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Abstract 

For the characterization and optimization of insulation materials and systems, especial- 
ly for evacuated super insulatjons a hot plate device has been developed wk~ich can be 
operated under stationary conditions a t  mean temperatures between -200°C and 800°C, 
internal gas pressures between 10-5 mbar and 1000 mbar and external pressure loads of up 
to 4 bar. Circularly shaped samples with a diameter of 200mm and thicknesses from 1 t o  
28 mm can be investigated. Emissivities of the plates from 0.04 t o  0.8 may be established. 
A special correction procedure has been established in order t o  compensate residual radial 
heat fluxes and errors in measured temperature difference which do not depend on the 
temperature difference between hot and cold plates. 
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1 Introduction - Guarded Hot Plate Apparatus LOLA 3 

For the characterization and for the optimization of insulation materials and insulation 
systems several devices to  measure stationary as well as transient heat transfer have been 
built in our institute [1],[2],[3],[4] ,[5]. Aims of the investigations are to  measure total heat 
transfer and especially to  analyse the different heat transfer mechanisms 161. Conduction 
via the solid skeleton, especially in porous materials [7],[8], gaseous conduction [9],[10] 
and radiative heat transfer [11],[12] as well as coupling effects [9],[8] can be quantified by 
variation of temperature, internal gas pressure, kind of gas, external pressure load, sample 
thickness or surface emissivity of the adjacent plates. Theoretical predictions for a broad 
field of parameters then are possible. 

The evacuable guarded hot plate apparatus LOLA3 described in this report is most 
versatile: it can be operated a t  mean temperatures between -200°C and 800°C, internal 
gas pressures between loe5mbar and lOOOmbar and external pressure loads of up to  
4 bar for circular shaped samples with a diameter of 200mm and thicknesses from 1 to  
28 mm. Different emissivities E of the boundaries may be established, from E = 0.8 for the 
uncovered plates down to  E = 0.04 if Aluminium foils are inserted between specimens and 
plates. 

The errors to  be expected in hot plate measurements have been described in detail 
by Hode [13]. A newly developed correction method allows t o  improve the measurement 
accuracy considerably [14]. 



2 Measuring Principle 

A guarded circular metal plate acts as hot plate. It is temperature controlled by electrical 
heating and is sandwiched between two identical test samples, which are in close contact 
with two heat sinks. The guarded hot plate and the heat sinks are kept at constant 
temperatures. The electrical power fed into the hot plate is converted into a heat flux 
which is symmetrically transmitted through both samples and is absorbed by the heat 
sinks. In order to establish a one-dimensional heat flux the hot plate consists of a central 
plate surrounded by two guard rings, all three kept at the same temperature. 

Steady state is achieved when all temperatures and heat fluxes have become stationary. 
Then the thermal conductivity X of the sample can be calculated according t o  

where .Pe1 is the electrical power fed into the central plate in order to keep the temperature 
difference AT between the hot and cold sides of the samples constant, A is the area of the 
central hot plate and D the sample thickness. 

3 Description of Apparatus LOLA 3 

The components of apparaius LOLA 3 are (see also fig. 1): 

e a cylindrical vacuum chamber made from stainless steel, with a diameter of 450 mm, 
a height of 340mm ( l a ,  l b ,  lc) with various flanches (12,13); 

c one hot and two cold plates (2, 3, 4) made from a tungsten alloy (W94Cu4Ni2). 
with a diameter of 200 mm where the central heating section of the hot plate with a 
diameter of 120 mm is surrounded by two guard rings (outer diameter 160 mm and 
200 mm respectively) (2); 

r an inner thermal insulation of the vacuum chamber (8) using SiOz-fiber insulation 
with an auxiliary heating or cooling facility mounted on Nickel sheets (7) in the 
center; 

0 2 cooling units ( G )  made of Inconel 600 with fluid pipes (15) to  be driven with 
pressurized air, cooling fluid (water or liquid nitrogen) or without any medium; the 
cooling units are separated from the cold plates by 1 mm calcium silicate sheets as 
thermal resist ances; 

r 10 ceramic supports, diameter 15mm, height lOOmm (9) and high temperature 
insulation (8); 

r 3 sensors for ineasurcment of sample thickness (14); 

c a movable, vacuum tight piston (10) to  transduce a mechanical load from outside 
onto the specimens; 

vacuurn pump system with oil diffusion pump and rotary slide pump; 

0 personal computer with printer and ECB-card; 

o EC13-f3us module with 10 Digital-Analog-Converters (12 bit), security switch with 
waich-dog-function and an IEEE-interface; 
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Figure 1:  Evacuable guarded hot plate apparatus LOLA 3. 



