Examples of pressure transducers
Pressure measurement 1n fluid mechanics

Measurement and Simulation of
Optomechatronic Systems

) RBETEHLERP

Opto-Electronics Teaching Resources Center



What is pressure?

In mechanics, pressure is force per unit area, i.e., P = dF/dA
(in a general sense, it is a type of compressive stress.)

In hydraulics, pressure is specific weight times height , i.e.,
AP = pgAh.

(Pressure is a local flow property and is position-dependent)
In Kinetics, pressure is molecular kinetic energy per unit
volume,ie., P=2KE/3V

In thermodynamics, pressure is the u
work per unit volume, i.e., I
b
P = (0Work + oLoss) / dV Sta
wid
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Phenomena observations

For fluid at rest,

* Pressure measurements are usually expressed in
indirect means, e.g., a column of fluid.

* Pressure is the same in all directions at a given point

* Pressure is unaffected by the shape of the confining
boundaries. (=a great variety of pressure transducers)

* Pressure is transferred undiminished throughout the
confined fluid.
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Units of pressure

« Commonly used units of pressure:
1 Torr =1 mmHg
1 Pa (pascal) =1 N/m2= 10 dyne/cm? (=1.4504 x10-4
Ib/in?)
1 psi =1 Ib;/in?
* 1atm = 14.69595 psi =760 Torr = 101,325 N/m?
=29.9213 in. Hg =760 mmHg = 1.01325 bar
1 bar =10°Pa = 14.5053 psi
* 1 mmH,0 =9.80665 Pa
(standard atmosphere 1atm: 15°C, sea level)
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Absolute & gauge pressure

There are customarily three ways to describe the pressure:
1.Absolute pressure:(P,,.)
output pressure measured by an ideal vacuum pressure
gauges.
2.Gauge Pressure :(P,)
absolute pressure minus local atmospheric pressure
3.Differential Pressure
absolute pressure minus any known pressure

Pabs T Positive gauge pressure P
atm
l Negative gauge pressure (or vacuum)
0 >
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Pressure measuring instruments

Three major types of pressure measuring

instruments:

(a) manometer: low range,

(b) dial gage: middle range,

(c) electronic transducers: remote, automatic recording

Pender (1997)
Characteristic Manometer Dial gage Electromc transducer

Pressure range 62 Pa-33% kPa 62 Pa-700 MPa 25 Pa-700 MPa

{0.25 in. H,O-100 in. Hg) {0.01-100,000 psi) (0.004-100,000 psi)
Accuracy range (.25 Pa (0.001 in. H;O) to 0.066%-5% full scale  0.003%—-3% full scale

2% full scale
Frequency response < 10 Hz < 10 Hz DC to 1 MHz
Electronic output No No Yes
Temperature range  -62°C to +66°C -32°C to +54°C -271°C to +400°C
Media compatibility Gas Gas or liquid Gas or liquid
Cost (U.5.) $100-$2000 $10-$3000 $50-$10,000
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Manometer

L)
:ﬁ

* Measuring range:

% eSS TP 62 Pa ~ 339kPa
_ | « Accuracy:
reesmes | e | 0.025% ~ 2% of full scale

' £ = | e« Disadvantages:
% T resultis p and g-dependent,

lack of recording and limited

- : | MOLRED |
Pender (1997) frequency response
Type Full scale range Accuracy range

U-tube 500 Pa-339 kPa (.25 Pa (0.001 in. H,O)-
(2 in. H,O-100 in. Hg) 2% of full scale

Well 1 k["a-339 kPa 0.01% of full scale-2% of
(4 in. H,0-100 in. Hg) full scale

Inclined 62 Pa-5 kPPa (.025% of full Scale—1% of
(0.25 in. H,OO-20 in. HO) full scale

Measurement and Simulation of .f_i AT EHZRTRY O

Optomechatronic Systems Opto-Electronics Teaching Resources Center



Micromanometer

» Measuring range: i) s e T

Pt 200H,0 JI TR 2
- Accuracy: s, o ALY, D TS -

0.0005’ i
« Simple

ol

i Dlsadvantages Relerence pogsssn cﬂi:gl; Maovabfe inclinesd tube
. tube
sensing by eyes Movabie reservo Prandtl-type
ma H o
\ -
— = | .
17 Micrometer-
Benedict (1984) L'x:,.,ﬂ _ ;J crometer type
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Manometer for remote use

Manormeter

Fotentioreter
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Range of pressure measurement

{ Middle-
pressure

| High
| ipressure
| vacuum Low V. - Ultra-high
Ultra-high . High A pressure ~ pressure
vacuum i vacuum i/ A |

-12-11-106 -9 8 -7 -6 5 4 -3 -2 41 0 1 2 3 4 5

Log pressure(Bar) ﬁ
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Deadweight gauge calibrator

Air buayancy on
#r“a_( weights and piston P= (chl + G)/‘Acyl

)
L)

) ! Main error come from
1G the friction
| o O] Film Gage to be calibration uncertainty

ol colibrated 0.01 ~ 0.05% of

g5 : . 00O

&5 reading

i ————— ——— Gage reference point

5"

| Elgvation |
| difference

Doebelin (1990)
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Low Pressure measurement

* For pressure from 1 to 10> mmHg, McLeod vacuum gage
1s commonly used.

