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1. Introduction & Heat Exchanger Basics
The second half of the Thermofluid Mechanics module required three laboratory-based experiments to be completed as 50% of the overall grade and these were completed on February 5th, 2019. These experiments involved using a heat exchanger to determine how the air flow rate, mass flow rate and temperature affects the performance of the heat exchanger used. Each experiment was conducted as part of a group of six students all contributing to different steps in the procedure so good teamwork and communication was essential in the task. The primary function of a heat exchanger is to transfer heat from one fluid to another, such as condensing a gaseous fluid by using a cooler fluid or heating a fluid by using an even hotter fluid. Despite the heat transfer taking place between the two types of fluid, it is important that they remain separated as there is no mass transfer that occurs between them. The two types of heat transfer that takes place between fluids in heat exchangers is conduction and convection, although the prime mode of heat transfer is convection with conduction ultimately dismissed as negligible.

2. Different Types of Heat Exchanger

There are three main types of heat exchanger (categorised dependent on flow direction) used for different purposes and set out in different configurations, each with their own set of advantages and disadvantages.
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Fig.1 A ‘Shell and Tube’ Heat Exchanger

2.1 Parallel Flow Heat Exchangers
As the name suggests, in this configuration the first fluid in the tube and the fluid on the shell side flow in the same direction. The two fluids start at the same point with a large difference in temperature and continue to move from one end of the system to the other. In this system though, the hottest cold fluid temperature always remains colder than the coldest hot fluid temperature. These systems are not usually seen in practical application due to preference over them by counter flow systems.
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Fig.2 – Diagram and Graph of Parallel Flow Heat Exchanger

2.2 Counter Flow Heat Exchangers
The counter flow heat exchanger consists of two fluids flowing in opposite directions after entering the system at opposite ends. The heat transfer in this system works using the inlets and outlets of the two fluids. As the colder fluid reaches its ‘outlet end’ it gets closer to the inlet of the hotter fluid meaning it will heat up. This system works in the opposite way to the parallel flow system, with the hottest cold fluid temperature becoming hotter than the coldest hot fluid temperature. This system has multiple advantages over a parallel system, for example it causes less thermal stress throughout the heat exchanger due to there being a more uniform temperature difference. This uniform temperature difference also allows for a more uniform rate of heat transfer throughout the whole system. The counter flow heat exchanger is also the most efficient of all three types of heat exchanger. 
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Fig.3 – Diagram and Graph of Counter Flow Heat Exchanger



2.3 Cross Flow Heat Exchangers
The particular type of heat exchanger used in this experiment was a ‘cross flow’ heat exchanger, cross flow relating to the name of the configuration. The configuration is named that due to the first fluid in the system flowing through tubes while the second fluid flows around these tubes at ninety degrees – perpendicular to the fluid inside the tubes. These systems are usually used when one of the fluids will change state, which is why it would be kept separated using the tubes as not to mix completely with the other fluid. An example of this being used is within a steam system condenser where the steam will enter the condenser and the cool water (fluid one in this case) is within the tubes and will absorb the heat from the steam in order to condense it into water. Multiple examples of this type of system being used are in air conditioning, ventilation and engine radiators. The reason this system was used by the group is due to it being used in engine radiators amongst other systems such as air conditioning and ventilation. Therefore, it is the most likely one of the three they will come across later on in their career. A benefit of using this type of system is that large amounts of vapour are able to be condensed using this type of configuration due to the large surface area of the pipes, allowing for a large contact area for heat transfer to occur between the two fluids.
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Fig.4 – Diagram of Cross Flow Heat Exchanger






3. Experiment Procedure
3.1 Equipment
· 32 Tube TecQuipment Cross Flow Heat Exchanger
· Barometer via Weather App
· Stopwatch
· 100.11mm Orifice Plate
· Laptop with Microsoft Excel

