Cryogenic Instrumentation

Module 6: Cryogenic Engineering ME 467




Is measured indirectly (unlike say,
length, mass etc.) from the
change of other properties:

* Length of a Hg column

* The electrical resistance of a
Platinum wire

* Pressure of a near ideal gas

 Thermo electric emf

e Equilibrium pressure of a gas
above a boiling liquid

* The difference in thermal

expansion of two metals in a
composite beam

* The speed of sound in a gas
« The magnetic susceptibility of

emperature Measurement

paramagnetic material etc.

Pay off functions:

Accuracy — the departure from
thermodynamic temperature scale

Sensitivity — the rate of change of
indicating property with
temperature

Reproducibility — the range of
indications of temperature when
several measurements are made
of the same temperature.

Stability — changes in the
indication of the thermometer
over a period of use



Temperature scales

Tcold _ Qrejected @Tc

* Thermodynamic Temperature Scale, (refer, 2" Law of TD/

Thot Qabsorbed @Th
Carnot Cycle)

* Fixed point: triple point of water (273.16 K) (refer, zeroth Law of TD/ Thermometry)

« At 7th General Conference on Weights and Measures (1927), an International
Temperature Scale (ITS-27) was adopted.

* A practical temperature scale that closely approximates the thermodynamic temperature scale
and was easily reproducible.

* Fixed points: 6 fixed points with assigned numerical values
* Defined down to only the NBP of O,

* |n the 11t conference in 1960, the triple point of water was selected as the
standard fixed point, International Practical Temperature Scale (IPTS-48)

* The 13 conference extended the range to the triple point of H, (13.81 K) — ITPS-68



The standard measurement instruments,

* Strain free Platinum resistance thermometer
* between triple point of H, (13.84 K) and freezing point of Antimony (903.89 K)

e Germanium resistance thermometer
* From4.24 Kto 13.84 K

» He? vapor pressure scale
* From 1.5Kto4.24 K

* He3 vapor pressure scale
* From(0.8Kto1.5K

* Magnetic scale
* From 0.006 K to 0.8 K
* Based on magnetic susceptibility of Cerium Magnesium Nitrate.



Metallic resistance thermometers

 Temperature variation of electrical resistivity of conductors and semi
conductors is the basis

* |[n addition to Platinum, copper, lead and indium have been used.
* Alinear variation of resistance is desirable.

* Typically calibrated by Callendar-van Dusen equation
RJ/Ry = 1 + At + B + CP(t — 100)

* Where tisin °C; A, B, C are constants found by calibration at 3 standard
temperatures, R, is the resistance at 0 °C and R, is the resistance at t °C .

* |t is important the resistance wire be strain free
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A platinum resistance thermometer yields a resistance reading of 38.6
ohms a certain temperature. If the electric resistance at 0 °C is 100
ohms and the constants A, B, C are respectively 3.946 x103 °C?, -1.108
x10° 9C2, and 3.33 x1012 9C#,Determine corresponding temperature
indication.

* Hint: Solve iteratively; start by solving for t, neglecting B & C terms, in
the first iteration. In the second iteration, put the value of t previously
obtained in the B & C terms to solve for t again. Repeat until the value
t in successive iterations are very close (~ 0.01 °C)

* Ans: t =-1509C
* Sensitivity, S, =0.4211 Q/°C

dR,
dT

RJ/Ry = | + At + B2 + CO(t — 100) S, = = Ro[A + 2Bt + Cf(4t — 300)]



Semi Conductor Resistance Thermometers

 Electrical resistivity is inversely proportional to temperature at high
temperatures

* At low temperatures, electron furnishing (donors) or accepting (acceptors)
impurities aid conduction.

* Germanium semiconductors are the most widely used.

* Asingle crystal of Ge is doped with arsenic, gallium or antimony to obtain desired
resistance characteristics.

* Ge is sealed inside a metal case and four leads are attached (two for supplying
operating current, two for measuring voltage)

* Typical operating range between 1.5 K to 100 K

e Carbon resistance thermometers

* High sensitivity, low cost, small size and relatively simple temperature-resistance
curve



Thermocouples

e Can be used as in regular temperature ranges.

* But, during calibration, reference temperature should be selected close to
the measurement range (LN,, LH,, LHe temperatures, depending on the
range of temperature measurement, but not the ice point)

* High temperature difference produce high emf which will require precision reading
of emf for precise measurement of temperature.

