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Abstract


An aluminum rod is used to conduct the heat flow from one end of the rod to the other end.  Eighteen thermocouples are placed on the rod and are spaced uniformly from one end of the rod to the other.  The ends of the rod are placed in beakers filled with water.  The data for heat flow is taken by keeping the ends of the rod at equal temperatures:  cold-cold; hot-hot; warm-warm and also at unequal temperatures:  hot-cold; warm-cold and hot-warm.  Data is taken manually and also using a computer interface.  The heat flow is studied experimentally as well as theoretically using the heat conduction equations.

I. Introduction and Theory
Heat conduction, also known as heat transfer is facilitated by means of molecular agitation.  Molecules that are agitated create heat energy.  This heat energy is always transferred from a higher temperature to a lower temperature according to the second law of thermodynamics.  Taking a metal rod with different temperatures on each end for example, the hot end’s energy will transfer across the rod to the cooler end, because the higher speed particles on the hotter end will collide with the slower moving particles on the cooler end.  These collisions will cause the slower moving particles to move faster, thus transferring heat energy to the cooler end.  This relation is described by the basic heat flow equation 
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(1)
where ΔQ is the heat flow per unit time, Δt (sec) is the change in time, k ((cal/sec)/(cm2C/cm)) is thermal conductivity, l (cm) is the length of the metal rod, and A(cm2) is the cross sectional are
[image: image2.wmf]a of the object (ref 4).  The thermal conductivity is a constant that is unique to different materials. The heat energy that is transferred from the hot end to the cold end has to be replaced constantly, and can be explained by the first law of thermodynamics.  The first law of thermodynamics is the application of the conservation of energy to a thermodynamic process (ref 3).  The conservation of energy states that the total energy of a system is constant, but a system in the real world isn’t ideal, so heat is always lost by transferring to its surrounding environment and has to be replaced.  Heat flow can be examined in depth by use of partial differential equations.  The heat conduction equation is 
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where α2 (cm2/sec) is the thermal diffusivity, and u(x,t) is the temperature with respect to position and time (ref 1).  This equation can measure heat flow in three dimensions x, y, and z of a cylindrical rod, but a high level of mathematics would be needed [Fig 1].  In the case of this experiment only the x dimension will be examined.  In trying to obtain a solution for the heat conduction equation it is assumed that u(x,t) is the product of two functions
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(3)
Furthermore, ut is the partial derivative with respect to a function T, uxx is the second partial derivative with respect to a function X, and like k, α2 is unique for whatever material it is made of.  The partial differential equation that is used can either be a homogeneous or a non-homogeneous equation.  The equation above is a homogeneous equation because if u(x,y) is a solution, then so is its multiples.  

The equation above can be solved theoretically assuming that the left end of the bar is heated to 100º C and the right end cooled to 0º C.  The boundary conditions for this case is 
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(4)
 If the function X(x) is linear then X’(x) is a constant, and X’’(x) is 0.  Knowing this along with the initial conditions a steady-state solution can be found for X(x).  The solution will be 
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(5)
Looking at the steady-state solution it is safe to say that once a metal rod reaches steady-state that the temperature decreases linearly across the bar.  


Evaluation of the heat conduction equation further will find the transient and steady-state response.  The transient response is the behavior of the temperature across the metal rod before reaching steady-state.  In order to find the solution to the heat conduction equation we must first use separation of variables method and set the two equations equal to some arbitrary constant –k2
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(7)
where k=(nπ/l).  From here the function T(x) can be found by integrating both sides and solving for T(x).  The function T(x) will be exponential.  The function X(x) can be found by solving the differential equation
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(8)
and the solution is a sine function.  The final result is the temperature equation expressed as a series
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(9)
This equation can be used to find the transient response of heat flow in a metal rod.
II. Experimental Apparatus and Procedure
The equipment that was used to perform the experiment was:  a Keithly model 2700 multi-meter / data acquisition system, two hot plates, one regular thermometer, one digital thermometer, meter stick, computer, two beakers, and an aluminum rod.  The experiment started with taking apart the insulation on the thermal rod in order to make sure that every thermal couple was well mounted in place and was not rusted [Fig 2].  After inspecting the rod the next step was to replace the insulation.  Four layers of Styrofoam and cotton was used for the insulation and it was all taped together over the aluminum rod, except at the ends where the water used for the different temperature gradients would be covering it.  The Keithly software on the computer was then programmed to take a couple of trial runs.  The initial setting was to take one reading every minute for 20 minutes.  After all the equipment was tested the actual experiment began.  
For the first experiment, both ends of the aluminum rod were put in a beaker of ice water.  The beaker was not filled to the top because more ice had to be placed in the beakers later on in the experiment in order to keep the temperature constant.  The end with the first thermocouple started at 1º C and the end with the eighteenth thermocouple started at 2º C.  The data acquisition system was then set to take data every 5 minutes for 65 minutes.  At the end of this experiment data was taken manually, and compared to the data was then sent to excel.  The final temperatures were the same for both methods [Fig 3].    

