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Charge Source:  g=KX outout
Current Source: iy, =q4=KX . —= P
o Iy 6 Cy r_ Voltage
i, =i +i, V,
dVv dx V
KCL: O —j. —. =K VYo
“dt Y % %dt R,
Laplace transform:  (CyS+1/R )V, (s) = K sX(s)
Transfer function Vo(s) Ky s Time constant;

First order High-pass X (s) - C, 5+1 =R C,
Voltage sensitivity to deformation: K, =K /C,
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TABLE 6.6 Churacteristi-:_:s for the Model 508 Piezoelectric Accelerometer with
Internal Preamplifier (Courtesy of BBN Instruments)

Parameter Value Unit
Sensitivity S 10 = 0.3 | @
Transverse sensitivity <5 Yo
Frequency response |

+5% band 3 to 15,000 - Hz

*3 dB band I to 35,000 Hz
Total equivalent noise ~0.0015 2
Linearity (up to 150 g) + | | Yo
Temperature range @ to +121 °C
Shock 10 4
Output impedance at 100 Hz 1000 > - 0
Weight <12 - B

— T ——— R——— - ————
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Specifications — Charge Accelerometer Type 4371, 43715 and 4371V

| Units | 4371/43715 | 4371V
Dynamic Characteristics o~
Charge Sensitivity (@ 159.2 Hz)  pCig) 9.8 + 2% | 9.8 £ 15%
Frequency Response o See typical Amplitude Response
Mounted Resonance Frequency kHz 42
Amplitude Response £10% [1] Hz 0.1 to 12600
Transverse Sensitivity % <4
Transverse Resonance Frequency kHz 15
Electrical Characteristics
Min, Leakage Resistance @ 20°C Gca Q=20 D
Capacitance pF 1200
Grounding Signal ground connected to case
Environmental Characteristics J— —_—
Temperature Range "C("F) @ 250 [—-67 to 4@1)
Humidity Welded, sealed
Max, Operational Sinusoidal Vibration (peak) q pk G000
Max, Operational Shock (+ peak) q pk 20000
Base Strain Sensitivity Equiv. g/p strain 0,002
Themal Transient Sensitivity Equiv, g™ (9”F) 0,004 [(0.022)
Magnetic Sensitivity (50 Hz—0.03 Tesla) a7 0.4

[1] Low-and responsa of the transducer 5 a function of 15 associated electronics

15 June 2023
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Piezo-electric Accelerometer

Table 9.1 Piczoelectric Accelerometer Characteristics

Manufacturer

Endevco Endevco PCB Kistler
Model 2222C 2292 302A 808A
Crystal material Piezite P-8 Piezite P-8 Quartz Quartz
Charge sensitivity (pC/g) 1.4 0.14 — 1.0
Voltage sensitivity (mV/g) 1.8 0.4 10 —
Capacitance (pF) 470 80 — 90
Internal time constant (s) — — 0.5 —
Frequency response (Hz) 20 to 8000 50 to 20,000 1 to 5000 0 to 7000
Mounted resonance frequency (Hz) 40,000 125,000 45,000 40,000
Transverse sensitivity = *5% = *5% = *5% = *5%
Range (g) 0 to 1000 0 to 20,000 0 to 500 0 to 10,000
Size (in.) 0.25 dia X 0.135 0.31 Hex X 0.3 % Hex X 1.25 % Hex X 0.90
Weight (grams) 0.5 1.3 23 ' 20
Vibration (maximum 2) 1000 1000 2000 —
Shock (maximum g) 10,000 20,000 5000 -
Temperature range (°F) —100 to +350 —65 to +250 —100 to +250 —195 to +260
Application General purpose Shock General purpose General purpose

15 June 2023
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Sensor

Figure 5-1 Basic vane operated position sensor
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Thermocouples

Working principle: (1812 by Thomas Johann Seebeck )

Metal A

O
Metal B V
S
Hot junction Cold junction

K-Type

+ve Chromel
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Thermocouples
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Advantages:

* Cheap

« Small tip

* Interchangeable

« Standard connectors

« Can measure a wide range

Disadvantages:

* Low accuracy, typical error > 1 degree

« Measures the temperature difference between
two points, not absolute temperature.

