Comparative Studies on Two Different Methods of Thermal Conductivity Measurements
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Abstract.

Number of materials is available for thermal insulation purposes (heat conduction) in buildings. Before using them in buildings its prior judgment of performance is required. Also during development of new insulating materials using different methods for frequent measurement of thermal conductivity is needed. The standard method consumes lot of time, power, and cost. In order to reduce time, power, and cost, other faster methods are available. In this paper the suitability of these new faster methods of measurement is judged for use by the researcher and workers.  
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1. Introduction
Heating or cooling processes, equipment or enclosed environments are within the purview of thermal engineering. Thermodynamics, fluid mechanics, heat transfer and mass transfer are the major disciplines which are involved in solving a particular thermal engineering problem. The applications include engineering, cooling of computer chips, boiler, solar heating etc. In heat transfer, the thermal conductivity of a substance, k, is an intensive property that indicates its ability to conduct heat. In physics k is the property of a material’s ability to conduct heat. It appears primarily in Fourier’s Law heat conduction. Heat transfer across materials of high thermal conductivity occurs at a higher rate than across materials of low thermal conductivity. Correspondingly materials of high thermal conductivity are widely used in heat sink applications and materials of low thermal conductivity are used as thermal insulation. Thermal conductivity of materials is temperature dependant. The reciprocal of thermal conductivity is thermal resistivity. Thermal conductivity is important in material science, research, electronics, building insulation and related fields especially where high operating temperatures are achieved. However, materials used in such trades are rarely subjected to chemical purity standards. Cooling solutions for electronics or turbines usually use high thermal conductivity materials such as copper, aluminum, silver to cool down specific components. On the other hand, applications in construction or furnaces use low thermal conductivity materials such as polystyrene, alumina for insulation purposes. Measurement of thermal conductivity of materials is most important parameter in thermal engineering. A minor error in its measurement may lead a major error in design which may fail the solution completely. There are number of possible ways to measure thermal conductivity, each of them suitable for a limited range of materials, depending on the thermal properties and the medium temperature. The paper describes the different methods for the measurement of thermal conductivity with state-of-art methods and the results of standard steady state method and the latest TCi method of a few materials are compared as reference to the workers.

2. Thermal conductivity measurements
There are two major classes of methods exist to measure the thermal conductivity of materials i.e. steady state and non-steady state (or transient) methods. The methods where temperature of the material measured does not change with time comes under steady state methods while under non steady state (or transient) techniques perform a measurement during the process of heating up. The advantage is that measurements can be made relatively quickly. Besides these two major classes of thermal conductivity measurement techniques, there is one more technique which is known as thermo-reflectance. The techniques are described in brief here under.
3. Steady state methods
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This technique makes the signal analysis straightforward (steady state implies constant signals). The principle of guarded hot plate apparatus is that the heat flows from guarded hot plate normal to the specimens to isothermal cold plate maintained at lower temperature. The temperature balance between the center and guard sections of the main heaters which are the separated by the small gape is maintained by using the output of the thermocouples to control the power supplied to the guarded heater. The balance conditions can be checked by using the output of thermocouples pairs mounted in the surface plates on either side of the plates; In case of measurements at high temperature from 50-250o C two auxiliary plates are used on either side of the specimens to increase the mean temperature. When the temperatures of the guard, central and cold plates becomes constant and remain steady about two hours; the desired steady state is reached.  The power and the temperature difference between the hot and cold plate is measured and the thermal conductivity is computed. The Guarded hot plate Apparatus is working as per Indian Code, IS: 3346-1980.
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The shortcoming of this method is that a well engineered experimental setup is needed. The equipment available in CSIR-Central Building Research Institute, Roorkee based on this method is shown in Figure 1.

3.0 Transient methods [1]
In this method, the measurements are carried out during heating process itself. This is also known as non-steady state or un-steady state method.  In this non-steady state or transient method to measure the thermal conductivity do not require the signal to obtain a constant value. Instead, the signal is studied as a function of time. The advantage of these methods is that the test can be performed more quickly, since there is no need to wait for a steady state situation. The disadvantage is that the mathematical analysis of the data is in general more difficult. The methods normally available include;
1) Transient plane source method – this method is suitable for various kinds of materials, such as solids, liquid, paste and thin films etc. this require two samples in sandwiching the sensor between two pieces of a homogenous material. The probe is a flat sensor with a continuous double spiral of electrically conducting nickel (Ni) metal etched out of thin foil and clad between two layers of polyimide film Kapton. The thin Kapton provides electrical insulation and mechanical stability to the sensor. The sensor is placed between the surfaces of two sample pieces of the sample to be measured. During the measurement a current is allowed to pass through the nickel and creates an increase in temperature. The heat generated dissipates through the sample on either side of the sensor at a rate depending on the thermal transport characteristics of the material. The temperature vs time response in the sensor is recorded and thermal conductivity of the material can be calculated. 
2) Modified transient plane source (MTPS) method[3] – this method is developed by Nancy Mathis of the University of New Brunswick and commercialized through her company Mathis Instruments Ltd. (now C-Therm Technologies Ltd.) the device uses a one sided, interfacial, heat reflectance sensor that applies a momentary, constant heat source to the sample. The difference between this method and traditional transient plane source technique is that the heating element is supported on a backing, which provides mechanical support, electrical insulation and thermal insulation. This modification provides a one sided interfacial measurement in offering maximum flexibility in testing liquids, powders, pastes and solids. Equipment procured in CSIR-Central Building Research Institute, Roorkee based on this technology is shown in Figure 2 where a sample is put on the sensor (center) to measure the thermal conductivity at room temperature.