* Heat conduction down the thermocouple wire is also reduced.

e |f ercrlmf is very low thermocouples connected in series (Thermopile) can be
used.

e Conduction down to the cold end bead can warm up the bead and show
erroneous reading of temperature. This can be avoided by insulation

 Calibration equation is given by,
e = a,t + a,i* + at® + a;t’



Constant Volume Gas Thermometer

Small capillary tube \ .

* A bulb containing the gas is
inserted in the region H
whose temperature is to be |t
measured. And the pressure |[—=—F =
IS measured.

ﬁ
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 Calibrated by measuring gas
pressure at a standard

T~ Low-temperature
region .

temperature. Gas-filled
therrt:\lﬁlb'neter
* Assuming ideal gas relation, ‘ ~ | A Flexible tube.

T = p(T./p.)



* We get a linear dependence of temperature on pressure.
* Considering the dead volume gas,

= QV + poVo = p,V + Pos Vo

where m = mass of gas within the thermometer
p = density of gas within the thermometer bulb at temperature T
po = density of gas in dead volume at temperature T,
ps = density of gas at the standard temperature 7,
V' = volume of the thermometer element
Vo = dead volume -

* Solving for temperature, '

| oHT./p,)
T —
T+ (@ = plp) (VX Ty Ty -~ KoPTIP)

* Where K is the correction factor




* In addition to dead volume correction, real gas effect may be
considered,

* Virial expansion (real gas equation) is given by,

pv = RT'[1 + B(T)p + C(I)p* + D(T)p” + ...]
* Where B, C, D etc. are virial coefficients
* Neglecting from the third term onwards,

p = p/RT[1 + B(I)p]
 Substituting in the mass equation and solving for temperature we get,

T = K\(1 + K)(T/p)p



Vapor Pressure Thermometer

 VVapor Pressure (saturation
pressure) is a function of
temperature.

* Bulb contains a pure gas that
can be condensed in the

temperature range of interest.

* High sensitivity.
* No dead volume correction or

real gas correction is required.

Small capillary tube gl

Low~-
lemperature
region

Pure liquid in
thermometer bulb

Pressure scale

«— Manomeler



* Disadvantage: Limited range (can be made to use from the triple
point to the critical point of the given pure substance)

* When H2 is used as thermometric fluid, catalyst must be used to
promote conversion from normal to equilibrium hydrogen.

 Calibration equation is given by,

]ﬂ(pfpu} — CJ e Cz{T— Cj IH(T}T&} e C4T+ Cj?ﬂ

* Where P, is atm pressure and T, the normal boiling point. Cis a
constant.



Example 6.5. Determine the temperature indication for a liquid-hydrogen
vapor-pressure thermometer when the pressure reading is 14 kPa (2.03 psial

In(p/po) = C, — C/T — CyIn(TYTy) — C.T + CsT*

 Hint: Newton’s method: iterative

I=T, — ﬂTl}ff (1)
* Ans: T=15.09 K

Table 6.4. Constants in the vapor-pressure relationship, In(p/p,) = C, — CJJT —

G, In(TYT,) — C.T + C,T® where p, = 101.325 kPa, T, = 77.344 K for N, and 90183 K
for O,, and the temperature T is in kelvins. Log base e is used.

Hydrogen Neon Nitrogen Oxygea

C, 3.940796 10.618417 13.569758 13.726967
a 101.33783 244.96075 930.15333 1076.35667
G 0 0 2.3668 1.664512
Ce —0.0543201 0.0848111 0.0328844 0.0304241

Cs —1.10563 X 104 9.78350 X 10~* 1.67138 X 10™* 1.16981 X 10~*




Magnetic Thermometer

* For temperature measurements below 1.0 K

* Magnetic materials obey Curie’s law (at relatively high temperatures
and weak fields)
X =JIH = &IT

* X —magnetic susceptibility, ] — magnetic moment per unit mass, H —
applied magnetic field intensity, C — Curie’s constant (material

property)
* Not applicable at very low temperatures.



Calibration

e 1 -2, isothermal magnetisation (>
1 K, measured by a He — vapour
pressure thermometer). The
entropy can be determined by the
Brillouin expression from T, J, H
etc.

e 2 — 3, reversible adiabatic removal
of magnetic field. S3 = S2

* We define a magnetic
temperature ™=@/«

* T* not equal to T (not Curie’s Law)

* Svs T* plot formed after a series
of such demagnetisation

Temperature 77

3(‘. 0

Fig. 6.7.