The next experiment was done using two beakers filled with warm water on each end.  The ideal target temperature was between 50 and 55° C.  The initial temperature on thermocouple 1’s end was 54° C, and the initial temperature on thermocouple 2’s end was 55° C.  Doing experiments using warm water are the hardest ones because it is difficult deciding on what temperature to keep the hot plates at.  The hot plates that were used had 5 different temperature settings ranging from low to 5, with 5 being the highest.  The best setting for the warm beaker is between 2 and 3, but depending on how much water you have the temperature may drop below 50° C, or may exceed 55° C.  If the temperature is set too high the water will begin to boil, and if the temperature is set too low the water will become too cold.  In a case when an experiment is being performed and the water temperature approaches 60° C or higher the best thing to do is to turn off the hot plate completely and wait until the water temperature drops to about 52° C before turning it back on.  For the warm-warm experiment the ending temperature on the thermocouple 1 and 2’s end was 55º C, and since the temperature is unstable most of the time the graph looks even more erratic than figure 3 [Fig 4].
The third experiment was done using two beakers with boiling water on both ends.  The temperature for boiling water is 100°C, but both thermometers gave a reading in the mid 90’s for both ends.  The temperature on thermocouple 1’s end was 94° C, and the temperature on thermocouple 18’s end was 95° C.  The graph of this one also looks a bit erratic but the small temperature change across the whole rod has to be taken into consideration [Fig 5]. 

The fourth experiment was performed with one beaker filled with boiling water and the other filled with ice water.  The temperature reading for the boiling water was 97º C, and the temperature for the cold water was 2º C.  The graph for this experiment had the straightest line of them all.  The steady-state phase looks like is can be actually represented by a linear equation.  The graph is substantially shifted downward compared to the theoretical line that was derived earlier [Fig 6].  The next experiment was with warm and cold water.  In this experiment the warm water was heated to 56º C, and the cold water was at 1º C.  The line looked a lot like the hot-cold experiment line but with different boundary conditions [Fig 7].  The last experiment was done with one beaker of hot water on one end and one beaker of warm water on the other end.  In this experiment the temperature of the warm water was better controlled due to a lot of practice.  The graph for the steady state phase looks very close to the warm-cold graph.  The only difference is that the graph for the hot-warm experiment is shifted up about 40º C [Fig 8].     
III. Results
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Figure 1.  A cylindrical rod’s cross sectional area.   
When doing three dimensional analysis there is a temperature difference at points a and b, whereas with one dimensional analysis the temperatures at those points are assumed to be the same.  
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Figure 2. The aluminum rod that was used to conduct this experiment.  
There are eighteen thermocouples space uniformly across with 2.7 cm between each one. 
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Figure 3. A plot of distance along the aluminum rod vs. temperature in degrees Celsius.  
The data is a little erratic due to the fact that the ice in the beakers melts, and therefore changes in temperature.
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Figure 4. A plot of distance along the aluminum rod vs. temperature in degrees Celsius.  
There is a break in the middle due to the fact that thermocouple 10 started malfunctioning, so that data point is excluded.
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Figure 5.  A plot of distance along the aluminum rod vs. temperature in degrees Celsius.
The temperature variation across the rod isn’t as large as in figure 4.  The max difference in the rod from the high temperature to the lowest temperature is about 8º C.
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Figure 6.  A plot of distance along the aluminum rod vs. temperature in degrees Celsius.
The experimental curve closely matches the theoretical curve.
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Figure 7.  A plot of distance along the aluminum rod vs. temperature in degrees Celsius.
   The warm-cold steady state phase closely follows the trend for the hot-cold steady state phase.
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Figure 8.  A plot of distance along the aluminum rod vs. temperature in degrees Celsius.
This graph is of the hot-warm steady state phase.  The graphs pattern closely resembles the warm-cold steady state phase.
IV. Conclusion 

More experimental runs should have been completed for this experiment, but due to equipment error and the time frame, only a few experiments where re-done.  I believe that each experiment followed the mathematical model of heat flow for Laplace’s equation.  Most of my temperature readings for my experimental results were shifted about 20º C, because of heat loss.  Even tough insulation keeps most heat from leaving a system it doesn’t stop it all.  Most of the heat loss in this experiment may have been from the area closest to the heat source.  This area was exposed to the outside environment which was at room temperature. In the experiments that involved warm water, the end of the rod had a much less temperature deviation, because its temperature is closer to room temperature.          
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