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[bookmark: _Toc5568455]Introduction
The experiment carried out to collect results was conducted on 5th March 2019, in a Lab in University of Wales Trinity Saint David’s IQ building. The experiment; carried out by several engineering students, took 100mins to complete. The Experiment involved setting up three different circuits in a heat exchanger and changing one of three parameters; Water flow, Air Flow and Initial Water Temperature. 
The machine used for the experiment was a “TD1007 Water to Heat Exchanger” by Tech Equipment. The water element comprised of 2 banks of 16 tube connected in parallel, with the air flowing perpendicular through it. The water was supplied from a heated tank contained in the machine, so the water was recycled after going through the heat exchanger. The machine measured the water and air temperature flowing in and out of the heat exchanger, the flow rate of the water and the pressure difference in the flow of air. The air inlet had a diameter of 100.11mm. 
[bookmark: _Toc5568456]Heat Exchangers 
There are three main types of Heat exchanger; Cross Flow, Counter Flow and Concurrent (parallel) Flow. Cross Flow is where two fluids flow perpendicular to each other, Counter Flow is where two fluids flow in opposite directions to each other and Concurrent is when then flow in the same direction. Heat exchangers are often a hybrid of two or three of these types. The two categories that all heat exchangers will fit into is Recuperative or Regenerative. A recuperative heat exchanger, exchanges heat through a barrier separating the flow of the fluids of which each follow a single path simultaneously. A regenerative heat exchanger has the two fluids using the same flow path alternatively. (Brogan, 2011) 

[bookmark: _Toc5568457]Method
Before the experiment began the ambient air temperature and pressure for the day and time were noted. In addition, the air inlet orifice diameter, coefficient and the surface area of the Heat exchanger were also noted.
The crossflow heat exchanger was set up with an initial water temperature of 60oc, a water Flow of 2.25l/min and an air pressure difference of 250 pa. The in and out water and air temperatures (TA1, TA2, Tw1, Tw2) were recorded every 4 minutes. After each measurement, the water flow was reduced in increments of 0.5l/min; this was repeated 4 times. For the next circuit the initial water temperature stayed at 60oc, the water flow was set at 0.25l/min, and the air pressure difference stayed at 250pa. The air pressure difference was then reduced in increments of 50 pa every 4 minutes; four times, measurements were taken after each interval. For the final circuit the set up and experiment were the same as the second circuit except the initial water temperature was set to 45oc throughout.


[bookmark: _Toc5568458]Results

	Water Flow 
	Tw1
	Tw2 
	ΔTw 
	Tw Av
	Ta1
	Ta2 
	Δta
	Ta Av

	(L/min)
	(°C)
	(°C)
	(°C)
	(°C)
	(°C)
	(°C)
	(°C)
	(°C)

	2.25
	61
	57
	4
	59
	24
	30
	5.6
	27

	1.75
	61
	56
	5.1
	58
	24
	30
	5.5
	27

	1.25
	61
	54
	7
	57
	24
	29
	5.1
	27

	0.75
	60
	50
	10
	55
	24
	29
	4.7
	27

	0.25
	60
	38
	22
	49
	24
	28
	3.4
	26

	Air Pressure (Pa)
	 
	 
	 
	 
	 
	 
	 
	 

	250
	60
	38
	22
	49
	24
	28
	3.4
	26

	200
	58
	38
	20
	48
	25
	28
	3.2
	26

	150
	57
	38
	19
	48
	25
	27
	2.8
	26

	100
	57
	39
	18
	48
	25
	28
	3.6
	27

	50
	58
	42
	16
	50
	25
	29
	4.3
	27

	Air Pressure (Pa)
	 
	 
	 
	 
	 
	 
	 
	 

	250
	49
	34
	15
	42
	25
	27
	2.5
	26

	200
	48
	34
	14
	41
	25
	27
	2.5
	26

	150
	48
	35
	14
	41
	25
	27
	2.5
	26

	100
	48
	35
	13
	42
	25
	28
	2.7
	26

	50
	49
	37
	12
	43
	25
	28
	3.1
	27



These are the recorded results from the three circuits tested. 
After recording the results, a table was created in excel and all the results copied across, this was done so additional values could be worked out easily. The following values were calculated; Air mass flowrate, Water mass flowrate, specific heat capacity at each flow rate, heat emitted, heat absorbed, mean temperature efficiencies, logarithmic mean temperature difference and overall heat transfer coefficient.
Note: the change in temperature for air has been converted in to absolute values for ease of use in portraying the data in graphs.

