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Abstract


	The thermal conductivity k of several materials was measured by driving heat through a sample and measuring the temperature difference along its length.  A data acquistion program on a Macintosh computer was used to measure temperatures.  The thermal conductivity was derived from this information.  The purpose is to determine which material is best suited to provide the conduction path in the Silicon Vertex Detector.  Currently, beryllium is being used and beryllia (beryllium oxide) is a strong possibility as a substitute.  The objective of these tests was to determine an accurate thermal conductivity measurement for candidate materials.  To verify the methodÕs accuracy, samples of aluminum and copper were sent elsewhere and compared with the results of this experiment.





Introduction


	Conduction[1] is the transfer of energy from more energetic particles to less energetic particles in a substance.  Heat conduction is described by a rate equation known as Fourier's law: 





qx'' = -k dT


						       dx





	The heat flux qx'' (W/m2) is the heat transfer rate in the x direction per unit area perpendicular to the direction of transfer.  It is proportional to the change in temperature over the distribution as a function of position T(x).  The proportionality constant is the thermal conductivity k (W/m¥K) which is a characteristic of the substance undergoing conductivity.  The minus sign in the equation denotes that heat transfer occurs in the direction of decreasing temperature.  If the heat is transferred at steady-state, the temperature distribution is linear and the rate equation can be expressed as:





qx'' = -k (T2 - T1)/L








Background


	The chosen material will provide the conduction path from the heat source to the cooling channel as shown in the diagram.  Currently, the conduction path is composed of a 0.3 mm layer of silicon sandwiched between two 0.65 mm layers of beryllium.  The thermal resistances are in parallel.  The beryllium dominates the conductivity constant of the path primarily because the cross-sectional area is larger and its k is 215 W/m-K as opposed to siliconÕs of approximately 150 W/m-K.  The thickness of the materials can be altered to change the heat conduction performance of the conduction path.
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Figure 1: Thermal resistance of the conduction path within the silicon detector














Thermistor Calibration


	Thermistors (0.040'' temperature sensors) are used in this test set-up to measure temperature.  The thermistor outputs a voltage which can be calibrated to its temperature.  Five thermistors were placed closely together in a calibration block along with two integrated circuits.  An integrated circuit outputs current directly proportional to degrees Fahrenheit.  The integrated circuits were used as reference temperatures for the thermistors.  The calibration block maintains the same uniform temperature throughout if heated slowly.  A soldering pen was placed on the edge of the calibration block for a period of approximately two hours.  Slowly, the temperature rose from room temperature to 95¡F.  Microsoft Excel [2] and EES+ [3] were used to plot the integrated circuit's temperature versus the thermistor voltage.  The points were curve-fit to natural log.  The log equation parameters were plugged into the analysis sheets to calculate the thermistor temperatures.  Only thermistors #2 and #3 were needed in the analysis sheet calculations directly.  The other three thermistors served as a check.
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Figure 2: Thermistor #2, voltage vs. temperature((F)








�Figure 3: Thermistor #3, voltage vs. temperature((F)














� Figure 4: Thermistor #4, voltage vs. temperature((F)





� Figure 5: Thermistor #5, voltage vs. temperature((F)














Theory of Measurement


	The thermal conductivity of each sample was measured by clamping it between two aluminum blocks resting on an aluminum heat sink.  The heater was connected to a power supply to create a temperature gradient across the sample.  The data acquisition Macintosh computer and five temperature sensors were connected to the set-up to read the temperature drop across the sample.


	One aluminum block was screwed to the heat sink while the other was able to move freely to regulate the distance "L" over which the heat transfer took place.  The freely moving aluminum block was covered in several layers of Kapton tape to reduce heat loss from the blocks to the surroundings (due mainly to convection).  Also, the free aluminum block had two narrow strips of styrofoam on its bottom to reduce heat loss from the block to the aluminum heat sink.


	The heat loss from convection was calculated by running the set-up with no sample in place.  Because very little heat could be conducted without a sample in place, the majority of the change in temperature was caused by convective heat loss.  The power was varied from 0.15 to 0.5 watts and the change in temperature was recorded.  The points were plotted and curve-fit linearly and the constants were plugged into the analysis sheet to determine heat loss as a function of the change in temperature.
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Figure 6: Power loss from the block, temp. change vs. power








	Before each sample was secured, the contact points were covered with Dow Corning 340 Silicone Heat Sink Compound to ensure good and repeatable thermal conduction.  The four screws that secured the two clamps were screwed in to a distance of 7 mm above the aluminum block (measured between the top of the block and the bottom of the screw head) for each run of each sample, to maintain the same level of contact.


