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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 J
work per unit volume, i.e., i

LA

P = (dWork + 5Loss) / dV statc

fluid
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Phenomena observations

For fluid at rest,

» Pressure measurements are usually expressed in the
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.

Statie
fluid
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Units of pressure

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

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

P

abs Positive gauge pressure

I:)atm
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 Electronic transducer
Pressure range 62 "a-339 kPa 62 Pa-700 MFa 25 Pa-700 MPa
{0.25 in. H;O-1C00 tn. Hg)  (0.01-100,000 psi) (0.004-100,000 ps1)
Accuracy range 0.25 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 DCto 1 MHz
Electronic output No No Yes
Temperature range  -62°C to +66°C -32°C to +34°C -271°C to +400°C
Media compatibility Gas Gas or liquid Gas or liquid
Cost (U5} $100-$2000 $10-$3000 $30-$10,000
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Manometer

o ] e Measuring range:
62 Pa ~ 339kPa
* Accuracy:
0.025% ~ 2% of full scale
* Disadvantages:
result is p and g-dependent,
lack of recording and limited

[AE] EE INCLINED

Pender (1997) frequency response
Type Full scale range Accuracy range

U-tube 500 Pa-339 kPa 0.25 Pa (0.001 in. H,O)}
(2 in. H,0O-100 in. Hg) 2% of full scale

Well 1 kPa-339 kPa 0.01% of full scale—2% of
(4 in. H,O-100 in. Hg) full scale

Inclined 62 Pa-5 kPa 0.025% of full Scale—1% of
(0.25 in. H,O-20 in. H;O) full scale
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Micromanometer

« Measuring range: @y o T
up to 20"H,0 |

* Accuracy: |S:ﬂ:§£‘k‘ B Dl = o iy Rl
0.001~0.0005"

* Simple Reseror

* Disadvantages: Reterence postr STeSE  wouatie meines tube
observing by wermen ™ prandype

* Capillary and
Meniscus errors
are minimized

* uncertainty of
0.001” of water

1
eyes ™ l——M;crome(ev heads.

Movable
pointed index

Large~bore

Micrometer-type ’

Benedict (1984)

National Taiwan University
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Manometer for remote use

Manometer Fotentiormeter

;.; (~50km)

et - -— |
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Range of pressure measurement

1 Middle-
1 pressure

~High
.pressure
_ vacuum LOW . Ultra-high
Ultra-high . High A pressure . pressure
jacyum | vacuum lr I \é L

ot
-12-11-10 9 8 -7 6 5 4 -3 -2 4 01 2 345

Log pressure(Bar) “

Modern Measuring Techniques of National Taiwan University
. ! - Wan A .
Thermo-fluids Mechanics By An-Bang 9 Institute of Applied Mechanics




Deadweight gauge calibrator

Air buayancy on

r_,'“«_(\/ weights and piston P= (G

+ G)/A

cyl cyl

- Main error come from

_Tch the friction
N L Oil Filrn Gage to be calibration uncertainty
| colibroted 0.01 ~ 0.05% of
' reading

- ———— &> — —— Gage reference point

Qil buoyancy
on piston

I Eievation
1 difference

Doebelin (1990)
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Low Pressure measurement

e For pressure from 1 to 10> mmHg, McLeod vacuum gage
is commonly used.
* Uncertainty:
3~0.5% of reading
* lack of continuous out  “
* Based on Boyle’s law
piV=pAh
= (pi+rh) Ach

_ yAh* yAh?
V-Ah V

P

le]
Benedictr(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.).

Eluid Elastic + electric Electric
pressure—s-  €lement of energy
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

¢ Max. measuring range: 0.6 ~ 10,000bar

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

Applied
pressure
Doebelin (1990) Benedict (1984)
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Elastic element of
pressure transducer

100

0,6 6 50 600 6000 bar

Ewald (1990)

Tube cross section

('@

C-type Spiral

Twisted tube TR
Helical

Doebelin (1990)

Modern Measuring Techniques of National Taiwan University
. ! - Wan A .
Thermo-fluids Mechanics By An-Bang 9 Institute of Applied Mechanics




LVDT pressure transducer

o LVDT: Linear Variable Differential Transformer
» Limit frequency response ~ 10Hz

" Bourdon C tube
Qutput

Core Qutput voltage
Y

Mounting block Displacement

Primary coil
%ooo%oooo%ooo%
Magnetic core
Pressure line Cmmn - o o o olfg 5 0 afo o o ol
I g frame ]
Secondary cail 1 Secondary <oil 2
4 Elastic
Haven: element
2| ac input votage +}
= Input

Benedict (1984)

Doebelin (1990)
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Electro-optic transducer

Ret. Mazs.
* Infrared LED phots photo
gioda dioda Pressure
* The reference and measurement b\%_ . -—
photodiodes are equally affected N =
by temperature change \ =

Zera adjust

Cutput
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Measured Doebelin (1990)
pressurg




Diaphragm gage

» For low- and middle-pressure
measuring range: 0.01 ~ 25bar

* min. resolution: ~10- Torr

* accuracy: < ~1.6% of F.S.

