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[bookmark: _Toc33871263][bookmark: _Toc35179538][bookmark: _Toc36720067]Abstract
The purpose of this experiment was to apply thermodynamic theory to the practical experiment of a heat exchanger in a controlled air flow. The results showed trends that matched both theoretical predictions and similar experiments completed by TecQuipment. After the results, suggestions of improving data were discussed using thermodynamic theory and knowledge of fluid flow. 
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1. [bookmark: _Toc33871265][bookmark: _Toc36720069][bookmark: _Toc38612944]Introduction
The aim of the report is to test adjusting variables in a crossflow heat exchanger to measure and calculate how to set up the heat exchanger for efficiency and effectiveness of transferring heat. Three experiments were completed. Experiment 1 adjusted mass water flow and kept air flow constant. Experiment 2 kept water flow constant and adjusted mass air flow with water temperature at 60°C. Experiment 3 is the same as experiment 2 but water temperature is at 45°C. From this, graphs were drawn, and conclusions made on the efficiency and effectiveness. 
2. [bookmark: _Toc36720070][bookmark: _Toc38612945]Research
Initially, the TecQuipment User Guide (2014) was consulted to familiarise the operators with the equipment. From the user guide, the variables were learnt, and it was understood how to complete a repeatable and reliable test. 
Whilst the guide was useful in understanding the equipment and the recommended tests to complete, to understand the maths, Burghardt’s Engineering Thermodynamics with Applications (1982) was used. Effects are discussed including boundary layers in the fluid flow which can affect the heat transfer as velocity of air flow is slower on the surface. Also discussed are the formulas needed to find the heat transfer coefficient and logarithmic mean temperature difference so total heat transferred can be calculated. 
3. [bookmark: _Toc36720071][bookmark: _Toc38612946]Methodology
The experiments were completed using a 32-tube multi pass heat exchanger with forced convection in crossflow. Experiment one is the test of adjusting water flow through the heat exchanger and seeing its effect on heat transfer to the air flow. Experiment 2 is adjusting the flow of air and observing the heat transfer from 60°C water flow. In experiment 3 the water is at 45°C. Figure 3.1 shows the equipment used and the variables. Variables in the set up are: the orifice diameter, fan voltage, number of pipes in the exchanger, flow rate of the water, temperature of the water, flow direction of the heat exchanger, baffle height to adjust air flow and the room temperature. Figure 3.1 shows an annotated layout of the equipment. 
[image: ]
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For the experiments, orifice diameter, fan speed, and the heat exchanger were all kept constant. Between each measurement, 4 minutes were timed so the heat exchanger could reach thermal equilibrium for the most accurate result. Then, the temperatures were recorded at the air inlet, water inlet, air before the exchanger, air after the exchanger and water outlet. 
4. [bookmark: _Toc36720072][bookmark: _Toc38612947]Results
4.1. [bookmark: _Toc36720073][bookmark: _Toc38612948]Change in Water Flow
The water entered the exchanger at just over 60°C and left at between 50°C and 57°C. Air entered the orifice at around 27°C and warmed to around 27.5°C after passing the fan. After the exchanger, the air reached around 32°C. From these results calculations began to create the table seen in Appendix 1. Figure 4.1.1 shows power against mass flow of water. 


Figure 4.1.1 shows the rate of heat transfer in water and air are near equal. The difference between them is the losses not transferred or it is potentially the error in measurement of temperature or mass of air calculated. It is clearly shown that as the flow of heated water increased, more heat was transferred to the air flow. With low mass water flow, the air flow is taking more heat than the water flow is emitting. The unexpected generated energy could be related to the turbulence of air passing through the heat exchanger forced by the fan, which will cause friction with the components and increase the temperature of the air. With a greater mass water flow, heat absorbed by the air tails off below heat emitted by the air. This could be with greater water flow more heat from the water is lost to the surrounding area and not into the flow of air. However, as the trend of Q̇w is linear, it is more likely the air has absorbed so much heat that it is losing it to the surrounding environment before it reached the second thermometer. 


Figure 4.1.2 shows the efficiency of the transfer of heat from the water and then the heat transfer into the air and the mean temperature efficiency. Using equation 4.1 (TecQuipment, 2014), it is observed that the greater the difference in temperature the greater the temperature efficiency in the hot stream as more of the heat has been transferred. Equation 4.1: Shows equation of temperature efficiency of hot water. 

