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An investigation into the determination of heat flow in the components used at the rear of the CMS end cap crystal assembly.

1.
Introduction

The assembly at the rear of the CMS crystals provides a heat leak to the crystals from the outside world. In order to understand the nature of this heat leak it is necessary to understand the thermal properties of the materials and construction used. Some of the materials, such as polyethylene in the form of homogeneous blocks have easily calculable thermal properties, others however, such as layers of cables etc., are less well understood and thus their thermal properties need to be experimentally determined. A test assembly has thus been built, first to be used to determine the properties of better understood materials to confirm data and characterise the test system, then to be used to investigate thermal properties of the particular structures used in the CMS experiment.

2.
Apparatus

The apparatus consisted of a 300 x 300 x 6.3 mm electrically heated copper plate C in mechanical contact with the material under test B; this was in turn in mechanical contact with a similar sized copper plate with a serpentyne cooling pipe soldered onto the back of it. This apparatus was surrounded by expanded polystyrene, and the whole assembly contained in a box held at the same temperature as the heat sink. The experiments were contucted in a temperature controlled room also held at the same temperature as the heat sink. Fig. 2.1. shows a schematic representation of an expanded view of the apparatus.
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Fig. 2.1. Schematic representation of experimental setup

The cooling pipes of the heat sink were coupled to the same circuit as the box environment control as shown in Fig 2.2
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Fig. 2.2. Schematic representation of cooling circuit

The heater plate used 12, 25W 3.3 ohm resistors connected in series, Fig. 2.3. The resistors were thermally coupled to the plate with DOW340 heat sink compound.
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Fig. 2.3. Heater plate

The equipment can be seen in Fig. 2.4. and Fig. 2.5. 
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Fig. 2.4. Heat test assembly
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Fig. 2.5. External view of assembly

3.
Theory

Consider the test assembly shown in Fig. 3.1. 


Fig. 3.1. Schematic representation of heat flow in test rig

A plate is heated with power Q and looses heat 
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Where 
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 is the heat entering the heater plate
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 is the heat flowing into the test rig
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 is the heat flowing through the sample and into the cold plate

For all experiments, the test rig configuration remains constant. So the heat flow into the test rig should only be proportional to temperature.

Thus we may represent the heat loss 
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Where 
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 is a constant and 
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 is the temperature difference of the hot plate from the ambient surroundings.

The sample may be represented as an area 
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 of thickness 
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 between the hot plate and the cold plate; the cold plate being at the same temperature as the ambient.

Thus, if the sample has a thermal conductivity 
[image: image14.wmf]K

, the heat loss 
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Thus if we take a run a, the total heat loss from the plate by Eqn 1 is:
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similarly, for a run b with a different thickness of material under test we get:
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Solving Eqn ll for 
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 we have:
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We can now substitute for 
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 in equation lll, giving:
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re-arranging we get:
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which we can solve for K:
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4.
Results

It was observed that the system took a long time to reach equilibrium, typically 12 hours. A typical plot is shown in Fig. 4.1.

Fig. 4.1. Plot of temperature against time for 50 mm expanded polystyrene at 2.62 W

To determine the characteristics of the system, different thicknesses of expanded polystyrene were measured. To confirm the proportionality of the system, the same thickness of polystyrene was measured a different power levels.

The results are shown in table 4.1.

	run
	gap mm
	material
	Power Watts
	difference in temperature
	Area
	K, using value of K' calculated below

	11
	12.5
	plywood
	11.8
	16.1
	0.09
	0.082

	12
	52
	expanded polystyrene
	2.6
	13.6
	0.09
	0.026

	13
	50
	polyethylene
	11.9
	18.9
	0.09
	0.266

	14
	50
	polyethylene
	5.8
	9.4
	0.09
	0.259

	15
	52
	expanded polystyrene
	1.5
	8.1
	0.09
	0.022

	16
	52
	expanded polystyrene
	3.6
	18.2
	0.09
	0.027

	17
	52
	expanded polystyrene
	4.5
	22.5
	0.09
	0.030

	18
	52
	expanded polystyrene
	0.0
	0.0
	0.09
	0.000

	19
	50
	air
	4.5
	12.8
	0.09
	0.112

	20
	13
	air
	4.5
	12.2
	0.09
	0.032

	21
	13
	packed cables
	4.5
	7.5
	0.09
	0.066

	22
	26
	expanded polystyrene
	4.6
	18.2
	0.09
	0.030

	23
	39
	expanded polystyrene
	4.6
	21.1
	0.09
	0.030

	24
	52
	expanded polystyrene
	4.6
	23.1
	0.09
	0.030

	25
	50
	polyethylene, smooth
	4.6
	6.7
	0.09
	0.300

	26
	25
	plywood
	4.6
	11.0
	0.09
	0.074

	27
	13
	expanded polystyrene
	4.6
	13.0
	0.09
	0.030

	28
	13
	very loose cables
	4.6
	9.8
	0.09
	0.046

	29
	13
	very loose cables
	8.5
	17.0
	0.09
	0.051


Table 4.1. Results

5.
Analysis of results

5.1. Linearity of test rig

A plot of power against temperature rise, for 52 mm expanded polystyrene, Fig. 5.1.1., gave a linear curve suggesting that the rig behaves uniformly.


