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Standards and Calibration

Pressure measurement
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Air piston gage

(JMA standard)

It produces an accurate level of pressure
by balancing the vacuum section (the
Weings upper part) and the constant-press_ure
Bl jor — L section (the lower part). Pressure in the
lower section is determined by placing an
approved high accuracy weight on the
upper section. Pressure in the lower
section is adjusted with the vacuum pump
and pressure adjuster so that it balances
with the weight on the upper section. The

[Balanced situation]
Vacuum state

Piston ———

""" ‘ pressure in the lower section is led to the
Manual pressure - : air inlet of the pressure gauge to be
adjuster Cylinder :
! / Vet calibrated.
Pressure medium (dry air) pump
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. . Air buoyancy on
Oil piston gage =~ weights ond piston

Gage to be
colibrated

————-&3——— Gage reference point

Oil buoyancy
on piston

i difference |

|
—
|
|

The pressure under the piston
Mg(l - p,/p,) + ¥C

P A+ (e, v a)(T-1,0) (1 + bp,) (1 +dlp, - 5,]

Ref: Vern E. Bean, NIST MEASUREMENT SERVICES: NIST Pressure Calibration Service, NIST
Special Publication 250-39, 1994.
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Pressure, bars {1bar = 105 N/m2)

Pressure in millibars{Imillibar =100 N/m2) ‘
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10 w27 10 8 10t 10t 1072 1 102 One
Pressure in millimeters of mercury atm
¥ ultra- high vacuum Nv\;ecrzul;:gh I high vacuum' H\J::g::? I low vacuum

Note: The National Bureau of Standards (NBS) of US was established by US Congress in 1901.
Its name was changed to the National Institute of Standards and Technology (NIST) in 1988.
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Leg Pressure (Torr)
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Log Pressure (Pa)
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High vacuum calibration system
(sandia National Lab.)
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Operating Range of NIST Pressure and Vacuum Standards
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Piston Gages

1.0E+01

1.0E+00

Pressure (Pa)

1.0E-M

1 4E402
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Pressure Gages

* Direct reading gages

* Manometers

"
El —[ h= pl_pZ

i
|

« Different fluid provides different uncertainty

0
0

A

N—
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Low Diff.-
Press. Hg
uim

7
fo—ty—

Well-type (single-leg}

manometer

Inclined manometer

Low Range
0il UIM

Transition High
Range Vacuum
Orifice Flow Orifice Flow

P
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Micrometer

Micromanometer
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* Elastic pressure transducers

=== — Bourdon-tube gage (0.1% accuracy)

@ Tube cross section

=
S
NI

Do
/

C-type Spiral Twisted tube 4 &
. Helical
Bourdon tubes
v % Differential
Z 7
—
Flat & : :: Evacuated
%‘ﬂﬂ?‘% Capsule Absolute
Corrugated

Diaphragms

ODIRECTION OF
BOURDON TUBE ——_;  EFFECT OF AMBIENT
TIP TRAVEL TEMPERATURE CHANGE

o I,
seauewt avromanc
1 Thamar
SompenATOR
un s

MODULUS COMPENSATION
Correction in affective length

of Segment Siide ‘Correction in anguiar
Differential or absolute positon of Segmart Sida

B

Bellows
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* Diaphragm and Bourdon gages

POINTER

BYEELASH ELIMMATOR

CAPSULE

CAFSULE STOP

CALIBRATION ADJUSTME!

PINION

GEARED SECTOR

BACKLASH ELIMINATOR

REVOLUTION INDICATOR

FLEXURE

Diaphragm gage

Bourdon gauge
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Ref, Meas,
photo photo
diode diode

Mounted on a shaker ~ Mounted on an exhaust pipe
| | ]

Zero adjust

(b)
Mounted on the wall of a
shock tube with f;

Qutput
Measured
pressure
Electro-optic pressure transducer Piezoelectric transducer with
acceleration compensation
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» Strain gage pressure Sensors

16E¢* [yc (ycﬂ
= OB Ve 4gg(2e
PEp - AT f

where p & pressure difference across diaphragm
E£ modulus of elasticity
2 diaphragm thickness
v £ Poisson’s ratio
R& diaphragm radius to clamped edge
+ Stresses

3pR* [ (1 3 3
w5 ) )]

3 R2 2 * =otresses
D/ Ve a N

_3p(1 = WE — 2 : /—‘\
Y 1657 - i
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rad/s
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Pressure-diophragm
rosette
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 Miniature pressure transducer
B-L-H C-19 STRAIN GAGE

L INCH NOMINAL GAGE LENGTH

i T

@E‘:__'——
|

o ]