It always need a reference

15 June 2023
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hV/A
\ Thermocouples
Table 3. Thermocouple Characteristics’
Type Metals (+)/(-) Temp (°C) Scale Factor@ Accuracy* Notes
(approximate) 25 °C (Greater of)
J Iron/Constantan -210 to 760°C 52uVv/°C 1.1°Cor0.4% | Wide range, general
purpose
K Chromel/Alumel -270to0 1370°C 41 pv/°C 1.1°Cor0.4% | Wide range, general
purpose
T Copper/Constantan | -270 to 400°C 40 pv/°C 0.5°Cor0.4% | High accuracy,
narrow range
E Chromel/Constantan -200 to 1000°C 61 uV/°C 1.0°Cor0.4% | High output per
degree
R Pt/Pt with 13% Rh 0to 1700°C 6 uV/°C 0.6 °Cor0.1% | High Temp
Pt/Pt with 10% Rh 0to 1700°C 6 uV/°C 0.6 °Cor0.1% | High Temp
N Ni Cr SI/Ni Si Mg -270to 1300°C 52pv/°C 1.1°Cor0.4% | Stable at high temps

Sensitivity range between 1 to about 61 pV/°C (E-type)

15 June 2023
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15 Jun

hermocouple Standards

. = Maximum T/C
ANSI MC 96.1 Color Codin Alloy Combination MF I &
ANSI Code s = Grande temp. MEax (mv)?avnere COE|§508°4dS IEC Ceode
Thermocouple| Extension + Lead -Lead range SR e
_ D+ <+ | NICKEL- NICKEL- )+
= T 4
K 4 A ’ - | crromium| ALuminum | 2701 1372C| o co 1o 54 808 //
X o : 5 -454 to 2501°F 7
| S Ni-Cr Ni-Al /
Ron | CONTANTAN
COOPER- | -210t0 12007 # p
Fe ! NICKEL | -248 10 2193°F | 8095 10 69.553f ‘
(magnetic) Cu-Ni /
CONTANTAN
COPPER | COOPER- | -270t0 4007
Cu NICKEL | 454 10752'F |28 1020872
Cu-Ni
i CONTANTAN
3+ s+ | NICKEL- R
e i COOPER- | -270t0 1000 :
- | -9. 76.373| -
‘ / ‘4 cHROMIUM[ 1 o 1832F | ©-836 10 76.373 /
Ni-Cr 2 ‘ -
Cu-Ni
&% - 5 | merosiL | s | 27010 1300¢C e
-4, 513 A Z7
‘/ “ Ni-Cr-Si Ni-Si-Mg | -450 to 2372°F o 4 \'.5’ N
"4
| PLaTINUM- y . ‘
NONE -’;j 10% PLATINUM | -50to0 17887C & - -
ESTABLISHED) ‘ / RHODIUM Pt 5810 3214°F | 0230 10 18053 ‘ 3
3 Pt-10%Rh i
—
, |praminum
NONE ' 13% PLATINUM | -50t0 1768C
ESTABLISHED ‘; RHODIUM Pt 58103214F | 02201021101
% Pt-13%Rh
PLATINUM-
PLATINUM-6% !
PENE #K| 0% LgHoglu: 010 18200 | 4. 12820
ESTABLISHED) ‘ RHODIUM | "o 32to0 3308°F
: Pt-30%Rh
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Common Thermocouples Junctions

Groundad

Exposed Ungrounded
_ =

Low noise thermocouple

TWSTED

o

&)

S ELDED

METAL STRAP

Figure 1. Contneoius groung’ o prohe o des! insfement
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i Thermocouples laws (1)

The practical use of thermocouples is based on the following six operating principles,
which are illustrated in Fig. 11.15.

1. A thermocouple circuit must contain at least two dissimilar materials and at least
two junctions (Fig. 11.15a).

2. The output voltage v, of a thermocouple circuit depends only on the difference
between junction temperatures (7) — 77) and is independent of the temperatures
elsewhere in the circuit if no current flows in the circuit (Fig. 11.15b).