	Five thermistors were used to take voltage readings at different locations in the set-up.  Small holes were drilled to place the thermistors in.  Two thermistors each were placed vertically on the outer face of each aluminum block and one was placed in the heat sink.  The data acquisition program took ten voltage readings a few seconds apart, for each cycle, and averaged them together for a single point.  A point was recorded approximately every three minutes.  The points were written to a Microsoft Excel worksheet,  which contained the thermistor voltages and the voltage and current from the power supply.


	The heater was in series with an ammeter to provide redundant measure of the current.  The voltage was measured across the heater directly by a hand-held voltmeter.  The Macintosh computer was also connected to a scanner and a circuit board.  The circuit contained a voltage divider and a shunt resistor.  The scanner measured the voltage drop through a single resistor in the series of resistors in the drawing.  The branch of resistors in the voltage divider has a very high collective resistance, so most of the current goes through the heater.  The computer measured the current in the circuit board by way of a shunt resistor.  The ratio of the calculated power to the computer power was approximately 10.6(0.1 and was constantly verified in the analysis spreadsheets, providing the redundant calculations of the heater power.
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Figure 7: Circuit diagram of set-up








	The total power needed to create a specific temperature change for a certain gap was calculated prior to each set-up.  Less power was needed as the gap between the blocks increased because the effective thermal resistance within the blocks decreased.  The thermal resistance equation:





(T = qR





where:





�R =  length


					          k * area





This is analogous to the electrical resistance equation:





V = iR








	An analysis sheet was created for each run.  The sheet calculated the thermistor temperatures, change in temperature across the sample, electrical resistance of the heater (which was measured at 30.1 ohms), thermal resistance, the heat loss due to convection, and the calculated conductivity constant k of the sample.  For each sample, the distance between the blocks and the power were varied accordingly for each series of runs.  After the series of runs for each sample, the reciprocal of the gap lengths was plotted versus the corresponding k's.  The points were linearly curve-fit using Kaleidagraph [4] and the line was extrapolated to zero to determine the conductivity constant for that particular substance.  At zero, the aluminum blocks would be infinitely far apart.  At that point, the thermal resistance contained within the aluminum blocks would be insignificant, yielding the thermal conductivity of the ÒyÓ intercept of the linear curve-fit equation.

















Calibration Samples


	Aluminum and copper samples were used to calibrate the system.  To ensure accuracy, 2''x2'' samples were sent to Anter Laboratories in Pennsylvania to have the thermal conductivities measured by their methods.  The thickness of the aluminum sample was 0.82 mm and the copper, 0.85 mm.  The thermal conductivities were 163.6 and 399.5 W/m-K for aluminum and copper, respectively.  The percentage error for each sample was five percent.


	When the aluminum and copper samples were measured by the described method, the conductivities were 176.8 and 395.1 W/m-K respectively.  The thicknesses of the samples were the same as before and the widths were 17.13 mm for aluminum and 7.62 mm for copper.
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Figure 8: Aluminum Conductivity, inverse length vs. conductivity constant
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Figure 9: Copper Conductivity, inverse length vs. conductivity constant











Results


	Beryllium and beryllia (beryllium oxide) were measured as possibilities for use in the Silicon Detector.  Beryllium is an element; its atomic number is 4.  Beryllium is a metal and its chemical symbol is Be; beryllia is a ceramic and its symbol is BeO.  Both present a potential safety hazard so gloves were worn at all times when handling these samples.  The thicknesses of beryllium and beryllia were 0.36 mm and 0.54 mm, respectively.  The widths were 14.39 mm and 17.09 mm, respectively.


	The conductivity constants for beryllium and beryllia were found to be 215.6 and 246.6 W/m-K, respectively.  The ÒRÓ value on each graph signifies how closely the independent points followed the linear equation.  The R values for the beryllium and beryllia graphs are slightly lower than those for the copper and aluminum graphs.  This is because the cross-sectional area for the copper and aluminum samples was controllable and this made its thermal performance more controllable.  The beryllium and beryllia samplesÕ dimensions were predetermined smaller, and therefore harder to work with.  The beryllia sample was ceramic and hence very fragile.  Its length was small compared to the other samples and this limited the range of gap length measurements.
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Figure 10: Beryllium Conductivity, inverse length vs. conductivity constant
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Figure 11: Beryllia Conductivity, inverse length vs. conductivity constant











Conclusion


	The goal of this project was to measure the thermal conductivity of two candidate materials, beryllium and beryllia, for the conduction path in the silicon detector.  It was accomplished by driving heat across the flat plate samples and measuring the temperature difference with thermistors.  Aluminum and copper were first measured with this method and those results were compared with the measurements from Anter Corporation to check its accuracy.  The measured conductivity of beryllium was 215.6 and that of beryllia was 246.6 W/m-K.  The percentage error of the beryllium and beryllia graphs is estimated to be approximately fifteen percent based on the nonlinearity of the points as compared to the aluminum and copper graphs.  Conductivity is one factor of many that will be taken into account to determine which material is best suited for the conduction path in the silicon detector.
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