XLGAGE-';}IZE AFTER TRIMMING
ORIGINAL GAGE SIZE

205

DIAPHRAGM
DIAMETER

002~ 004 THICK
4‘—_
-

COMPRESSION SLEEVE

/) iL

/NUT

«—BARREL

N2

DIAPHRAGM WITH
STRAIN GAGE
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*The Wheatstone Bridge

RR, — R,R,

Bridge output Vou = (Ri+R,)(Ry+R,) ™
1 2 3 4

For a balanced bridge

RiR; = RyR, and  Vou =0

Resistance change AR;,AR,,AR;, AR,

R,R AR, AR, AR, AR
» :%[71_72+73_74j(1_ Vin
(Ry+R,)

RR, R, R, R,

1
where 7= — and r=fe_Rs
AR AR R, AR iR
(ﬂJrﬂj 4 r[&Jr&)
R, R, R, R,
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For AR<<R | thatis 7—>0

Vou =

r (ARl AR2+éB§_ARqV
in

1+r)’ R, R, Ry R,

« Constant current source
_ RIRS - RZ R4 |
MR +R,+R;+R, "

S ) A S
% YR+ TAR

R,R, [ARl AR, AR; AR, AR AR, AR, AR4]
R, R, R, R, R R R, R,

IR=R +R,+R3+ R, TAR=AR +AR, + AR; + AR,

Rle(@_@+L&_@]._

AR << R Vo =
For <R out R UR, R, Rs R, in
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» Silicon based piezoresistor pressure sensors

Anisotropic etching of single crystalline silicon

(100)
Diaphragm plane

(111) planes  (111) planes  Cavity
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Normal stress distribution of a square plate

Die, continued
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SEALED GAUGE

submodeling
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Contour of normal stress in [011] direction (MPa)
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- Fabrication of silicon based piezoresistor pressure sensors

DEPCSIT
INSULATOR

Diaphragm Piezoresistor o m

DEFINE
PIEZORESISTORS

Pad(Al)

" Frame

Diaphragm size 8002m X800 umX 2021m

Piezoresistor Al

DEPOSIT AND
DEFINE METAL

(Lee et. al., Transducers '95, 379-C9, 1995)

SiLicoN

INSULATOR

(Brysek et. al., Silicon Sensors and Microstructures, Nova sensor, 1990 )

04/23

THIN SENSING DIAPHRAOM

CONTACT HOLE PETRESISTOR . METALLIZATION
WINSER, o DA 0 N

i
i
i

77

ETCHCAVITY

B
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» General Design Considerations

+ Plate dimensions _ sensitivity, strength, frequency response
- maximize a/h: large aspect ratios give the best pressure sensitivities
“hy,<h : fabrication considerations

- h < 0.a: thin plate theory valid
- amin <a: anin is determined by the geometry of piezoresistors and the ability to

place resistors on the plate
- maximum bending stresses must not exceed fracture stress

- Wpay <0.2h: avoid nonlinear behavior

- check resonant frequency

« Resistor placement: high signal level, sufficient impedance,

and insensitive to alignment and patterning error
- High signal level: positions of largest stresses (or strains)

- High impedance: a) narrower resistors,
b) more resistor segments, and
¢) higher resistivity.

04/23 I
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Ditfused Conformal
sensor pirv_lunu
element \ /mltlng o
Sensor cavity Y — / ramic cover
\N\
Si crystal | Ceramic
substrate
[
Stress C\ ! /
relief ircuit
mount camponents
Alternate inlet Cd-plated
{closed for absolute; brass
open for gage or
differential) -
Dual port
Single port (differential) Si
ngle port
(beckward gage) (absolute or gage)
Silicone
ail
Flexible
silicone
sock
Working
fluid
04/23 rﬁJ 7
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OVERLOAD
L.P. PROCESS BELLOWS
HEAD H.P, PROCESS HEAD

PROCESS L.P. PROCESS H.P.

