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PRECISE WIDE RANGE HEATMETERS FOR 1.5 K
UP TO 80 K

G. Ferlin, B. Jenninger, J-M. Rieubland

CERN-LHC division
CH-1211 Geneva, Switzerland

ABSTRACT

Two heatmeters were designed at CERN for applications below 20 Kheitbption to
work also at temperatures up to 80 K. Teav cdibration principle anddesign permits the
construction of wide range heatmeters with precisiorthm range ofmilliwatts. The
calibration function takes into account the temperature dependence of the thermal conductivity
of the heatmeter material. The h#latv measuremens, therefore,ndependent of the base
temperaturej.e. it is also independent othe temperaturedrop acrossthermal contact
between heatmeter and the cold source. The simple calibration function makeatitheter
a user-friendly portable diagnostic device. Itpigssible to quantifyparasitic heatflow
without a previous calibration, or twalibrate the heatmeteluring a measurement with a
specimen.

INTRODUCTION

A heatmeter is a calibrated thermal resistanberethe heatflow is measured as a
function of its boundary temperatures. Onehaf main ideas is tosethe heatmeter as a
portable and interchangealidevice. Thisimplies that temperatureensorsand heater for
calibration are included ithis device. Thisheatmeter principlevas first developed and
described by Kuchnir et al. at Fermilab891l. The heatmetersere designed foronstant
base temperatures (4.2 K andK)/ Their calibrationfunctions were, thereforenly valid
for these base temperatures. A deviation fthebase temperaturould have required the
application of correction factors.

Figure 1 shows two possible desigmsd themain features of heatmeters. In the
original design aFermilab,the thermal resistance of the heatmeteese determined by a
stainless steel layer silver soldered between two copper blocks. This principle was adopted at
CERN for atest bench to measure the heat load at different temperature levels of LHC
prototype supporposts[2l. The stainless steelvas replaced bybrass. Meanwhile,
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improvements have been made in both design artatatadn principle, in order tadapt the

idea of heatmeters in a better way to more general requirements, i. e. wide range applications
for heat flow and temperatu{%‘g. The heatmeter of type 2 in Figureshowsthe schematic

design of the device that was develope@BRN. This time,the heatmeter is manufactured

from a singlepiece of an aluminiunalloy, i.e. amedium thermaktonductor. The thermal
resistance is determined by the ratio of section over length of the central part of the heatmeter.
The tube-likedesign is to increastne aerial momentum of inerti@r a given ratio. The

bottom heater is an option for the control of the specimen temperature.

CALIBRATION
Theoretical calibration function

For wide range heatmeters the temperature dependence of the thermal conductivity needs
to be taken int@account. Equation 1 is a functiothat describes approximatelyre thermal
conductivity of metal alloys in an approprate small temerature interval:

k=aI" (1)

o and n are considered constant within the temperaiioterval. This approximation
function ispracticablefor regions where (i.e. the slope ofthe graphk overT in a double
logarithmic scale) varies only little with the temperature. In regions whesgies veryfast,
like for pure metals in the vicinity of 10 Wherek has a maximum, such approximation
function is not practicablePure metals are therefore ngood choice for wide range
heatmeters with working temperatures around this maximudm in

For normal electrical conductors at about liquidhelium temperatures the heat is
practically only carried blectrons. In this regiothe thermal conductivity is proportional
to the temperaturen(= 1), unless the material becomes supercondd@tjve

Specimen Qo
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defined thermal
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Figure 1. Two possible heatmeter designs



The heat flow through the heatmeter is then:
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S andL are the section and length of ttermal resistance between theundary
temperature$; andTp. Such a calibration function is only valid time temperature interval
where it is defined.The width ofthis temperature intervalepends orthe materialchosen
and the maximal systematical error accepted. For wide range heatmeggesialhas to be
chosenthat varies onlylittle in n, in order to reducéhe number ofntervals. For awell
known materialp can be estimated from the grdplas a function of.
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Whenn is determinedg can be calculateftom equation 1. Irthe real calibration
function of aheatmeter the geometrgnd material parameters arenified in a single
proportionality factorC.

c=>p" (5)

Here, different cabration possibilities arproposed whichmay be applied to the same
calibration data for cross-checking purposes.