Entropy s

Calibration process for a magnetic lhcrmdmetcr.




* 3 -4 : addition of energy at zero magnetic field

* We can measure the change in T* due to change in the internal
energy.

T (au) , (au/aT*),,-o
0S8 /3t =0 (aslﬂT*)u-o

* Tvs T* calibration curve can be constructed (some examples below)

1.

Cerium magnesium nitrate (Hudson and Pfieffer 1972
0.004 &= ), for T =

T =T+ (0 236 + 0.004137/T)(10~?) (6.36)

gt(;romxc methylammonium alum (Gardner and Kurti 1954), for T=
70 K:

T* = T +0.00250 + 0.002422/T (6.37)

Chromium potassium alum (Amblcr and Hudson 1957), for T
0.10 K:

T* = T + 0.000862 + 0.002057/T (6.38)



Flow-Rate Measurement

e Orifice meter
* Venturi meter
e Turbine flow meter



Orifice Meter

e Calibration curve for water can
be applied directly LO2, LN2,
LH2 (single phase)

 Upstream straight line length
has to be at least 10 times
diameter of pipe & downstream
length 5 times.

* Discharge coefficient accounts
for losses. Is determined by

calibration or ISO-ASME orifice
coefficient expression.

* Pressure taps are D and 0.5 D
up and downstream
respectively.

* Low cost and size, but large
pressure drops

(pi-p,)

HmantAar

M= CyColo(2g0Ap)'"7 C,=(—pYy'"

Cy= discharge coefficient re 8 = Dy/D, = orifice diameter ratio

C,= vclocut_y—qf-appmnch coeflicient D, = orifice diameter

Ay = area of tlu; orifice D, = pipe inside diameter '
e = fluid density Ny = D,G/u = pipe Reynolds number

Ap = pressurc drop across the orifice G = n‘z/'A,, ' '

Cs = 0.5959 + 0.03128*' — 0.18408* + 0.03908*/(1 — 8%
— 0.015848% + 91.718*5 N0 |



Venturli Meter

® o
! Throa
* Avoids large pressure drops of an BN | : t N7
orifice. Flow T G = ‘-T
| A %\ 22222227270 -
* Sharp (20° — 22°) convergent Z NZ
section, straight throat(~0.5D),
gradual (5° -7°) diverging section.
* Pressure taps @ 0.5D before venturi i (P=h,)

and @ the centre of the throat.

* Flow rate measured by the same

. o o S
expression as the orifice meter. I For 3000 = Ny, = 2 X/ 105,

logo Nge

* Cdis almost unity. Determined by ' Ca ™~ SZ0 T 090 o
calibration or by the given 5 | . ¢
: . For Ny, > 2 X 10°,
expression. ~
C; = 0.988

 Cavitation chances are high.



Turbine Flowmeter

Vorla.ble
4ok
* Free spinning turbine in the centre of 7 P |
the flow. 77272 ya d
Vv an
* A magnetic pick-up sensor generates i l\ Neoiing
pulses as the blades cross its field, support
frequency of which is indicated by an
oscilloscope or an EPUT meter.
e At Re>6000, volume flow rate is , Turbine rotor

related to speed n of the turbine by

the given equation. V ="=DuAn/tan 0, = Kn

e Viscosity correction of calibration ,
factor required for low speeds D, = rotor blade-tip diameter

_ 0, = angle between the blade and the meter centerline
* Density (and hence 2 phase flow) Ay = free-flow area through the turbine

doesn’t affect the performance Ay = Yiw(D* — D)1 — 2mt/x(D + D,) cos 6,)
e Low inertia of turbine allows gOOd D, rotor hub diameter; D = meter bore diameter

. , m = number of blades
dynamic response (for transient flows) ¢ = Llhide thtcknecs



Fluid Quality Measurement

Important to measure quality for
flow measurement (density can be
found only by knowing quality)

To capacitance -
. / measuring circuit

Quler case
Support wire Glass eyelet

The dielectric constant of the fluid
varies with quality.

A concentric cylinder capacitor is
formed by keeping a cylindrical rod
inside the pipe suspended through
insulators (with the pipe wall and the | N
rod acting as parallel plates) i

The annulus area must be same as
the pipe area to avoid acceleration
or deceleration of fluid.