SILICONE I H. P. SILICONE FILL

FILL L.2—T

~H.P. BARRIER
DIAPHRAGM

| ™ FLEX TAPE

FLEXTAPES
TO AMPLIFIER

Differential-pressure transmitter
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« Capacitive differential-pressure transmitter

LEADWIRES

)

)
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Connector
with seal

\
cue

/
/)

Q{

-

%)

>y,

7

AN

V4

—
»X
N\

|__Connecting
i wires

N
Seal

N saing "

Qil  Steel
rasistors diaphragm
Print —Gold wire
- Me;isunng

- Pressure

L box
Glass fead-through

“Diffused” strain-gage transducers

(A

ISOLATING
DIAPHRAGM

04/23

/AW y

B
NTU50235100
CAPACITOR PLATES
SE| DIAPHRAGM
GLASS INSULATION
SILICONE FiLL
WELDED SEALS
B
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*Resonant transducers

Et

204 — 2 2
. Eg [<1 DX B o ep v)r(nz+%)]p

ST Ay @Ay 12
where ©% natural frequency
L2 cylinder length
ra cylinder mean radius
E2 elastic modulus
P 4 pressure
£ wall thickness
Y A specific weight
v 2 Poisson’s ratio
g £ acceleration of gravity
n2 circumferential mode no. = 2,3, . ..
me longitudinal mode no. = 1,2, ...
A mr(m + 0.3)
AS——F—

04/23
«Cavity effects
/’Dinphroqm
L e -3
og—0
Flush diaphrogm transducer
installation
Diaphragm
—0
Tubing /cavity tronsducer
installation
04/23
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Evacuated space

Protective ___

outer liner
Vibrating
i pressure
sENsing
::::t:r_"_— cylinder

Pickup and
drive systems

Flexi-circuit
connection

Temperature-
sensing diode

I‘—;~3 Filter

t—---—-—‘I"rm;suna inlet

Mounting
face

B

NTU50235100

B
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A typical vacuum system

Atmosphere-referenced
gauge for at-atmosphere
indication
. Convection Pirani

- I- for pumpdown monitoring
)
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Vacuum Gages

Atmospheric pressure
Pressure, Pa

1072 10° 10 10° 10° 3.3x10°  10°

Capacitance

opoes | S N
pressure rofig S A
control Vervhigh NN __ Mectom

Vacuum regimes

Convection Pirani
for monitoring of

lon gauge for
base pressure ‘6’

‘ monitoring N/

roughdown phase

To mechanical
pump

Tomechanical  High vacuum Thermocouple gauge
pump pump for foreline monitoring
vaIzs il M
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« Pressure ranges for various gages
LV e R R
Pressure, Pa RNy
N e A Atmospheric pressure
Gage class . . . a . Gage type
U-fube
Absolute & E s Mechanical diophragm gage
gages roor )
: | e—— Capacitance goge
_ Mcleod gage
| — Knudsen gage
Viscosity goges — Spinning rotor goge
: . | — Pirani gage
Thermal conductivity : : © — Convection-assisted Pirani gage
: L — Thermocouple goge
8 | — Thermistor gage
_ lon goge
Hot cathode —— Bayard-Alpert ion gage
ionizafion gages — Modulated 84 ion goge
. " —— Schultz-Phelps gage
Cold cath : - .
io?, g:;e = ; e— Penning goge
Magnetron —— Redhead cold cathade magnetron
goges —— : Lafferty hot cathode magnetron
——
Paril pressure . Magnetic deflection type
enclyzers — Omegatron
_—— ] ‘Quadrupole
e ——— 3-D quadrupole
04/23 - i ot
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McLeod gage

Served as a vacuum standard

pV = pAh
p=p; +hy
2 2
o= VAN _ZAN e v s A
V-Ah V
Plunger
Volume
weight y
04/23 il
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« Kundsen gage « Momentum transfer (Viscosity) gage
I
Fixed heated [ . " R
pIules-—\—_ . B
Less than meon X
free path

TN N
PONNRNY S

S

04/23 A
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* Capacitance manometer

-A diaphragm gauge in which the deflection of the diaphragm is measured by
observing the change in capacitance between it and a fixed counter electrode

FIXED
JELECTRODES
i

g 1 7 TENSIONED .
| METAL / !
1 DIAPHRAGM no
1
I
3 |
— et I
i
I /
t
_._.——// !
| 7
|
i |_FIXED
— == ELECTRODES
' i
_t
1
@ |
i s
\ |

Ml %“A/ﬂ

FILTER FIL{ER

D] . TENSIONED BAFFLE
- METAL
ouble-side CapaCIIance manometer = AGM

Single-sided capacitance manometer

04/23 il M
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Thermal conductivity gages
Resistance to
Heat Loss Maimum Pressure for
4 "Sood" Thermos Bottle
Operating Redion
for Thermal Conductivity
Z Gauge (Conduction
Redliation Waries with Pressung)
Loszas,
Conduction
Through
gsrﬁfﬁl'gajs Conduction Inde pendant
of Prassura
T T T T T T
oot oo 0.0 01 1.0 10
Air Pressure - Torr
04/23 il M
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« Pirani gauge

- the electrical resistance of the wire being proportional to
its temperature
- the heated wire forms one arm of a Wheatstone bridge