Figure 4.1.2 shows efficiency against mass flow of water. 


Figure 4.1.2 shows that as the Mass flow of water increased the temperature efficiency decreased. Looking at the trend, with more flow of hot water, efficiency of the heat exchanger would not drop below 10%. Other than reducing the flow of hot water, which is not practical, the efficiency could be increased by more passes on the heat exchanger, to increase the difference in water temperature in and out. Another way to increase efficiency is changing air flow direction over the heat exchanger so the layout is forced convection counterflow. Figure 4.1.3 shows change in heat transfer coefficient with change in mass water flow. 


The Heat Transfer Coefficient is beneficial as it quickly shows how the exchanger is working considering both water and air. As Equation 4.2 shows, greater heat transfer rate over the surface area means a greater heat transfer coefficient which then means a more effective heat exchanger. Therefore, looking back to figure 4.1.3, an increase in Mass Water Flow results in a greater heat transfer coefficient, so the system is more effective. Equation 4.2: Shows equation of Heat Transfer Coefficient.


For the Log Mean Temperature Difference a correction factor should be applied for cross flow heat exchangers. Parameters P and Z can be found using temperature in and out for air and water to find the factor (Burghardt, 1982, p.490) See Appendix 7 for the graph.
4.2. [bookmark: _Toc36720074][bookmark: _Toc38612949]Change in Air Flow at 60°C Water.
The second experiment was keeping the water flow rate constant at 0.25L/min but instead adjusting mass air flow over the exchanger with the water temperature set at 60°C. (See Appendix 2 for the table of results). The reason for the large change in water temperature across the exchanger is related to the low flow of water at 0.25L/min.Figure 4.2.1 shows air and water heat transfer rate against mass air flow. 


Figure 4.2.1 displays that the values for heat emitted and absorbed in air and water flows are relatively close. With an increase in mass air flow, the losses in the system decrease as the water and air heat emitted converge. With greater air flow, more energy will be taken from the water side of the heat exchanger. Therefore, there will be reduced losses to the environment but there will be increased drag in the exchanger from the air flow. The uneven heat emitted from the water trend may be an error in the data. Losses as a percentage with change in air flow has been plotted in Appendix 6, as shown with an increase in mass air flow, losses decrease. 


Figure 4.2.2 shows water, air and average heat transfer efficiency. As discussed with figure 4.2.1. with an increase in mass air flow more heat is taken from the water flow and therefore less energy is lost to the environment and is then more efficient. The efficiency of heat transfer of the air flow decreases with increased mass air flow. This is related to drag. With increased air flow the air is more turbulent around the heat exchanger, losing energy. With increased air flow and more turbulence, the boundary layer in the pipe will be larger and therefore more air will travel slower and have lost energy (Massey, 1986, p.231). The mean efficiency gradually increases which shows that, overall, for more efficient heat transfer there needs to be increased mass air flow. Figure 4.2.2 Efficiency of heat transfer against mass air flow

Figure 4.2.3 shows heat transfer coefficient against mass air flow


Figure 4.2.3 shows a linear increase in heat transfer coefficient. As mentioned in section 4.1, a greater heat transfer coefficient means a more effective heat exchanger system as there is a greater heat transfer rate over the surface area. In comparison to experiment one, there is a reduction in the heat transfer coefficient, but the data appears more linear. This reduction may be related to a reduced water flow rate, so therefore reduced heat energy. 
4.3. [bookmark: _Toc36720075][bookmark: _Toc38612950]Change in Air Flow at 45°C Water
The third experiment is similar to experiment two however the water temperature is reduced to 45°C. Water flow rate is constant at 0.25L/min.Figure 4.3.1 shows heat transfer rate against mass air flow


Figure 4.3.1 shows heat emitted against mass air flow. However, the values of heat emitted are far lower than that seen in Figure 4.2.1 and figure 4.1.1. This is due to the reduced water temperature and low flow rate of 45°C at 0.25L/min (See Appendix 5). Like experiment 2, with an increase in mass air flow the trends converge. Interestingly, the trend line of heat transfer rate of water appears non-linear. This non-linear line is possibly the effect of the boundary layer changing with increased air flow or greater turbulence meaning less heat energy is taken from the water flow at around an air flow of 0.08kg/s. Figure 4.3.2 shows efficiency against mass air flow