The probe capacitance can be
related to quality by static calibration
or the following method,



* The capacitance (C) of a

concentric cylinder capacitor long _
enough that end effects can be C = 2w Leeo/In(Dyo/ D))

negleCtEd is known. L = length of the cylinder _
e The dielectric constant (E) is e = relative dielef:'t{ic constant of.th_e material in the annulus
related to the volume fraction (y) % = 58342 X 107" F/m = permittivity of free space

of liquid and vapor.
e = yer+ (1 —
 The density (p) is also related to Yer ( _].?}E,
volume fraction. ¢ = dielectric constant of saturated liquid

e Th £ | fracti d ¢, = dielectric constant qf saturated vapor
density  quality  (x)  can be T UL = Hauid molge i
determined. p=ypr+ (1 — y)p,

. @h& € ahlso dlegends on Presbsure.
us the calibration must be = - 1 — AT
carried out for the operating x=mym = Vp/(Vy+ Voo = 0 — 3) (oe/p)

pr'essu re. | Clausius-Mossotti equation,
* |Ifis € not known Clausius-

Mossotti equation can be used. Me—1) _ -
(M — molecular weight, a - molar ple + 2)
polarisation)




Liquid Level Measurement

* Hydrostatic Gauges

* Electric Resistance Gauges

e Capacitance Liquid-level Probes

* Thermodynamic Liquid-Level Gauges



Hydrostatic Gauges

e Differential pressure measuring

instruments like Bourdon gauge,

U-tube Manometer, diaphragm
transducer etc. Can be used.

* Pressure pickups (liquid) are
constructed with goosenecks to
avoid liquid drain.

* Problems:
* Low sensitivity (LH,, LHe)
* Pressure oscillations.

/Va cuum space

Vapnr

Ap
Pressure
gauge

Liquud

Capillary tube

= Pijgfgt + F:L.tgf’g:

L, = height of the liquid column
L, = L — L, = height of the vapor column
L = inside diameter of the vessel
py = liquid density” ..
p, = vapor density (saturated)
= local acceleration due to gravity _
gc = conversion factor in Newton s Second Law of Mouon

Ap -= (PI - P:)ngfg: = F;Lgf Ee
Ap = pd.g/8.



Electric Resistance Gauges

 Heat transfer coefficient of
liquid is 1 or 2 orders of

magnitude higher than that of

vapor.

* For the same heat transfer
rate, wire will have greater T
In vapor.

* Resistance varies with
temperature which can be
measured.

* For vertical arrangement
resistance may be directly
calibrated against level. But
energy dissipated is more.

To
potenliometer

h. = (2k/D)/In(1 + ¢Ng.")

where ¢ = 3.70(Np, + 0.952)"“Np,'7?

Ng, = gB.,p*D’ AT/u? = Grashof number

Np, = Prandtl number |
k%, = thermal conductivity
D = wire diameter
B, = thermal expansion coefficient
p = density-
M = VISCOSity

AT = temperature difference between wire and fluid



To

measuring
circuit

<

1

Resistor



Capacitance Probes

* Same way as capacitance quality

probe.
e Concentric cylinder capacitor

placed vertically in the container.
* Total capacitance is found by the

given equation.

* Can be solved for liquid level (Ly).
Liquid level can be measured from

the Capacitance value.

* Or level can be calibrated directly

against capacitance.

* Sensitivity is independent of liquid

level and length of the probe.

[

To capacitance-
measuring circuil
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. \ ‘ Pressure
hermodynamic Gauge - SRRl
L— Dead volume
* Based on the fact that liquid g . | Nt
undergoes large change in volume '

when evaporated. f!

* Thin heated capillary tube (inserted in
the container) connected to a dead : :
volume (at ambient condition) and a \ R /

pressure gauge.

* Initially charged with the same gas as % 7
In storage. _ Capillary tube”
* Condenses when immersed reducing m=m;+ my, + my = p/V; + p,Vy + po¥Vo

dead volume pressure.

. . “m = pALr+ pAL, + poV
* Condensation is proportional to the m = fhlyt pedily ke

liquid level. w
= A — pg) Ly + + po Vi
* Hence liquid level can be calibrated i e gl
against pressure. Or by the following Ly  [(m — poVo)/AL] — py

relation. (Ac — area of capillary)

 Density can be found from the
modified ideal gas relation using p = ZpRT
supercompressibility factor (z)

L~ Pr— Pg