— Calibration forn with unknownC.
— Calibration forC with knownn (parasitic heat load physically eliminated)
— In situ calibration folC during a measurement with a specimen.

Calibration for exponent n

In principle,n can be chosen freely andaive calculated from the calibration heating power

QC and the corresponding boundary temperatures. The optimal fit, howether,aeethat
corresponds tahe physical temperature dependence ofhibatmeter materialFrom two

calibration setsQ. 1 , T2.1, T1.1) and Q. , T2.2, T1.2), the proportionality facto€ of
the calibration function can be eliminataddn can be calculatefilom the derivation of the
calibration function, or, imtherwords, from the definition of the thermal conduction of a
heatmeter.

d_Q = § nangk (6)
Jor L

Interpreting dQ as the hedlow due to atemperaturelrop JT along the heatmeter at
the temperature mean a meann can be calculatefom the two sets ofcalibration
parameters:
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This formula gives a good estimation forin the temperature interval

TO{25(To1+ 1) . %5(To2 + T12)}

Calibration for the proportionality factor C

If the exponenh is known for agiven temperaturénterval, either from literature or
from a calibration like described above, it is quite easy to get the proportionalityGeobon

one calibration set('DC'i i)

= Qc.i
. Tt - ®)

In the defined temperature interval, wharevas supposed to be constait,should be
the sameor each calibratiorset. The constancy oC; for different calibrationsets is,
therefore, a quality criteria of the calibration. During this calibration, parasitic heat load to the
heatmeter needs to be physically eliminated. Tilseraowever, gossibility tocalibrate the
heatmeter at the presence of parasitic heat flow or during a measurement with a specimen.

Calibration at the presence of parasitic heat flow

Supposing thigarasitic heaflow Qg to be constant durinthe calibration, equation (8)
becomes:

e
R, ©
2i T

From two calibration sets (i =1, Zj)ocan be eliminated.
With C,=C,=C andA; = T -T"*1 C can be determined with equation (10):

C= QC.Z_ QC.l (10)
Ay -7

Precision of a heatmeter

In the proposed designthe heatflow measurement is reduced two absolute
temperaturemeasurements. Thuthe precision of thdeatflow measurement is directly
dependent on the precision of the temperatoreasurement. However, the thermal
conduction of the heatmeter can be chosenvim, thatfor the minimal expected hetibw
at a given temperature, the temperatrep along the heatmeter jast big enough to be
guantified with certainty. In thdesign of wide range heatmeters, sheuld alsaake into
account the temperature dependence of the sensitivity of the tempsmtsoes.Equation
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(11) is a good estimation for the precision dfemtmeter at a given temperatleeel and for
the case that the sensors @oecalibrated together.

AQ=2(n+1)CT" AT (11)

Wheren andC are the exponent and proportionality factor of the previous equafions,
is the temperature level add is here the uncertainty of the temperature measurement at this
temperature level.

Using temperaturesensorghat were calibratedtogether the precision of théeatflow
measurement can be improvednsiderably, becaussy/stematical calibratioerrors of the
sensors are partly eliminated.

EXAMPLE

Two different heatmeters of type 2 were developedCEBRN, both designed for
operation below 20 K wittthe option towork up to 80 K. The measurements presented in
this paper were made on a heatmeter W initially designed to measutbe heat load due
to resistive radio frequency lossescwaxial cables. The required precisiowas 5 % of the
measured value over a range of 20 mW to 600 mW at about40 K

Heatmetematerial
Aluminium alloy Al Mg Si 1 (Anticorodal 100)

Geometry
Ratio Section over Length %:0.006 [m]

Temperatursensors

Carbon-Ceramic sensors TVO from JINR, Dubna, Russia
Calibrated together from 1.5 K and 300 K.