Figure 4.3.2 shows a similar trend to that of experiment 2. Peak water efficiency is at just over 60% and minimum air efficiency is at 10%. The average temperature efficiency increases with an increase in mass air flow. Mean efficiency is between 30 and 36% which is identical to experiment two. This shows that with change in temperature, efficiency is not affected. However, as shown in Appendix 3, the temperature of water did not drop to 45°C but instead was closer to 50°C. This reduced difference in temperature between the experiments might have led to the wrong conclusion in terms of no change in efficiency as the difference between the experiments is 10°C water temperature instead of the planned 15°C.Figure 4.3.3 shows Heat Transfer Coefficient against mass air flow


Figure 4.3.3. shows a non-linear trend of heat transfer coefficient. This trend is near linear, but the logarithmic curve of equation shown in figure 4.3.3 better reflects the data. To have a stronger correlation, more air flows need to be tested. However, from the data used, the conclusion can be drawn that the heat transfer coefficient is non-linear. Beyond this data, it could continue to level off to just over 120 W/m2.K or the trend line could be more like a cubic graph and the gradient could increase again. Applying theory to the graph, there is only limited energy coming into the exchanger in the heated water, applying more air across it will have less of an effect. Therefore, Figure 4.3.3 being logarithmic instead of linear does appear correct. However, with more air, the heat exchanger will have increased mean efficiency and the heat transfer coefficient will be greater. Therefore, it is beneficial, if possible, to run at a greater mass air flow. Changing the temperature of the water between experiment 2 and experiment 3 has not affected the heat transfer coefficient (see Appendix 4). However, the graph comparing the two experiments does show experiment 3 being far less linear, matching the theory that applying more air can only take so much energy from the water. 


5. [bookmark: _Toc36720076][bookmark: _Toc38612951]Conclusions and Improvements
Overall, the trends from the experiment have closely matched the theory and ideal predictions. It has been observed that heat transfer rate between air and water has been near which shows the exchanger was not ideal and that there were losses to the environment. The trends observed and values are close to the similar tests completed by TecQuipment (2014) so the values can be read with more confidence. However, more experiments along a larger data range and repeating tests would also increase reliability of the results. 
Error will have been introduced into the experiments. Drag and friction in both the water and air will increase the temperature. As seen between TA3 and TA1 on all experiments the air gains around 0.5°C just from passing the fan and friction in the boundary layers formed on the walls. Using the calculation of friction factor the heat could be calculated and if added to the heat transfer rate of air it should equal heat transfer rate of water (Massey, 1986, p.194).
Efficiency of the heat exchanger saw a measured peak of 35%. Efficiency would never reach 100% but it could be far closer. Firstly, the U bends in the multi-pass exchanger could be put in the air flow so less heat is lost to the environment. Shortening the inlet pipe would also mean less exposure to the environment and reduce losses. Adding insulation around the heat exchanger would mean less heat is lost to the surrounding area. The air flow into the exchanger could be cooled so it takes more heat off the water flow. Increasing the air flow will also increase the heat transfer rate. 
The greatest way to increase efficiency of the exchanger is by changing the layout from cross flow to counter flow. This means the cold air flow can reach temperatures close to that of the hot water. In crossflow, the air is only able to reach a mean temperature of the water outlet temperature. Downflow has noticeably greater heat transfer rate in comparison to cross flow (Contet, Dahl, Gullberg, Henriksson, 2014, p.455). 
With the tests changing the mass air flow, the adjustment was made by moving a baffle and observing the pressure change. However, this baffle may have acted as a venturi and more air could have passed through the system than calculated, as the mass air flow was calculated from the measured pressure. To improve the accuracy of mass air flow, inspiration could be taken from the automotive industry and use a mass air flow sensor. A mass air flow sensor is essentially a strip of wire with a measured current running through it to keep the wire at a constant temperature and therefore the air flow can be calculated (Denso, 2018).
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[bookmark: _Toc33871294][bookmark: _Toc36720078][bookmark: _Toc38612953]AppendicesAppendix 3: shows experiment 3 data sheet and following calculations as seen water temp only dropped to 50°C
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Appendix 2: shows experiment 2 data sheet and following calculations 
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Appendix 1: shows experiment 1 data sheet and following calculations 
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Appendix 4: shows difference between heat transfer coefficient in exp 2 and exp 3