[bookmark: _Toc5568459]Equations
[bookmark: _Toc5568460]Air Mass Flow Rate
 – Air Mass Flow (kg/s)
 – Coefficient of Discharge (Orifice) – Value given as 0.6
- Orifice Area (m2)
 – Orifice Pressure Drop (Pa)
 – Density of Air (Calculated using average air temp and ambient air pressure), (Kg/m3)
[bookmark: _Toc5568461]Water Mass Flow Rate

 – Water Mass Flow Rate (Kg/s)
 – Volume Flow (L/min)
 – Water Density (Kg/m3)
[bookmark: _Toc5568462]Specific Heat Capacity
Water
 – Specific Heat Capacity of Water at Temp, T (J/Kg.K)
  - Temperature of Water (average temperature used), (oC)
Air 
As the specific heat capacity of air remains fairly constant for the temperatures the experiment was conducted at, an assumed value of 1005J/Kg.K was used throughout.
[bookmark: _Toc5568463]Heat Emitted

 – Heat Transfer Rate (heat Emitted) of Water (W)
 – Water Mass Flowrate (Kg/s)
 – Specific Heat Capacity of Water (J/Kg.K)
 – Change in Water Temperature (K)
[bookmark: _Toc5568464]Heat Absorbed

 – Heat Transfer Rate (heat absorbed) of Air (W)
 – Air Mass Flow Rate (Kg/s)
 – Specific Heat Capacity (J/Kg.K)
 – Change in Air Temperature (K)
[bookmark: _Toc5568465]Temperature Efficiency
Water

 – Water Temperature Efficiency
 – Temperature of Water (K)
 – Temperature of Air (K)
Air

 – Air Temperature Efficiency
 – Temperature of Water (K)
 – Temperature of Air (K)
Mean

 – Water Temperature Efficiency
 – Air Temperature Efficiency
[bookmark: _Toc5568466]Logarithmic Mean Temperature Difference

 – Logarithmic Mean Temperature Difference
 – Temperature of Water (K)
 – Temperature of Air (K)
[bookmark: _Toc5568467]Heat Transfer Coefficient

 – Heat Transfer Coefficient
 – Heat Energy Transfer Rate (W)
 – Heat Transfer Area (M2)
 – Logarithmic Mean Temperature Difference


[bookmark: _Toc5568468][image: ]Final Calculations[bookmark: _Ref5535676]Table 2 Initial Results and Final Calculations

This Table includes the results and calculated values, this table was created in Excel and used to create several graphs for use in comparing the different circuits.
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[bookmark: _Toc5568470]Circuit 1
Detailed below are the Graphs created from the data shown in Table 2.

[bookmark: _Ref5543285]Figure 1 Circuit 1 - Heat Exchanged
In Figure 1 the heat absorbed by the air dips off its expected line to below the heat emitted by the water. This happens at the same point that the heat exchanger has the most efficient water mass flow (Figure 2). Due to this and that it does not follow the general trend of the other data point, it has been highlighted as an anomaly in the data. From further analysis of the original data it appears that this may be a result due to the water’s change in temperature being higher than the air’s change in temperature at the peak Heat transfer coefficient (Figure 2).
 
[bookmark: _Ref5543049]Figure 2 Circuit 1 - Heat Transfer Coefficient
Figure 2 shows the most efficient point for the heat exchanger is at 0.21kg/s water mass flow. This shows the optimum mass flow for the water at the specific Air Mass Flow (0.114Kg/s). After this point the air is unable to absorb the heat from the water as efficiently so as the water speeds up the passed this point, no enough time is given for the heat to be absorbed by the air.

[bookmark: _Ref5544928]Figure 3 Circuit 1 - Temperature Efficiency
Figure 3 backs up Figure 2 by showing the temperature efficiencies of the air and water and how they cross over. At the point where they cross over shows that the water has passed its optimum speed and is going too fast to be able to release as much heat as at optimum. The air temperature efficiency does not change much; increasing by about 5% overall, this is because the air mass flow does not change, so changes are mainly influenced by the water mass flow rate.
[bookmark: _Toc5568471]Circuit 2 

[bookmark: _Ref5548830]Figure 4 Circuit 2 Heat Exchanged
Figure 4 depicts the heat emitted and absorbed by the water and air as the air mass flow increases. They both follow a similar trend to begin with, then the air heat absorption declines temporarily; similar to the first circuit, this only affects the water heat emission slightly. Both lines then continue upwards with water staying on a similar gradient and air increasing at a greater rate, until air exceeds water. At thus point the water is no longer able to emit its heat energy as fast as the air is able to absorb it.