0 a 6; digit multimeter; 

0 8 computer controlled power supplies 1 X 7.5 W, 5 X 100 W, 1 X 225 W, I X 625W; 

0 electrical heating in vacuum is performed with vacuum tight capsuled Philips stan- 
dard Thermocoax heaters SE1 10/200 and SE1 20/800 with 'cold ends'; 

0 precision electrical shunt lS2, 1 W, with very low temperature dependance (over- 
all deviation from nominal value 0.1%) for accurate measurement of the electrical 
heating current for the central hot plate; 

o analog multiplexers for scanning up to 32 voltage signals and up to 48 platinum 
resistors in 4 wire technique and reed relais for connection of voltage drop at  precision 
shunt to the multimeter; 

o 2 capacitive pressure gauges (measuring range 0 - 1000 Pa and 0 - 105 Pa), an ionisa- 
tion and a Pirani vacuum gauge for coarse vacuum control, all with analog output 
0-  1ov ;  

Pt-100 platinum resistors, (type W 86 by Degussa) are used as temperature sensors; 
they are connected in four-wire technique with leads 0.25 mm CroNiFer 30 20, placed 
inside the hot plate (1 Pt-100 in the central section, 3 in the inner and 2 in the outer 
guard ring) or a t  the surfaces closest to sample in the cold plates (6 a t  each plate), 
5 additional sensors are located on the surrounding auxiliary heating shield and it.s 
insulation. 

Measurement of Pt-100 resistances is performed cyclically with the scanner and the 
multimeter. The temperatures are calculated by the PC using individual Pt-100 calibra- 
tion data. 

For the determination of the heating power of the central plate the electrical heating 
current 1 is measured by the voltage drop across the precision l 0  shunt. The electrical 
power is calculated according to Pd = RI2,  where R is the temperature dependent electri- 
cal resistance of the 'hot section' of the central heater, measured at 20°C and calculated 
with the temperature dependence given by the manufacturer of the Thermocoax heater 
wire. 

4 Measuring Procedure 

Temperature and voltage data are registered by the computer within one measuring cycle 
of about 60s duration. Ebr each device the mean value and the standard deviation of 
the temperature, measured with several sensors, is calculated. The deviations from the 
nominal temperatures and the changes of temperature with time are used as input for 
the calculation of the heating powers (proportional-integral controller implemented by 
the computer program). After the end of each measuring cycle the power supplies are 
regulated by analog signals t o  the new power ratings. When temperatures and electrical 
heating power rates are stationary for at least 1.5 h the values of the last hour are averaged 
and the thermal conductivity is calculated according to eq. (1). 



5 Measuring Accuracy 

5.1 Temperature 

Temperature tolerances of Pt-100 resistances are according t o  DIN ICE 751 between 0.6 K 
and 1.3 K. Additionally all Pt-100 used are taken from the same production charge. There- 
fore the temperature dependence, which is influenced by the composition of the platinum 
material, is the same for all sensors. Individual calibration data  have been measured by 
the manufacturer for each sensor a t  O°C, for 10 sensors additionally a t  100°C and for 3 
sensors additionally a t  the melting point of aluminium (660,46°C). 

This procedure yields smaller tolerances; the local variation of the sensors in the cen- 
tral plate is in the range 0.02 K to  0.2 K. Accuracy is checked about once a year and 
after measurements under extreme conditions. The temperature difference AT between 
hot and cold plates is accurate within 0.5 K for temperatures up to 300°C and 1.0 K ior 
temperatures up t o  600°C. The variation of temperature with time can be kept constant 
by the PI-regulation within some 10--~ K. 

5.2 Measuring area A 

The measuring area of 113 cm2 is accurate within 0.5%, the change of diameter with 
temperature (temperature coefficient a = 5.9.  IO-~K-') is included in the evaluation of 
the data. 

5 .3  Electrical power Pel 

The heater current can be measured within 0.1%. The resistance of the heating wire is 
estimated t,o be accurate within 1%; thus the heating power has a total measurement error 
of about 1%. 

5.4 Sample thickness 

The measurement accuracy of absolute sample thickness within the apparatus is about 
0.2 mm or 2% relatively for a nominal t,hickness of 10 mm. 

5.5 Radial heat losses 

The temperature difference between the central hot plate and the guard ring should be 
zero in order to  prevent radial heat Auxes. The measuring accuracy of the temperature 
difference is in the range between 0.05 I< and 0.5 K depending on temperature. From test 
measurements i t  is known that  a change of temperature difference between central plate 
and first guard ring of 1 K yields a change in power Pel in the order of 0.1 W for the 
evacuated chamber and 0.3 W for the air-filled chamber. This means that  radial power 
losses are in the range of 0.3 W/K .0.5 K = 0.15 W in the worst case. For samples with a 
thermal conductivity beyond 0.1 W/(in K)  and a thickness of l cm a power loss of typically 
2 times 0.1 14' per Kelvin temperature dilference between the hot and the two cold sides 
is measured. For a temperature difference AT of 40K the measured power will thus be 
above 9 M' with an uncertainty due to radial losses of absolute 0.15 W or less than 2%. 