Differentiol

Copsule

Corrugated

Doebelin (1990) hI (1991)
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Diaphragm type strain-gage pickup

- ..

N\
e/ 7\
e )
! ¥ /
jang
\ Dz/
N4 "

4
p=— OB ¥ 5 agg ey
3R"(1-v7)  t

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

* Accuracy: ~ 0.1%

Balonce pot
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Bellow pressure transducer

Diterential or absolute

Doebelin (1990)

» Advantage: good linearity
¢ Measuring range:

6 ~ 100 mbar
e Min. resolution: ~ 0.1 Torr

N :Sunng

o

(ASME)

Applle! pressure B O h I (1991)
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Piezoelectric transducer

Pressure p

* Suitable for high-frequency-
changing and large pressure
measurement, not suitable for
low-frequency measurement

* Measuring range
100mbar ~ 100kpsi.

* Accuracy: 1 ~ 3%

* Resonant frequency:
0.25~ 0.5 MHz

» Temperature range:

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

* Max. gas temp 2000 °C (for

Efectrode —

Piezoelectric
erystal

Etectrode "5 % 1 314 4 1 4

Pressure p

Quartz
element

(Kistler Instrument Corp.) short time)
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Reluctance type transducer

Equal gaps 2t equal pressures

I Sensing coil
L‘ Lz
#
Y
o
l‘ Magnetically

Sensing cail
Ly

Magnetically
permeable
core

permeable
core

4 | Magnetically I +

permeable
daphragm

— -
Pressure e Reference pressure

Benedict (1984)
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MEMS-pressure transducers

» Based on sensing principle: piezo-resistive & capacitive
piezo-resistive

capacitive
Force ( ) |A
d
L | —{popped si A /k—\_M/ [
Force Force

| a=F/M=kx/M
C=C(@=eA/(d+Xx)
eAl(d+[M/Kkla)
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Piezoresistive effect

Force =»volume changes Force
=>change of energy gap _
between the valence and L I
the conduction bands
=>resistivity changes
*R=pLI/A ,
=2>dR/R =dplp+ dL/L - dA/A .
= dplp+ (1+2v)dL/L Characteristics:
= dplp+ (1+2v)e * Gauge factor G=50 ~ 100

« where p: resistivity, v: Poisson (e.g., strain gage ~ 2)

Dopped Si

ratio * low cast
« Gauge factor G=(dR/R)/(dL/L) * Thermal zero drift
= dplpe + (1+2v) *dplp =[m;] o
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Piezoresistive pressure transducer

ile

500i <_:S?‘Iicon~
7740 glass |

3544J
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Capacitive Pressure Sensors

Insensitive to temperature
High sensitivity & precision
Low power consumption

By CMOS process (Low cost)
Whole chi

ner mark

(Chang et al. 2000)

Modern Measuring Techniques of National Taiwan University
. K - Wan .
Thermo-fluids Mechanics By An-Bang Wang Institute of Applied Mechanics

MEMS-Pressure sensor
manufacturing

e
e

lass
s Stlicon
| Hot
- Plate
ANSYS i
AutoCAD (7 =
2% N
o
/ =7 =P
T g | S — - "
P /T | ortee == = = -
| Sersitivity | I]
|/ Lirearity.... I

: hffp://www.itri.org.tw/mehs/chinese/result/resultl.htm
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Pressure measurements
In moving fluid

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

* Po=Ps+Py
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.

006 |

200
\\\-» d -~ 1-3mm 004 . )
\\* 1.5< L/d < 6 2:‘ 002l efrence hole, .
>t D=2d N —
g 10

-0021—

-004 .
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Static pressure measurement

lls Wz Eﬂ”ﬁ

Reference form D 2% +0. 3%
\ w \ %
R=
+1 1% +09% +04g
82°.
LY
S iy 7 f
.
-0.1% —05%
azr
%!%Q P
| ¥ e £
—03% -01%
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Static pressure measurement

—~
\ 3 1 —
Referen‘ce form i / Lid=15t06

|
2 .
: Zrs
5 |
' ///// Lid=05
] e
]

0
0 100 200 300 400 500 €00 700 BOD 900

R (EEEY -
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Static pressure tube

] [ ll
e !