 Uncertainty: s 1 Prossure
3~0.5% of reading | 2 _ ) A

» lack of continuous out A HT? s, U |
* Based on Boyle’s law 1 T
p;V=pAnh
= (p;TYh) A, h

|

|

—
)

=
NS

JETAANNNNANANANARIAS
S

Volome |- |

7 /
_ YAl _yAR
Py —an
Benedictl‘f(]1984)
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What is pressure transducer ?

Pressure transducers are devices those convert an applied
pressure into a sensible signal (electric signal or others)
through a sensor (displacement, strain, piezoelectric
response...etc.).

Fluid Elastic + electric Electric
pressure—p-|  €lement of energy
input pressure output
transducer
A
Auxiliary electric
energy input
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Choose a Pressure transducer

« Common classifications :
(a) displacement type (includes diaphragm type)
(b) piezoelectric type
(c) piezoresistive type
(d) capacitance type
(e) reluctance type

» The choice of transducer varies greatly depending on
many factor like: pressure range, dynamic response,
pressure media, dimensional restrictions, budget...etc.
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Bourdon gage

Simple & robust

Min. resolution: ~10 Torr
accuracy: 1~1.6% of F.S.

Doebelin (1990)

Max. measuring range: 0.6 ~ 10,000bar

Spring
Oval
Cross seclion
Hairspring
Free
= ! F'H'Ilﬂnll i i - Clotsd and
=® “ Adustaie
=% . e
}H J Movernent
-, /0 piate
“ ot
I.ll.l.
Fined ./ - stem
apan ant
Applied
pressure
Benedict (1984)
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Elastic element of

pressure transducer

~ lm Ewald (1990)

0,6 & 60 600 6000 bar

Tube cross section

(@

Doebelin (1990)

Twisted tube
Helical
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LVDT pressure transducer

e [LVDT: Linear Variable Differential Transformer

e Limit frequency response ~ 10Hz

AT L]

“ Bourdan C tube
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Electro-optic transducer

Ref. Mazs

* Infrared LED et Enm' :
1308 pde Fes5Ure
* The reference and measurement Ve == -
. LEs NS / _—
photodiodes are equally affected /e b
] i —
by temperature change \ o
=] | ““"
Rel. diode
LED EFEF Meas. diode YZH'H. v§7
1 Zero adjust 4
| i
| I -] 1+
|
Span adjusi
¥m
Ref. Meas,
'I Ratiometrig «
I AlD
Measured Doebelin (1990) Output
pressure +12.345
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Diaphragm gage

. \ :
For low- and middle-pressure < A
measuring range: 0.01 ~ 25bar \\;‘“ I ) ¢
min. resolution: ~103 Torr ' e P -
accuracy: < ~1.6% of F.S.
: B -9
i T
% =i, '
Flat Evacuated & ~ IE)
: P 1.( i |1
e H | B . t
%w Copsule = R Absolute ! = S
Corrugated ; P f"f: - N :" I ----_-_--""“'l
_ . . 5_;"'# ’_.#’f’i
L - — -
Doebelin (1990 §
( ) Bohl (1991)
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Diaphragm type strain-gage pickup

Balonce pot

o — T,
_y’ o } 3 ' '
7 1' - e ::#1:::‘__-.. ? '-fl.l W IIII. | I||I|l_|: i

. + Stresses
' tension

/— \ _Elrrﬁ;sr?ssion { il | v \

Ty
"'l-|...,.‘_‘L
—

16Et"  _y ¥
= ¢ 40.488(=%)")
PR =) ]

* For y. /t <0.25, linearity within 0.3%
* Measuring range: 0 - 10 ~ 3,000 bar.
* Dynamic frequency: DC ~ 10kHz

* Accuracy: ~ 0.1%
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Bellow pressure transducer