PRESSURE (Torr)

102 107 I 10! 102
T T 1T 7 T 117 1T U177 T 7T TTLin2
104 e 1
3 103} 30!
ST ]
a
& i
1
02 ER
©® & ]
v 3 J
éc E - |o-|
Q 10! B
COMPENSAT.NG g 10 | l i Ll 1 i 1 J - IO-Z
TUBE b ol 102 103 104
INDICATED PRESSURE (Pa)
Basic Pirani gauge circuit Calibration curves for a Pirani gauge
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» Thermocouple gauge

« Indirect pressure measurement: measures
pressure-dependent heat flow

« Based on change in thermal conductivity of a
gas: at low pressure, linear relationship
between conductivity and pressure

« Constant current is delivered to heat a
filament that a tiny thermocouple is spot
welded to its midpoint

« As pressure decreases, gas impingement
rate decreases and less heat is transferred
from filament

» Measured filament temperature (thermocouple (Teledyne Hastings Instruments, THI)
potential) is transformed into pressure units at
the controller

04/23 A

PRESSURE (Torr)
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PRESSURE (Torr)

NTU50235100

00 02 04 06 08 10
160 T T T T -7 1.2
He
140 Ny |
10
120
E |
Y100 FREON-22 08 _
1 S
a £
t wl
(8) ‘§ 80 Hy0 - O,6§
(A) Uncompensated, (B) Compensated § 60| Hy %
= 04
B - Q .
A temperature shift in the AC heated < a0
thermocouples 1 and 2 (Fig. B). The resultant .
temperature shift causes a change in the DC 20 '
output from couples 1 and 2 inversely with
] 1 L
pressure changes. The DC thermocouple 3 % 20 40 e 80 100 120 140°
(when installed) is in series with the circuit INDICATED PRESSURE (Pa)
load. Thermocouple 3 provides compensation Calibration curve
for transient changes in ambient temperature.
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Gauge
Tube

mizroAmp Mekar
with Mulliplier,

o 1 il Full Scale

10k Oftset Adj. ‘

R, A

Filmment Supply - AC adapler with
pot and millismp meter

Copyright 19941395, z€= Bell Jar
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lonization gauges
Relative
* Hot cathode gauge Gas Sensitivity
plate (ion collector) H, 0.42 - 0.53
He 0.18
H,0 0.9
emitter Ne 0.25
1 (cathode) N, 1.00
CO 1.05 - 1.1
0, 0.8 -0.9
Ar 1.2
Hg 3.5
‘é éﬁwwmo Acetone 5
e Pl P e I+) 1
150V C}’ 25 " (
Sensitivity S = -----w---
_‘0 o-r i _‘_j ‘L‘_MO ensitivity Y
Y5 30V
p: plate g: grid I+ = lon Current in Amperes (from collector)

Circuit for a Bayard-Alpert ionization gauge

04/23

|- = Emission Current in Amperes (from filament)

P = Pressure in torr
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Sensitivity
10 (torr)-1 (mbar)-1 (typical)
Operating Ratings
0 VDC (collector)
+180 VDC to ground (grid)
+ 30 VDC to ground
5 VAC nominal (filament)
X-Ray Limit
2 x 10-10 torr
(2.6 x 10-10 mbar)
Operating Pressure
2 x 10-10 torr to 1 x 10-3 torr
(2.7 x 10-10 mbar to 1 x 10-3 mbar)

04/23

« Cold cathode gauge

Wire anode loop:  2-10kV
Permanent magnet: 0.1-0.2 Tesla
Output current: 10-50 mA/Pa
Operation range: 1-10% Pa

Higher ionization efficiency
than hot cathode gage

4B

j;;.Z‘/JD O +

_— ANODE

MAGNETIC FIELD
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] :E'l/_COnFIaI_ Flange

Option Fil Leads
P £ 7oy

2.73 |
{68.3) (2592)

E. Grid Leads

Filament
il M
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BNC HIGH VOLTAGE — = 19—
1]_ CONNECTOR N (48.8)
MAGMNET ﬁ\
RETAINING
N ANODE
RING = /" (OUTER
\| re | SHELL)
—
5% CATHODE —{_ .
Beamope vacued  5.00 . g
Cal -nooavaRA b nz7)
3.64 y
(92.5) ]
MAGNET J/
MAGNET— — 1.60
RETAINING o (25.4)
RING —
illZ 7
4
oPTIONAL 2 374" — y,
(7 CFF
(70mm) OPTIONAL NW 40—/
KLAMP—FLANGE™
il M
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