3. If a third metal C is inserted into either leg (A or B) of a thermocouple circuit,
the output voltage v, is not affected, provided that the two new junctions (A/C
and C/A) are maintained at the same temperature, for example, 7; = 7; = T;
(Fig. 11.15¢).

4. The insertion of an intermediate metal C into junction 1 does not affect the
output voltage v,, provided that the two junctions formed by insertion of the
intermediate metal (A/C and C/B) are maintained at the same temperature T
(Fig. 11.154).
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Thermocouples laws (2)

Material A Material A
m
T1 Tz
Material B " Material B
° Material B
(a)
Material C

-"‘Il -
Material A Material A . Material A
# /’I‘_\
Ty ' T, Ty( Material € T,
T
Material B 8 Material B v, —— Material B

Material B
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i Thermocouples laws (3)

5. A thermocouple circuit with temperatures 7 and 7> produces an output voltage
(Vohi-2 = f(T\ — T,), and one exposed to temperatures T and T3 produces an
output voltage (v,)2-3 = f(I2 — T3). If the same circuit is exposed to temper-
atures 7 and T3, the output voltage (vo)i—3 = f(T1 —T3) = (Vo)i1-2 + (Vo)2-3
(Fig. 11.15¢).

6. A thermocouple circuit fabricated from materials A and C generates an output
voltage (v,)a/c when exposed to temperatures 7, and 7>, and a similar circuit
fabricated from materials C and B generates an output voltage (vo)cys - Further-
more, 2 thermocouple fabricated frem- materials A and B generates an output

voltage (vo)aze = (Vodasc + (Vodeyp (Fig. 11.15f).

The six principles of thermoelectric behavior are impertant because they provide the

basis for the design, circuitry, and application of thermocouples to temperature mea-
surements.
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Material A

m
T, T3
{ﬂa ]1 -3

Material B Material B

Unknown/Unreferenced

Matarial 4

Material B Material B
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A Thermocouples laws (4)

Material A Material A
T T3 + T, T;
(0o)1-2 {v,la—z
Material B Material B Material B Material B
Unknown/ Referenced Known/ Referenced
(e)
Material A Mnt:riaf "
Ty T4 + T, T,
{0 dase {vadesm
Material ¢  Material € Material B Material B
7
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Thermocouple Circuits

*L\..)f
Thermaos bottle and cap _{Hﬁ -
7
Material 4 e =l ¢
arerngE el = : %% Oper -
/E< Material 8 %: ﬁi Coppar
Measuring R = ] =
junction E?%
T Tty —
Referance rR T Readout
junctian ' ELI" -

Figure 11.19 The ice-bath method for maintaining a refer-
ence temperature at 05C (32°F).

Extension wires X4 and X8

w4 Reference jumction
Matarial A = A /
Cu
Measuring Voltage
Ty jiunckion T2 Cu | recaorder

. B
XEB
Isothermal block

Figure 11.25 Schematic illustration of the use of extension wires and
copper lead wires in a thermocouple circuit.
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¥V Reference Junction Compensation

Iron +
74 o
Sensing
i Q 3 B Voltmeter
vco‘“p y
Constantan '/ -
Temperature / Com‘pen-
Sensor ' sating
/A Circuit
Fig. 13.47 Practical Isothermal Block Reference Junction for Data
Loggers, etc.
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W Reference Junction Compensation
With Thermistor

Thermistor R4

S —y | —
L

- “"'“""."n"'."n"'."'r’_-"'_ AV Readout

S - )

Tivermuocouple
bead
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W Reference Junction Compensation
With Bridge and RTD

Copper
Material 4 | -
T ..........
‘ (RTD)
Material B
Nbeasuring
junction . T
Refereance block at | U,
ambient temperaturs ! + | 1 -
g
| [se]asiss]e
=+ LR K
L L I O |
52552 884 —
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Temperature Measurements Issues
Conduction Errors
Sheathed cylindrical
thermocouple
d°T  hP |
— — (T-T) =0 (@4 v H 380 m
dx? KA. T; =90°C
- % —
Pipe wall at 30°C
where: T = local fin temperature (K)

location away from the fin base (m)