Ditferential or absolute

Doebelin (1990)
« Advantage: good linearity
 Measuring range: Sonr
. A '-..D_.-"" . y
6 ~ 100 mbar s | \
. . % o — Bell 8 -3
« Min. resolution: ~ 0.1 Torr | i \
< & = —— Case 5 ]
‘ ‘ (ASME)
- Bohl (1991)
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Piezoelectric transducer

 Suitable for high-frequency-

. changing and large pressure
measurement, not suitable for
low-frequency measurement

* Measuring range

100mbar ~ 100kpsi.
* Accuracy: 1 ~ 3%
* Resonant frequency:
¢ Quartz 0.25~ 0.5 MHz

element

« Temperature range:

Diaphragm  -200 up to 350°C (error <1%)

» Max. gas temp 2000 °C (for
( Kistler Instrument Corp.)  chort time)

Housing
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Piezoresistive pressure transducer

* Piezoresistive effect Force
Ap/p ~ AL/L, where p: resistivity LI Doped si| —( A
* Gauge factor[(AR/R)/(AL/L)]:
50 ~ 100 (e.g., strain gage ~ 2) Force

e J]ow cast
e Thermal zero drift

e SMTI’s chip
p

Silicon
SDDI

J 71740 glass
354 -
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Capacitive Pressure Sensors

or 2 / Insensitive to temperature
b B = AN High sensitivity & precision
4 . - Low power consumption
- By CMOS process (Low cost)
|-/7 | /j_; Whole ch| 20m X 20m

rr

(Chang et al. 2000)
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Reluctance type transducer

Sensing cail
L,

Magnetically
permeable
care

Pressure —

Equal paps at equal pressures

Magnetically
permeable
diaphragm

Sensing coil
Ls

Magnetically
permaable
core

- Reference pressure

Benedict (1984)
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Pressure measurements
in moving fluid

 Difficulties: (a) sensing small pressure in
large pressures, (b)interface with different
liquid

* PO = IDs'l'Pd
P, : total (stagnation) pressure
P, : static pressure
P, : dynamics pressure

* For laminar flow, all pressure are steady, but
the pressure are time-dependent for turbulent

case. Kilohertz response of pressure
transducer is needed for the latter case.
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Static pressure measurement

* Pressure tap are small circular hole drilled perpendicular
to the wall surface for measuring static pressure.

* The corner of the hole should be sharp and squared off.

 The recommended geometries are all from experimental
determination.

* The orifice must be burr-free, for burr heights less than
1/30d, errors are less than 1% of pV?/2

 In pipe flows, several taps around the circumference can
be made and connected together in ring.

‘l\PIPE
RADIUS
d ~1-3mm
1.5<Ll/d<6
D = 2d
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Static pressure measurement

7

~0.1%
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Static pressure measurement

! : ™ T
/ Lid=15té6

Reference form

Lid=1

™

Ap/fr

i

/’LLM =05

| IR

/,/”

AL\

0 l :
0 100 200 300 400 500 600 700 800 900

R S
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Static pressure tube

: I
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Multi-manometer

| — -

principle [l I

Recorded by camera

I. Converging-diverging channal and minnowmaeter boord =
Aeraphrsbos Lalioraiors, ALLT.
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Scanivalve

Advantage of scanivalve:
only one pressure sensor (and also
one calibration) 1s needed
e Mechanical type :
range:T70 mbar ~ 34 bar

O E 5400 TRAMSDUCER

time resolution : P.oc% 15, combivs
3~5 measurements/s -\ — _'EE’

 Electronic type : \[f

range :* 350mbar ~ 7bar —
time resolution : 10,000 | ET:|

measurements/s : i oeen
(all pressure sensor 1n one chip i
+ multiplexer-preamplifier.)

m
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Total pressure measurement (I)

* Pitot tube since 1732

» Based on Bernoulli equation Py = P +Py4

* The mechanical leading on the stem 1s roughly estimated as
two times of the dynamic head.

A total head tube with hemispherical tip will read the total
head accurately independent of the size of the orifice
opening as long as the yaw 1s less than30.

Tube 1 Tube 2

I E— |
indicated [ I
Indicat®d dynamic 1 Teta
static 1 | CTESSurg . Pressure
D esGure i |
—_— e — e = _—;—_1=El=l'— e ——— ==
- e € ™
Flow == _ : —
_ SN senang —_—
- level
— -3 _ TRy,
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Total pressure measurement (ll)

|
o —
0.1 R S |
n2 - | . —
ﬂ 0.3¢ : . Pressure
Fu Angle™-. e hole
0.4 ol .