Stem effects -_./

05 mme¢ LT +2
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Multi-manometer

N : TEIEFrW
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principle

Recorded by camera
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Scanivalve

Advantage of scanivalve:
only one pressure sensor (and also
one calibration) is needed
» Mechanical type :
range:£70 mbar ~ 34 bar ]

time resolution : Takb L ot
3~5 measurements/s A \‘ oFE

* Electronic type :
range :+ 350mbar ~ 7bar
time resolution : 10,000
measurements/s i
(all pressure sensor in one chip || g
+ multiplexer-preamplifier) " =22
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Total pressure measurement (1)

» Pitot tube since 1732

« Based on Bernoulli equation Py = P,+P,

» The mechanical leading on the stem is roughly estimated as
two times of the dynamic head.

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

Tube 1 Tube 2
I
Indicated ¥
Indicat® - - dynarnic Total

static { pressure pressure
pressure 3 {

e - =

_h == Sensing
level
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Total pressure measurement (ll)

o 111 ]
AR
0.1 - i — \
02 Va 4 N\
ﬂ 03 / % . ‘ Pressure \
u 04 Flow aE‘:\& [ _imi"ltol m\

AESEaRund N

L
08 3/ / direction — R " === tube - \D 3
/

08
07 E ¥ I T 1
08 | Angl‘e of alttack (degree‘s) i | I ?
) 40 30 20 10 0 .10 20 Do @0
;{. R n 4
TIOL, AT e g, B
- = Pty d " 3 i "
l i : - - t A & * T A
5 22" ry 150

ﬁ ::—%” f ::,::::: @-

i L5
Gracey et al. (1951) O {Ogival tubes)
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Dynamic pressure measurement (I)

Measurement of dynamic pressure o

 Pitot-static tube (or Prandtl tube) is used to A
measure dynamic pressure and hence flow
velocity. -

« It should not be used at too low Reynolds
numbers or too close to a wall. o

Static taps [ sev
h‘% spaced ircumfe
o

3

| <

mierence) m:‘E

Trve values

230

L ]
r—-Bohrung o
D
100 [~

National Taiwan University
Institute of Applied Mechanics

manometer
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Dynamic pressure measurement (Il)

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-O.D tube: 15~60seconds in air
0.8mm -O.D tube up to 15min in air
(standard tubes are usually over 1.6mm O.D)

* Turbulence effect :
the measured pressure in isotropic turbulence is by Chue
(1975): p V22 + 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).

a 0.1° [Signal 2.54 mm| specing b

I /- 4 x 10 arrays
SN —emcos circular electrode: 3mm
) i { — Epoxy glua . .
> on TR . spacing: 6mm
| Wm | = .
| s P n
Lol u__u__rlf 2| A —™ connaciors

LA

&mm TYP.

\ e o
254 mim == Y, N

" Universal Lee & Sung (1999)

circuit baard

i Signal  Comimen ground
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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.

Modern Measuring Techniques of National Taiwan University
. : By An-Bang Wan A .
Thermo-fluids Mechanics Y g 9 Institute of Applied Mechanics

Pressure sensor in Micro-channel

Fresrure Semser

Micrw-cliamunct

Inled!ikatet

8.4 psi

12_18318
15.5psig
19.9psig
23 psig

o X r D@

(Pond et al. 1994) 1000

0 1000 2000 3000 4000
Channel Length (um)
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Sound pressure measurement

Te oscilloscope or wave

analyzer, if desired
. A Fast
2; a | Ac | g & g le | Ac e | .. |e 2 RMS

o Microphone s F‘u'f omphfier | {Rectii er (Q:Ti‘trrg:ed
Weighting Meter .
networks fiter Doebelin (1990)

circuit

€3

* Sound pressure level (SPL):
SPL = 20 log,,(p/0.0002) ﬂv&wﬁqﬂ@%‘o‘“@%ﬁ
decibels (dB) -

where p = rms sound pressure P refelnnon,

(ubar or dyne/cm?) I
* The transducer of commonly fredle ot [T AN
used sound-level meter includes .
capacitance, piezoelectric, or ond meter
{slow setting) —

moving-coil types.
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Sound pressure measurement

* Three filters (or weighting
networks): A,Band C.A 9B
scale is commonly used. o —]

* Free-field response of a
microphone

] li} J
n ll‘J 30 1:00¢ _.'}_,Uﬂl 14 000

'l|=—(lH T

]

r -~ iophrogm
l l l L L Aie gop = 0.001 in.
: fj@ "W{/fg/:"”ggé gzompfnvg hefes
o iéWﬂ%m% sartz insulotor
. Vi
A I
el 1 4 )
eavalization ] 4
. To FET-fallowes
E,j” amplifier - . AN ]
mu:“,;ng - B 200 Hz @™ 200, By
volta
(2200 vol]
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