6 Correction 

From measuremenis a t  the same mean temperature but with different temperature di- 
ferences AT across the specimens (betwcen 2 and 40 K) radial heat losses and errors in 



measured temperatures, which both are supposed t o  be largely independent of the choosen 
temperature difference, can be corrected. Fig. 2 depicts measured heat transfer coefficients 
k versus the inverse of temperature difference I /AT for propperly controlled guard rings 
and for the system with a large radial heat loss artificially generated by running the guard 
rings 5 K below the central section. The linear dependence obtained for both cases con- 
firms the assumption. Extrapolation t o  infinite temperature difference ( l / A T  - 0) in 
both cases gives the same true heat transfer coefficient. In general two measurements 
with different temperature differences ATl and AT2 are sufficieni to  evaluate the true 
heat transfer coefficient 

klATl - k2AT2 
k o r  = AT, - AT2 

or the thermal conductivity 

1 /AT [K - ' ]  

Figure 2: AT-correction method: measured apparent heat transfer coefficient k for difle- 
rent tempemture differences AT between hot and cold plates for a measured temperature 
difference between central plate and guard rings ATp, = 0 h and with an enhanced arti- 
ficially genemted mdial heat loss (ATgr = -5 A). Extrapolation AT -- m or l /AT -- 0 
gives the true k-value [ I d ] .  

This correction method [l?] is used especially for samples with conductivities smaller 
than 0.1 W/(m K )  and/or for conditions where non-negligible radial losscs/gains or tempe- 
rature inhomogenities are expected, for exarnple for measurements at high temperatures. 

The overall measuring uncertainty including errors of electric power, radial heat losses, 
sample thickness and contact resistances is about 5%. 



The apparatus has been used for the measurement of a wide variety of samples and in- 
sulation systems as glass fibers, ceramic fibers [li], silica aerogel monoliths, granules and 
powders [2],[15],[16], mineral powders [17], foams [B] ,  foil systems [l91 and peg-supported 
insulations [l41 as well as for the analysis of the heat transfer modes and coupling effects 
within these materials [9],[8]. 

Temperature variation allows to  assess the usibility of the tested insulation for cryoge- 
nic, ambient or high temperatures and also to  deduce the radiative conductivity. Varia.tion 
of internal gas pressure gives information on the mean pore size [l51 of porous insulations 
(fibers, powders, aerogels) and the maximum allowable background gas pressure in order 
not to  surpass a certain total conductivity. Application of an external load on the sample 
is necessary to  simulate the outside atmospheric pressure which a filling material of an flat 
evacuated panel has t o  sustain. 

In fig. 3 the measured heat transfer coefiicient k for a monolitic Si02-aerogel tile (den- 
sity 220 kg/m3) is depicted versus the third power of the mean temperature T;~ .  This 
system has been investigated within the temperature range from -200°C up to  400°C 
without and with gas (N2), for emissivities E of the plates of 0.04 and 0.77. 

Due to the large spectral variation of the infrared extinction (over more than 5 orders of 
magnitude) in Si02-aerogels radiation is an important or even the dominant heat transfer 
mechanism 1161. In these semitransparent media especially for l o w - ~  surfaces a ~ i d  tempera- 
tures above 400 to  500 K, the combined radiative/conductive heat transfer is dramatically 
enhanced compared to a simple additive heat transfer modei. Results of numerical cal- 
culations for this complex heat transfer meet the measured data  very well for the whole 
parameter set and temperature range investigated. Deviations for the evacuated system 
and low E from theory are caused by an insufficient thermal contact between samples and 
plates as one can conclude from a variation of gas pressure and external pressure load. 

Fig. 4 gives an example for an extraordinary large coupling effect between solid and 
gaseous conduction (NZ). In the evacuated case the small contact areas of the spheres 
cause a large thermal resistance in the investigated bed of micro glass spheres (all with 
a diameter of l mm). The onset of the gaseous contribution occurs a t  about 1 P a  when 
the mean free path of the gas molecules is in the order of l mm. For gas pressures above 
104 P a  the total conductivity is 5 times larger than expected from a naive model in which 
conductivity of the evacuated sample X,,,, and gaseous conductivity of the fiee gas 
of 0.026 W/(m K )  are superimposed. 

In fig. 5 the influence of the external pressure load on the heat transfer for the evacuated 
system is depicted for the same sample. With an external load contact areas arc enlarged, 
resulting in an increased heat transfer. 
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