: Flaw  attack o, -y Pitol
/{/ cirection ____{_"' = —— fjub=
0.5 /T . —- - |. i IS I
0.6 | . ‘ ‘ .
0.7 K } - i | I y
08 | | Angle of attack (degrees) |

10 0 10 20 30 .. 40
Al 30 ; ?;i' a0° b
_i:__ _ l 15 T"“,___I',_\_L LE-;E-:I::j: tl' E —4—
l| [ Ry ,.-“"H__f Y 1 1"
_.*_ . ?E“l“' .%"u i A - W i
200 y -
1 = ____ 1
Laf b T o
TN Ny L 3347 =
T 3 Gracey et al. (1951) O {Ogival tubes)
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Dynamic pressure measurement (l)

Measurement of dynamic pressure o
 Pitot-static tube (or Prandtl tube) is used to i
measure dynamic pressure and hence flow :
velocity. gl
* |t should not be used at too low Reynolds
numbers or too close to a wall.
oon_____ g e rnounce J
] [
— (e : |
A H\_F“ I._Fm- Sragnatian I
Trua valugs paant ' t
Tube wuppori }
| S
:"j - i::t
' _____[E 30D
. K ___+—-Bohrung o
Afarantial ot
monemeter R oo - b
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Dynamic pressure measurement (i)

Other operation notes for Pitot-static tube
 Time constant :
the response rate for Pitot-static tubes depends on (a)
length and diameter of pressure passages and (b)
displacement volume of manometer
e.g. 1.6 mm-0O.D tube: 15~60seconds in air
0.8mm -O.D tube up to 15minin air
(standard tubes are usually over 1.6mm O.D)

« Turbulence effect :
the measured pressure in isotropic turbulence is by Chue
(1975): p V2 +apq?
where is 1/6 for small scale turbulence and
5/6 for large scale turbulence
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Surface pressure measurement

« Applications: flow unsteadiness, aerodynamic noise

* pin-holes produce measuring distortion

» piezoelectric film, e.g. Polyvinylidenfluorid PVDF (t ~
25um), is flexible and smooth and can be glued
directly on the surface of measuring object (Nitsche
et al. 1989).

Amp male spder kab,

a 0.1° [Signal 2.54 mm| spacing b
S3mm 60 "'"".'.
4 places

F AP S T FF L

. Tmﬂrfﬂ H SRR o 4 x 10 arrays
le“ h“]ﬁ§ PP prreprr, @ cjrcular electrode: 3mm
} b ¥ . Epony glue .
: ' = spacing: 6mm

g OMMTYE P
. S —TTTT e, e
| ‘ JIH( fl 'E T . " Farnale
1 [ETTTTH | | =1 G ¥ 7 connectors
A A ) -

F&mm

254 mim —=t1=

Signa Coamumem grovind :
Universl Lee & Sung (1999)
circuit board
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Flow direction measurement

» Multi-hole pressure probes are used
when both velocity magnitude and
direction are to be determined. For
applications in need of high spatial
resolution, the three -hole probe (or
'‘cobra’ probe can be used. In both
pitch and yaw angles are required,
the five-hole probe is used.

* The probe is rotated in the flow until
the pitch angle is then known.

* Once calibrated, the (three-hole /
five-hole) probe also allows the yaw
angle to be measured.

(@)
B

{4"—:)#:* - Ler,
>
E?H.H
v ""'H. ":Tﬂ‘]
?}-’__F’
(b) _E
dHE Y
e — 1 b i
Ny
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Pressure sensor in Micro-channel

Fressure Samar

Micnechanancl

L e

Inkt'{dutet

o R T H [ i
B iR & [ .';':q. e R e | e e,
: ey "_s ‘. W E S e el TR
[— ekl e b o Al = [, ) RS

N s - rach
v ik -3 - ol RE tEn e e
B -

8.4 psi
12.1psig

 EEE Iiilﬂll

(Pond et al. 1994) 1000

X B O &

0 1000 2000 3000 4000
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Sound pressure measurement

To oscilloscope or wave

! analyzer, it desired
£.
2laRe @ Siow

F—r#ﬁﬂicmphone N e P S ::%; < cifier | ol Gl cu:zg::ts:ed
Weighting Meter
networks fher — Doebelin (1990)
« Sound pressure level (SPL): 1
SPL = 20 log,(p/0.0002) MU&W‘QWP‘JP“‘EPU%‘“
decibels (dB) =1
where p = rms sound pressure W[\W‘VVMM,
(Ubar or dyne/cm?) ey

 The transducer of commonly
used sound-level meter includes
capacitance, piezoelectric, or
moving-coil types.

nzedle motion
{ forst sething )

5
and meter
needle motion
[sow setting]

 —

¥
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Sound pressure measurement

 Three filters (or weighting
networks): A, Band C. A
scale 1s commonly used.

* Free-field response of a
microphone
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