Figure 2. Equipment for Thermal Analysis based on MTPS Method

3) Transient line source method – in this method an infinite line heat source is used with constant power per unit length of the heat source. The temperature is measured at a fixed distance from the line heat source. The physical model behind this method is the infinite line source with constant power per unit length. The temperature profile T(t,r) at a distance r at time t is as under;
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Where,
Q is the power per unit length in W.m-1
k is the thermal conductivity of the sample in Wm-1.K-1
Ei (x) is the experimental integral, a transcendent mathematical function

r is the radial distance to the line source

a is the thermal diffusivity in m2.s-1
t is the amount of time that has passed since heating has started in seconds

4) Laser flash method – the laser flash method is used to measure thermal diffusivity of a thin disc in the thickness direction. This method is based upon the measurement of the temperature rise at the rear face of the thin disc specimen produced by a short energy pulse on the front face. With a reference sample specific heat can be achieved and with known density the thermal conductivity of materials can be calculated.
k(T) = a(T).Cp(T).ρ(T)

Where,
k is the thermal conductivity of the sample in Wm-1.K-1
a is the thermal diffusivity of the sample in m2.s-1

Cp is the specific heat of the sample in Jkg-1.K-1

ρ is the density of the sample in kgm-3

It is suitable for a multiplicity of different materials over a broad temperature range from -120°C to 2800°C.

5) 3 ω method - 3 ω method is one popular technique for thermoelectric materials. Thin metal strip is evaporated on the sample acts heat source and a thermometer. The heater is driven with AC current at frequency ω, which causes heat source to oscillate at frequency 2 ω by monitoring AC voltage as a function of the frequency of the applied AC current thermal conductivity can be determined.

3.2 Other methods
Other methods for measuring thermal conductivity of good conductors may include Searl’s Bar Method and for poor conductors Lee’s disc method can be used. Thermo-reflectance is of more important method amongst other methods. Thermo-reflectance is a method by which the thermal properties of a material can be measured, most importantly thermal conductivity. This method can be applied most notably to thin film materials (up to hundreds of neon-meters thick), which have properties that vary greatly when compared to the same material in bulk. The idea behind this technique is that once a material is heated up, the change in reflectance of the surface can be matched to the model containing coefficients that correspond to thermal properties.
4.  Experimental
A few of the materials are characterized by standard steady state method as per IS standard and with the Modified transient plane source (MTPS) method both at same mean temperature and the results are given in Table-1. The materials chosen for this comparison include expanded polystyrene, glass wool slab, rigid expanded polyethylene, foamed cement slab, and low density Coir CNSL Board. In all these materials the Coir-CNSL Board is an alternative material developed in CBRI. 
Table 1. Thermal Conductivity of Materials Determined at Laboratory
	No.
	Sample (Density in kg/m3)
	Mean Temp 
	Thermal Conductivity in Wm-1.K-1

	
	
	
	Steady State Method*
	MTPS Method
	% Deviation

	1.
	Expanded Polystyrene (24.00)
	25°C
	0.035
	0.037
	+5.71

	2.
	Glass Wool Slab (24.00)
	25°C
	0.036
	0.040
	+11.11

	3.
	Expanded Polyethylene (35.00)
	25°C
	0.037
	0.039
	+5.40

	4.
	Foamed Cement Slab (400.00)
	25°C
	0.084
	-
	-

	5.
	Low Density Coir CNSL Board (500.00)
	25°C
	0.078
	0.062
	-20.51

	6.
	Ceramic wool (115.00)
	25°C
	0.055
	0.059
	+7.27

	7.
	Low Density Board of Paper Industry Waste (286.00)
	25°C
	-
	0.061
	-


* Considered as the standard value.

The equipments used for measuring the thermal conductivity in the laboratory are shown in Figure 1 and Figure 2. Both are available at CSIR-Central Building Research Institute, Roorkee. There are certain limitation with MTPS based equipment. This equipment is suitable only for the materials which are continuous and homogenous in composition. This equipment is not suitable for the materials having larger size particles or composites having larger size fibers or particles or air bubbles etc. Here the thermal contact conductance plays a very important role during measuring the thermal conductivity of materials by MTPS method. A temperature drop is observed at the interface between the two surfaces in contact. Here the two surfaces are the surface of the sample and the surface of the sensor. Sensor and the surface of the sample must be in intimate contact. For making intimate contact between these two surfaces some specific liquids of known characteristics may also be used. A correction factor is included to nullify the effect of used liquid on thermal conductivity.

5. Conclusion

The results of thermal conductivity of different materials measured by using steady state method and by modified transient plane source method are shown in Table-1. Results for Expanded Polystyrene, Expanded Polyethylene, and Ceramic wool are close to each other and the deviation is varying from +5.40 to +7.27%. The deviation in case of Glass Wool Slab and Low Density Coir CNSL Board is quite high due to presence of entrapped air in between the reinforcing material in the matrix. The censor in case of MTPS method is very small and entrapped air gaps contribute major error. Therefore, it may be concluded that for approximate determination of k value for these products is not justified. However this approximation can easily be done for Expanded Polystyrene, Expanded Polyethylene, and Ceramic wool. The time involved in determining the thermal conductivity by steady state method is very large. Around 7-10 hours are needed for performing one single test. The other methods require only 1-2 minutes time for one observation. However, the transient method cannot be considered as standard method since environmental conditions which do not have any control may affect the results. Therefore, for the development of a new material or for designing some heat sink or heat insulation with sophistication, the steady state method should be used. For other general or less sophisticated instances, the MTPS method can be used without any difficulty.
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Figure1. Equipment for Thermal Conductivity Measurement based on Steady State Method