Absolute precisiors 0.1 % of the measured value

Calibration below 20 K

For the calibration below 20 Khe heatmetewas mounted on a coppélate that was
cooled by liquid helium at 4.2 K. The assembly was surrounded by an inswiatioenm of
10-6 mbar and shielded by a thermal screen at about 10 K.

In Figure 2 the proportionality fact@ is calculated for each set of calibration heat
flow Q. and thecorresponding boundariemperaturesising equation(8). C* is the
proportionality factor calculated with equation (10) from two adjacent calibration sets.

The precision of théweatmetetturned out to be about 1 mW up to a hedlow of
500 mW. At aheatflow of 1200 mW,the precisiornwas still better thant 6 mW. The
heatmetemwasremoved several times from its mountiplgce and remounted again under
slightly different conditions. The recalibrationsshowed nomeasurable changes in the
calibration parameters. Fronthe calibrationdata, n could also be determined to be
1+ 0.01. ForQ. =0, C becomes zero, because of a residJalof 16 mK. ThisAT may
be caused by parasitfeeatflow of below 1 mW and aruncertainty in the temperature
measurement. I6* the parasitic heat flow is eliminated using equation (10).
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Figure 2. Calculated proportional factos andC* for sets of QcT1 andT2.
Calibration from 10 K to 80 K

For the calibration in the temperature rarigem 10 K to 80 K,the coppelplate was
cooled with cold gaseous helium.

The calibration heater was adjusted to a fixed ve@ée:( 899 mW) andhe temperature

drop along the heatmetewas measured as a function of the temperatieeel. The
temperature of the copper plate was adjusted by varying the GHe mass flow.
For a constant calibration heat flow equation (7) becomes

O(T1-Tq) 0
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Table 1 shows the measured exponang different temperature levels

(13)

Table 1L Mean exponents of the heatmeter material
T- interval exponent
15K-20K 1.00+ 0.01
20K -40K 0.97+ 0.03
40 K -50 K 0.55+ 0.05
50K - 75 K 0.25+ 0.05




Table 2. Parameteras andC of the calibration functions of the heatmeter

valid in T-interval n C
[Wi/(m-KN+1y]
Function 1 15K-40K 1 0.0085
Function 2 40 K - 80 K 0.4 0.11

From the calibrationdata, the calibration parametersere defined, covering two
temperature intervals.

The calibration function isQ = C [qunﬂ - T1n+1), wherethe parameter€ andn used
for the corresponding temperature interval are given in Table 2.

In Figure 3 the calculated hefdw is compared to the constant referermat flow.
Function 1 covers well the interval from 1.5 K - 40 K and starts derafimye. Function 2
coversrelatively well the interval between 40 K and 80 K. The measured accuracy in this
temperature interval is better th@rl W. If ahigher accuracy isequired,the temperature
range could be divided into three temperature intervals instead of two.
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Figure 3. Two calibration functions for two temperature intervals

Table 3. Estimated precisiorsz of the heatmeter

T n C AT Ye)

[K] [W/(m-kKn+D) K] [W]

4 1 0.0085 0.004 0.0008
20 1 0.0085 0.02 0.014
40 1 0.0085 0.04 0.056
40 0.4 0.11 0.04 0.056
80 0.4 0.11 0.1 0.14
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Table 3showsthe calculategbrecision of thisheatmeterdue to the uncertainty of the
temperature measurement using equation (11).

The real precision of the heatmeter is better than estimated above. This is duadb the
that in the calculation the uncertainties of ti sensorsare considereduncorrelated.
However, the sensorsthat areused werecalibrated togethemhich eliminates partly
systematic calibration errors.

Note, that the calculategbrecision concernshe absolute precision of thHeeatmeter
which is limited by the calibration of its temperatsensors. The heatsensitivity ismainly
limited by the instrumentation (stability of current source, precision of voltmeter etc.) and can
reach values much better than those calculated above.
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