Fig. 5.1.1. Equilibrium temperature rise against power input

5.2. The determination of K’

Using the theory described above it is possible to calculate the thermal conductivity of expanded polystyrene K, and the characteristic thermal conductivity of the rig K’.

These results are summarised in table 2 and give a value of K for expanded polystyrene of 0.030 J s-1 ºK-1m-1, and K’ for the rig of 0.148 J s-1 ºK-1m-1. 
	Run No.
	thickness
	material
	Power
	Temperature difference
	K, material conductivity
	K', test rig conductivity

	22
	26
	expanded polystyrene
	4.6
	18.2
	
	

	23
	39
	expanded polystyrene
	4.6
	21.1
	0.030
	0.147

	
	
	
	
	
	
	

	27
	13
	expanded polystyrene
	4.6
	13.0
	
	

	22
	26
	expanded polystyrene
	4.6
	18.2
	0.029
	0.153

	
	
	
	
	
	
	

	27
	13
	expanded polystyrene
	4.6
	13.0
	
	

	23
	39
	expanded polystyrene
	4.6
	21.1
	0.029
	0.150

	
	
	
	
	
	
	

	23
	39
	expanded polystyrene
	4.6
	21.1
	
	

	24
	52
	expanded polystyrene
	4.6
	23.1
	0.032
	0.144

	
	
	
	
	
	
	

	22
	26
	expanded polystyrene
	4.6
	18.2
	
	

	24
	52
	expanded polystyrene
	4.6
	23.1
	0.031
	0.146

	
	
	
	
	
	
	

	27
	13
	expanded polystyrene
	4.6
	13.0
	
	

	24
	52
	expanded polystyrene
	4.6
	23.1
	0.030
	0.148

	
	
	
	
	
	
	

	
	
	
	
	average
	0.030
	0.148

	
	
	
	
	stdev
	0.001
	0.003


Table 5.2.1. The determination of K’

5.3. The determination of K

Using equation II  
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 and the calculated value of K’ it is possible to calculate the values of the thermal conductivity of the materials under test. These are tabulated in table 5.3.1

	Material
	K J s-1 ºK-1m-1, Book Value (CRC handbook 1997/8)
	K J s-1 ºK-1m-1, Experimental value

	Expanded polystyrene
	0.033
	0.030

	Polyethylene, 50mm high power
	0.45
	0.266

	Polyethylene, 50mm low power
	0.45
	0.259

	Polyethylene, 50mm smooth
	0.45
	0.300

	Air, 50mm
	0.025
	0.112

	Air, 13mm
	0.025
	0.032

	Plywood, 12.5mm
	0.11
	0.082

	Plywood 2 x 12.5mm
	0.11
	0.074

	Packed cables
	
	0.066

	Very loose cables, low power
	
	0.046

	Very loose cables, high power
	
	0.051


Table 5.3.1. Values of thermal conductivity

5.4 Systematic errors

It can be seen from the results that there are discrepancies between the book values for K and the observed values. These become more pronounced as the conductivity of the sample under test increases.

In the experimental arrangement used, the material under test was not thermally coupled to the heat transfer plates with a conducting compound. There was thus an air gap between the plates and the sample. If one considers a nominal total air gap of 1mm, one can, by relating the conductivity of air to the conductivity of the test sample express the gap as an equivalent amount of material. It is thus possible to estimate the conductivity of the material with an air gap. These results are tabulated in Table 5.4.1.

	Material
	K J s-1 ºK-1m-1, Book Value (CRC handbook 1997/8)
	K J s-1 ºK-1m-1, Experimental value
	mm material equivalent to 1mm air
	Estimated conductivity corrected for air gap

	Expanded polystyrene
	0.033
	0.030
	1.2
	0.031

	Polyethylene, 50mm high power
	0.45
	0.266
	18
	0.36

	Polyethylene, 50mm low power
	0.45
	0.259
	18
	0.35

	Polyethylene, 50mm smooth
	0.45
	0.300
	18
	0.4

	Plywood, 12.5mm
	0.11
	0.082
	4
	0.11

	Plywood 2 x 12.5mm
	0.11
	0.074
	
	

	Air, 50mm
	0.025
	0.112
	
	

	Air, 13mm
	0.025
	0.032
	
	

	Packed cables, 13mm
	
	0.066
	
	

	Very loose cables, low power, 13mm
	
	0.046
	
	

	Very loose cables, high power, 13mm
	
	0.051
	
	


Table 5.4.1. The effect of an air gap on the measurement of thermal conductivity

The results for air show the effect of convection and radiation. When the air gap becomes large convection and radiation dominate, and heat transport falls off much more slowly with distance.

The experiments with cables show relatively low values of thermal conductivity with some increase with power and density of packing. This would suggest that the conductivity is strongly influenced by air gaps.

6.
Conclusions

It would appear that air gaps and poor thermal contact have a strong influence on the thermal conductivity of a complex assembly. Thus the conductivity of the assembly is likely to be lower than that calculated. However, if convection and radiation can play a significant role, thermal conductivity of an air gap can be much higher than expected.

It is also clear that the experimental techniques used in these measurements could be further improved.

P.S.Flower 21st. Aug 2002
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