Appendix 5: shows difference between heat emitted in water in exp 2 and exp 3





Appendix 7: Study of Correction Factor in Experiment 1.
[image: ]
Correction Factor near negligible to final result. 
Appendix 6: shows heat loss percent in experiment 2


Qa and Qw / mass flow water

Q̇a	3.2785517492906049E-2	2.8692524702659889E-2	2.4599924425466747E-2	2.0506227595511049E-2	1.641370163901704E-2	1.2317342272930958E-2	594.64840166176214	594.74653655832299	583.13296297032059	559.90007533539608	536.57090552975433	513.49617269044336	Q̇w	3.2785517492906049E-2	2.8692524702659889E-2	2.4599924425466747E-2	2.0506227595511049E-2	1.641370163901704E-2	1.2317342272930958E-2	-617.25344752009119	-600.19473042554728	-576.3062183163463	-548.99889128573614	-528.63895609753945	-494.54300907758522	Mass Flow water (kg/s)


Power absorbed (w)


Water Power (W)




Efficiency

ηW	3.2785517492906049E-2	2.8692524702659889E-2	2.4599924425466747E-2	2.0506227595511049E-2	1.641370163901704E-2	1.2317342272930958E-2	13.23529411764706	14.705882352941178	16.568047337278109	19.047619047619044	23.262839879154086	29.003021148036261	ηA	3.2785517492906049E-2	2.8692524702659889E-2	2.4599924425466747E-2	2.0506227595511049E-2	1.641370163901704E-2	1.2317342272930958E-2	15.000000000000005	15.000000000000005	14.792899408284022	14.285714285714299	13.897280966767376	13.293051359516614	_
ƞ	3.2785517492906049E-2	2.8692524702659889E-2	2.4599924425466747E-2	2.0506227595511049E-2	1.641370163901704E-2	1.2317342272930958E-2	14.117647058823533	14.852941176470591	15.680473372781066	16.666666666666671	18.580060422960731	21.148036253776439	Mass Flow water (kg/s)


Efficiency (%)




Heat Transfer Coefficient 

U	3.2785517492906049E-2	2.8692524702659889E-2	2.4599924425466747E-2	2.0506227595511049E-2	1.641370163901704E-2	1.2317342272930958E-2	136.92149337886261	134.44367518007681	131.31793438674052	127.5673338107655	128.15849094081008	124.66622720470325	Mass Flow water (kg/s)


Coefficient (W/m2.K) 



Heat Emitted

Q̇a	0.11534295043821215	0.10317554081230759	8.9985727609009511E-2	7.45361713259068E-2	5.1871829009872118E-2	3.6621594694235218E-2	347.75899557120965	321.44339740074446	298.43766561527974	269.67186785713091	229.37722788165445	180.3430430717614	Q̇w	0.11534295043821215	0.10317554081230759	8.9985727609009511E-2	7.45361713259068E-2	5.1871829009872118E-2	3.6621594694235218E-2	-342.5342830514054	-333.86979093838897	-320.05228003153007	-311.35765927576091	-281.99779574532704	-249.2731151298409	Mass Air Flow (kg/s)


Air Power  (W)


Water Power (w)




Efficiency

ηW	0.11534295043821215	0.10317554081230759	8.9985727609009511E-2	7.45361713259068E-2	5.1871829009872118E-2	3.6621594694235218E-2	61.609907120743031	60.061919504643967	57.943925233644869	55.692307692307693	50.617283950617285	46.325878594249197	ηA	0.11534295043821215	0.10317554081230759	8.9985727609009511E-2	7.45361713259068E-2	5.1871829009872118E-2	3.6621594694235218E-2	9.2879256965944279	9.5975232198142439	10.280373831775691	11.076923076923082	13.580246913580243	15.654952076677322	_
ƞ	0.11534295043821215	0.10317554081230759	8.9985727609009511E-2	7.45361713259068E-2	5.1871829009872118E-2	3.6621594694235218E-2	35.44891640866873	34.829721362229108	34.112149532710276	33.384615384615387	32.098765432098766	30.990415335463261	Mass Air Flow (kg/s)


Efficiency (%)