[bookmark: _Ref5550708]Figure 5 Circuit 2 - Heat Transfer Coefficient
Unlike Circuit 1 with water mass flow the heat transfer coefficient with air mass flow on circuit 2 appears to continuously increase with a varying gradient. The main fluctuation in the line correlates to the dip in heat absorption on Figure 4. Once again this was treated as an anomaly as it does not follow the expected path.

[bookmark: _Ref5558477]Figure 6 Circuit 2 - Temperature Efficiency
As a rule, for circuit 2 the water temperature efficiency is increasing, and the air temperature efficiency is decreasing. The air temperature efficiency does however increase slightly, this correlates with Figure 4 and the increased gradient of the air heat absorption.

[bookmark: _Toc5568472]Circuit 3 

[bookmark: _Ref5551134]Figure 7 Circuit 3 Heat Exchanged
Similar to Figure 4 both lines crossover at a certain point and the air heat absorption has a sudden increase in gradient whilst the water gradient stays almost the same. The differences are the intersection of the two lines occurs at different points; Circuit 2 (Figure 4) – 0.108Kg/s, Circuit3 (Figure 7) – 0.096. In addition, there is a more noticeable difference in the initial gradients for both lines, Figure 4’s similar initial gradient could be a result of the same error that caused the anomaly.

[bookmark: _Ref5551784]Figure 8 Circuit 3 - Heat Transfer Coefficient
The heat transfer coefficient in circuit 3 appears more of a uniform curve than circuit 2. The data clearly suggests the coefficient will level off at some point, much like in circuit 1 (Figure 2) and the data collected within a ‘comfort zone’ for the air heat absorption. Unlike circuit 1, in which the water mass flow is the variable, in circuits 2 and 3 the heat transfer coefficient is a constant curve and not a complete straight line. 

[bookmark: _Ref5558474]Figure 9 Circuit 3 - Temperature Efficiency
 The temperature efficiency for circuit 3 follows the same general rule as circuit 2 however, with the Lower initial water temperature the efficiency starts slightly higher. The air temperature efficiency remains unaffected by the change. The most noticeable difference between Figure 9 and Figure 6 is the neatness of the lines in Figure 9, this suggests some errors or inaccuracies in circuit 2’s data. 

[bookmark: _Toc5568473]Evaluation
There are two anomalies in the data, both in circuit one and two and appear to be caused by the same thing. A possible cause for these anomalies may be not allowing enough for the Heat exchanger to reach equilibrium before taking each measurement. The 4minute time lapse used could be extended to 5 minutes. An increase in measurements would also improve accuracy and better highlight anomalies in the data. 
The initial water temperature for circuit 3 was consistently 3-4oC above the required temperature. As an improvement to keep the experiment within more acceptable error margins, extra time for the water tank to cool down would be advised. Despite the temperature difference, the temperature fluctuation during the experiment was acceptable.

[bookmark: _Toc5568474]Conclusion
Differing characteristics in the 3 circuits can be found in the graphs shown above. In circuit 1 when varying just the water mass flowrate the Emission and absorption rates of the water and air stayed consistent as the mass flowrate increased, with the water heat emission staying consistently below the air heat absorption (negating any anomalies). Whereas, in circuits 2 and 3 when the air mass flow rate was being varied, the air heat absorption rate started well below the water heat emission rate and increased at a higher rate. The two rates intersect at a single point and then continue in previous fashion. This shows that the air heat absorption rate is limited by the flow of water but, will surpass the water heat absorption rate when air mass flow rate is increased. This is reiterated when comparing the heat transfer coefficients. In circuit 1 the heat transfer coefficient increases, peaks, then decreases and starts to level off. Conversely in circuits 2 and 3 the heat transfer coefficient increases at a steady rate the starts to level off towards a peak value. This shows that whilst increasing the water flow too much can have an adverse effect on the performance of the heat exchanger, too much air flow will not.  As a performance enhancement additional banks could be added to the water side to give more time with the water in the air flow, this would increase the optimum water flow at any given air flow.
Figure 10 C2 v C3 Temperature Efficiency
This graph has been constructed to better show the two water temperature efficiencies of circuit 2 and circuit 3; the same experiment with two different starting water temperatures (60oC and 45oC). The anomaly has been removed from circuit 2 to aid in comparison. Circuit 2 with the higher starting water temperature begins with a lower temperature efficiency than circuit 3 but, ends with a higher efficiency. Although only small differences this shows the air heat absorption rate not high enough for the higher temperature of water, however as the air mass flow rate increases the air is able to absorb the addition heat and then exceeds the lower temperatures efficiency. This shows the higher efficiencies possible with higher starting water temperatures when increasing air mass flow. Circuit 1’s temperature efficiency is completely different; showing a drastic drop in water temperature efficiency from over 60% to nearly 10%, finishing under the air temperature efficiency as the water mass flow increases. This show the increase of the water mass flow benefits the air temperature increase slightly, but does not help the water, without increasing the air mass flow.
From this it is clear to see that in order to set up a system with maximum efficiency the water flow must be adjusted to match the air flow. Furthermore, the higher the initial water temperature the higher the air mass flow should be to gain extra efficiency.
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Circuit 1, Heat Exchanged