. the cross-sectional area (m?)

the fin perimeter (m)

the thermal conductivity of the fin (W/m:-K)
heat transfer coefficient (W/m?*-K)

¢ = bulk temperature of the surrounding fluid (K)

NS =
Il
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Conduction Errors

Solution of equation (2.4), assuming negligible loss from the tip of the fin,
gives
T—T; cosh m(L. — x)

= (
T, —T; cosh mL

]
tn

where L = length of the fin (m), T}, = temperature at the base of the fin (K)
and

| hP e
m = \.' — (2.0)
| kA,
For the case of a cylindrical fin, P = 2mr and A. = w2, so
[ 2h 57
m = \.' — (2.7)
| kr

Equation (2.5) can be used to evaluate the deviation of the temperature of a
transducer, located part-way along a cylindrical sheath, from that of the local
fluid temperature.

15 June 2023

53



A Conduction Errors — Example

A 10mm external diameter stainless steel sheathed thermocouple is inserted
into a pipe containing a fluid (Figure 2.8). It the heat transfer coefficient is
140 W/m*K and the fluid temperature is 90°C and the length of the sensor
protruding from the wall is 60 mm, determine analytically the temperature
indicated by the transducer. The transducer is located 5 mm from the tip of the

sheath and the pipe wall temperature can be taken as 30°C. The thermal
conductivity of the sensor can be taken as 16 W/m-K and the effects of heat
transfer by radiation can be neglected.
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W Conduction Errors — Example solution

From equation (2.7), taking the radius of the probe as 0.005 m,

|2 x 140
\ 16 x 0.005

m = = 5972

Using equation (2.5), taking x = 60 — 5 = 55 mm and recalling that

e + e

cosh n =
2

T — 90 cosh(59.2(0.06 — 0.055)) 0.06
— = (.06
30 — 90 cosh (59.2 x 0.06)

So the temperature indicated by the transducer will be T = 86.4°C. This i1s
3.6°C below the true temperature of the fluid.
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® Conduction Errors — Example comments

At the tip, x = L, the error can be defined as = T; -1

Ii—T,
error = 1,— 1) = (2.8)
cosh mL

The error 1s proportional to Ty — T;, so a pragmatic approach to minimize the
error 1s to insulate the wall or pipe therefore elevating T,. If control is

available over the choice of sensor, then one with a small radius, low thermal
conductivity and large immersion length is desirable.

It should be noted that the analysis presented in equations (2.4)—(2.6) and
in the previous example does not take into account the detailed assembly of
the sensor. In practice some sensors consist of a multi-core assembly with the
transducer isolated electrically from the sheath by a ceramic insulator.
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N Radiation Errors
Sheathed cylindrical
thermocouple
Aeo (T —TY) = A(T;—T,.) —
(29) |:|D:1 1 60 mm
T, =90°C

-,

T; = the bulk temperature of the fluid (K) Pipe wall at 30°C

T'. = the temperature of the thermocouple (K)
I, = the temperature of the walls of the surrounding

The thermocouple here will be subject to a number of phenomena which could
cause errors between the indicated temperature and the true temperature of the
gas including conduction along the support and thermal radiation exchange
between the sensor and the pipe walls.
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\ Radiation Errors — Comments

If Ty =300°C and T,,s = 650°C, in this case the difference
between the gas stream and that indicated by the thermocouple
IS about 68°C.

This difference can be reduced by use of a radiation shield and
by increasing the temperature of the wall.

The temperature of the wall could be elevated by use of thermal

Insulation, which would serve to reduce the heat transfer due to
radiation between the transducer and the wall.
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Radiation Shield

Pipe wall at 300°C

Flow 50 mm

T, =650°C

T —_—_——

Figure 2.10 A radiation shield used to limit the exchange of radiation
between a transducer and the surrounding environment
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Remote measurements of resistances - four-wire method
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cirrent source (pump)
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