Heat Transfer Coefficient

U	0.11534295043821215	0.10317554081230759	8.9985727609009511E-2	7.45361713259068E-2	5.1871829009872118E-2	3.6621594694235218E-2	118.50647603279107	113.59333610212222	107.54034165978665	101.45964373888448	89.382027455665011	79.756947433551161	Mass Air Flow (kg/s)


Coefficient (W/m2.K)



Heat Emitted

Q̇a	0.11687676448739837	0.10487397834635508	8.9206849399255925E-2	7.318348496882833E-2	5.1940397220915882E-2	3.7420738446130634E-2	258.41452628163813	221.33653129998217	197.2363440217548	176.51856574481408	146.16027777965735	124.10587905659227	Q̇w	0.11687676448739837	0.10487397834635508	8.9206849399255925E-2	7.318348496882833E-2	5.1940397220915882E-2	3.7420738446130634E-2	-246.74417961928555	-229.53114300420145	-219.16040817054019	-210.5051772903569	-193.19400668712029	-174.16494640142005	Mass Air Flow(kg/s)


Air Power (W)


Water Power (W)




Efficiency

ηW	0.11687676448739837	0.10487397834635508	8.9206849399255925E-2	7.318348496882833E-2	5.1940397220915882E-2	3.7420738446130634E-2	61.373390557939921	60.180995475113143	58.256880733944961	55.963302752293572	52.093023255813961	46.976744186046496	ηA	0.11687676448739837	0.10487397834635508	8.9206849399255925E-2	7.318348496882833E-2	5.1940397220915882E-2	3.7420738446130634E-2	9.4420600858369195	9.5022624434389034	10.091743119266052	11.009174311926612	13.02325581395349	15.348837209302332	_
ƞ	0.11687676448739837	0.10487397834635508	8.9206849399255925E-2	7.318348496882833E-2	5.1940397220915882E-2	3.7420738446130634E-2	35.407725321888421	34.841628959276022	34.174311926605505	33.486238532110093	32.558139534883722	31.162790697674414	Mass Air Flow (kg/s)


Efficiency (%)




Heat Transfer Coefficient

U	
0.11687676448739837	0.10487397834635508	8.9206849399255925E-2	7.318348496882833E-2	5.1940397220915882E-2	3.7420738446130634E-2	118.20634231427825	114.1734125051596	108.60577834602985	102.52155389607826	93.279961325005459	81.437109776690221	Mass Air Flow (kg/s)


Coefficient (W/m2.K)



Heat Transfer Coefficient Comparison Exp2 and Exp3

Exp3 U	0.11687676448739837	0.10487397834635508	8.9206849399255925E-2	7.318348496882833E-2	5.1940397220915882E-2	3.7420738446130634E-2	-118.20634231427825	-114.1734125051596	-108.60577834602985	-102.52155389607826	-93.279961325005459	-81.437109776690221	Exp2 U	0.11534295043821215	0.10317554081230759	8.9985727609009511E-2	7.45361713259068E-2	5.1871829009872118E-2	3.6621594694235218E-2	-118.50647603279107	-113.59333610212222	-107.54034165978665	-101.45964373888448	-89.382027455665011	-79.756947433551161	Mass Air Flow (kg/s)


Heat Transfer Coefficient (W/m2.K)




Water Heat Emitted Between Exp 2 and Exp3

Exp3 Qw	0.11687676448739837	0.10487397834635508	8.9206849399255925E-2	7.318348496882833E-2	5.1940397220915882E-2	3.7420738446130634E-2	-246.74417961928555	-229.53114300420145	-219.16040817054019	-210.5051772903569	-193.19400668712029	-174.16494640142005	Exp2 Qw	0.11534295043821215	0.10317554081230759	8.9985727609009511E-2	7.45361713259068E-2	5.1871829009872118E-2	3.6621594694235218E-2	-342.5342830514054	-333.86979093838897	-320.05228003153007	-311.35765927576091	-281.99779574532704	-249.2731151298409	Mass Air Flow(kg/s)


Water Heat Emitted (W)





Losses	0.11534295043821215	0.10317554081230759	8.9985727609009511E-2	7.45361713259068E-2	5.1871829009872118E-2	3.6621594694235218E-2	-1.525310831155597	3.7219280914030444	6.7534636572877904	13.388394400058759	18.659921693570386	27.652429353312062	Mass Air Flow (kg/s)


Losses (%)
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