3.2 Methodology
For all three experiments the system had to be connected in parallel as opposed to series so that the water flowed in the direction of bottom to top. The diameter of the orifice also needed to be noted down for use in the further calculations.
3.2.1 Experiment 1: The Effect of Varying Water Flow Rate
The aim of this first experiment was to determine how the different water flow rates affect the performance of the heat exchanger used while keeping values of air flow and temperature of the heater tank (60 degrees Celsius) constant. Following this the procedure could begin with the pressure drop on the orifice set to a constant position of 250 Pa (+/- 5 Pa) and the first water flow rate set at 2.25 L/min. Once all this is set the system is left to stabilise for a few minutes before being able to take the first temperature reading. The group decided five minutes would be a suitable time to take the readings after each change in flow rate as the system should have stabilised by this point. Temperatures are taken via the digital screen (seen in fig.5) of the inlet and outlets of both the water (Tw1, Tw2) and air (Ta1, Ta2) respectively. These temperatures were then recorded for other water flow rates of 1.75, 1.25, 0.75 and 0.25 L/min. 
3.2.2 Experiment 2: The Effect of Varying Air Flow Rate
The second experiment was similar to the first except this time the variable was switched to air flow rate as opposed to being water flow rate, with the aim being to determine how this would affect the heat exchanger performance in terms of water flow and temperature. Once again, the heater tank was set back to 60 degrees Celsius with the pressure drop once again at 250 Pa and the water flow rate was this time fixed at 0.25 L/min. The group once again used a stabilisation time of five minutes after each flow rate change before taking a temperature reading. After each reading the pressure drop at the orifice is altered using a sliding valve, the temperature is then taken after pressure drops of 200, 150, 100 and 50 Pa.
3.2.3 Experiment 3: The Effect of Varying Temperature (Driving Force)
The final experiment of the three involved repeating the same steps as in experiment two however with the heater tank temperature reduced to 45 degrees Celsius. The aim of this third experiment was to see how the different hot water supply temperatures would affect the heat exchanger performance in terms of the fixed water flow. Following this change in temperature the pressure drop was adjusted back from 50 to 250 Pa using the valve as to repeat the order of the readings completed in the previous experiment. A stabilisation time of five minutes was used again to keep this constant when it came to comparisons in the results and analysis sections.
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Fig.5 – Digital Screen Used for Data Collection












4. Results

4.1 Experiment 1
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4.2 Experiment 2
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4.3 Experiment 3
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4.4 Using the Data Gathered
Now that this data has been collected it can be used to continue with extra calculations, which with those results translated into graphs in order to determine the effect of the changes in heat exchanger performance. 
The first of these extra calculations is air (ηA), water (ηW) and mean temperature (η) efficiencies:





Water density and air density (in kg/m3) are the next quantities to be calculated using the following equations:



For both densities, T is the average temperature however it is important that in water is calculated in Celsius with the air density calculated using Kelvin. The pressure (P) used in the air density equation is the air pressure (in millibar) taken using the weather app at the start of the experiment, with R the specific gas constant for dry air (287 J/kg.K). For this experiment the air pressure was taken to be 1018 hPa or 101800 mBar, this was used throughout all three experiments as it is extremely unlikely to change over the course of the two hour session.
The water density can then be used to determine the mass flow rate of the water using this simple equation, where  is volume flow rate in L/min:

The mass flow rate of air can also be determined via calculation:

In this equation Cd is the coefficient of discharge for the orifice and is a fixed value for this experiment at 0.6. Ao is the orifice area (used by squaring the radius and multiplying the result by Pi due to the orifice being circular) and  is the pressure drop across the orifice.
To work out specific heat capacity of water for a given temperature T (in Celsius) the following calculation can be used and rearranged:


 is a standard tested value of 4185.5 J/kg/K so this can then be multiplied on both sides of the equation to give the specific heat capacity of water at a specified value of T.

The second set of graphs are then produced using the energy absorbed and emitted (in Watts) from the two fluids using the equation below:

The numbers used are then determined depending on whether the energy is being calculated for water running through the tubes or the air flowing over the top. This formula is also fundamental when creating an energy balance equation for a heat exchanger.
More useful values that can be calculated using the data collected are the Energy Balance Coefficient (CEB), Log Mean Temperature Difference (LMTD) and the Heat Transfer Coefficient (U). The name ‘energy balance coefficient’ comes from the fact that it’s calculated by dividing the energy absorbed by the energy emitted. Therefore, the equation for this is:

However, due to the heat loss or gain from the surroundings it is possible that this value can exceed the usual maximum value of one you would expect to see from an ‘ideal heat exchanger’ in which there would be no heat transfer with the surroundings.
The LMTD is a way of quantifying the heat driving force that causes the heat transfer. It is also a logarithmic average for the temperature difference between the hot water and cooler air circuits for each end of the heat exchanger. The equation for calculating this is:

Finally, the heat transfer coefficient is calculated using the LMTD, heat transfer area (A) and  and is used to plot the final set of graphs for the three experiments. It’s a quantification of how heat exchanger’s overall performance as it measures the rate of heat transfer across the walls and boundary layers, the higher the value the better the performance. It is calculated using the following formula:





These calculations have been completed for the data collected in each of the three experiments and the results of this can be seen below. 
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Fig.6 – Calculations for Experiment 1

[image: ]


Fig.7 – Calculations for Experiment 2
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Fig.8 – Calculations for Experiment 3













5. Experiment Analysis
In experiment one, as the water flow rate in L/min decreases the mean water temperature decreases, as does the change in water temperature with a huge difference of 4.5C at 2.25 L/min compared to 22.4C 0.25 L/min. There is also a change in the air temperature although this is relatively small in comparison to the water temperature with the temperature change at 2.25 L/min 5.9C compared to 3.5C at 0.25 L/min. The large change in water temperature will be due to the cooler air having longer to cool the water in the pipes as it is not flowing through as quickly.
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Fig.9 – Power Emitted and Absorbed in Experiment 1
Figure nine shows the difference in power absorbed and emitted during the first experiment and although one series shows negative values (hence the flipped secondary axis) the two lines look extremely similar as the water mass flow rate changes.	
The graph below (fig.9) shows the difference in mean temperature efficiencies. As is displayed, the orange line showing the efficiency for air starts much lower than the blue line of water although both end up in a very similar area once the flow is higher at 2.25 L/min. The bigger gap between the lines is due to the larger temperature difference at the lower flow rates as previously discussed.
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Fig.10 – Graph Showing Mean Efficiencies in Experiment 1
In experiment two and three these graphs are very similar shapes due to them having the same volume flow rate. This shows that the volume flow rate has a large effect on the temperature and heat transfer as discussed in the first paragraph of this section. Although the last energy emitted value in experiment two (left of fig.11) appears to be an anomaly is it goes against the trend, as do the last values in both energy emitted and energy absorbed in experiment three (right of fig.11). 

[image: ][image: ]
Fig.11 – Graphs Showing Power Emitted and Absorbed in Experiments 2 & 3
The same can be said when comparing the efficiencies in experiments two and three (seen in fig.12), both follow a relatively similar pattern due to having the same volume flow rate. The anomalies are also clear to see in these graphs meaning the error will lie within a temperature reading, this could have been caused by the reading not being taken after the usual five minutes if the stopwatch timer was not being watched correctly for when it hit the five-minute stabilisation time. As the pressure drop is reduced it is also clear to see that the rate of heat transfer becomes slower between the fluids as the temperature change becomes smaller. This is because there is less air flowing over the pipes to cool the water inside, although the air that is flowing does get heated faster as there is less of it to heat compared to the constant amount of water.
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Fig.12 – Graphs Showing Mean Efficiencies in Experiments 2 & 3

6. Conclusion
The underlying aim of the three experiments was to determine how different factors affected the performance of the heat exchanger. The coefficient that quantifies how well a heat exchanger transfers heat between the fluids is the ‘heat transfer coefficient’ (U) as previously stated. A graph of this value for each experiment has also been produced in order to compare between the different parameters.
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Fig.13 – Graph Showing Heat Transfer Coefficient in Experiment 1
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Fig.14 – Graph Showing Heat Transfer Coefficient in Experiment 2
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Fig.15 – Graph Showing Heat Transfer Coefficient in Experiment 3

The graph for experiment one (fig.13) shows the highest value is given in this experiment of 134.17, showing the heat exchanger works at it’s best at this point with the highest water flow value. When comparing the two latter experiments, the higher value is shown as being in the third experiment where the heater tank temperature was lower. The highest value in both experiments is an anomaly and therefore cannot be included in the analysis of these graphs. Figure fifteen shows a much steeper line than that in figure fourteen, showing when the pressure drop is decreased at a lower temperature the heat transfer coefficient undergoes much more change and therefore so does the performance of the heat exchanger itself.
If the experiment was to be completed again there should be more tries of each experiment conducted to collect more accurate results that can be investigated further. Due to the time this would add on to the experiment this could also cause differences in air pressure during the experiment, this may then have to be considered. This would also help in proving the anomalies in some results to be just anomalies and not a trend, as if they were indeed a trend they would be present in all sets of results.
In conclusion, although the heat exchanger is at it’s best performance at a high water mass flow rate and higher temperature, the lower tank temperature could improve performance even more as shown by comparing experiment two and three. 
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Structure of shell and tube type heat exchangers
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