Heat Emitted	3.6894194727255997E-2	2.8705056809506791E-2	2.0513509386146416E-2	1.2322801130982976E-2	4.1182557906768186E-3	616.68903707265008	611.75933553856305	600.05003789932925	525.24464117188563	375.17983437333038	Heat Absorbed	3.6894194727255997E-2	2.8705056809506791E-2	2.0513509386146416E-2	1.2322801130982976E-2	4.1182557906768186E-3	640.62807033621095	629.34569193696177	583.47777687344148	537.80450038249501	389.47257380314232	Water Mass Flow, Kg/s


Heat/ Power, J/s




Circuit 1, Heat Transfer Coefficient
Heat Transfer Coeff	3.6894194727255997E-2	2.8705056809506791E-2	2.0513509386146416E-2	1.2322801130982976E-2	4.1182557906768186E-3	125.43045273529651	126.66950022878933	129.05895112782844	123.60291744849519	116.94272870849285	Water Mass Flow, Kg/s

Heat Transefer Coefficient, W/m^2.K



Circuit 1, Temperature Efficiency

Water Temp Eff	3.6894194727255997E-2	2.8705056809506791E-2	2.0513509386146416E-2	1.2322801130982976E-2	4.1182557906768186E-3	10.928961748633879	13.934426229508201	19.28374655647383	28.813559322033889	61.064425770308127	Air Temp Eff	3.6894194727255997E-2	2.8705056809506791E-2	2.0513509386146416E-2	1.2322801130982976E-2	4.1182557906768186E-3	15.300546448087427	15.027322404371585	14.049586776859499	13.276836158192099	9.5238095238095291	Mean Temp Eff	3.6894194727255997E-2	2.8705056809506791E-2	2.0513509386146416E-2	1.2322801130982976E-2	4.1182557906768186E-3	13.114754098360653	14.480874316939893	16.666666666666664	21.045197740112993	35.294117647058826	Water Mass Flow, Kg/s


Efficiency, %




Circuit 2, Heat Exchanged

Heat Emitted	0.11398085273723794	0.10194757394154282	8.8303951731729488E-2	7.2027642352674809E-2	5.0876074908566549E-2	375.17983437333038	344.4478509883732	320.3244803202989	306.4673517864606	271.85118883441993	Heat Absorbed	0.11398085273723794	0.10194757394154282	8.8303951731729488E-2	7.2027642352674809E-2	5.0876074908566549E-2	389.47257380314232	327.86339779600166	248.48732017308654	260.5960100319773	219.86095771737021	Air Mass Flow, Kg/s


Heat/ Power, J/s




Circuit 2, Heat Transfer Coefficient

Heat Transfer Coeff	0.11398085273723794	0.10194757394154282	8.8303951731729488E-2	7.2027642352674809E-2	5.0876074908566549E-2	116.94272870849285	115.02037541662209	103.78592616129333	99.851488628229731	84.080227622037654	Air Mass Flow, Kg/s


Heat Transefer Coefficient, W/m^2.K




Circuit 2, Temperature Efficiency

Water Temp Eff	0.11398085273723794	0.10194757394154282	8.8303951731729488E-2	7.2027642352674809E-2	5.0876074908566549E-2	61.064425770308127	60.422960725075527	57.407407407407419	55.108359133126953	48.76543209876543	Air Temp Eff	0.11398085273723794	0.10194757394154282	8.8303951731729488E-2	7.2027642352674809E-2	5.0876074908566549E-2	9.5238095238095291	9.6676737160120823	8.6419753086419657	11.145510835913306	13.271604938271597	Mean Temp Eff	0.11398085273723794	0.10194757394154282	8.8303951731729488E-2	7.2027642352674809E-2	5.0876074908566549E-2	35.294117647058826	35.045317220543808	33.02469135802469	33.126934984520133	31.018518518518512	Air Mass Flow, Kg/s


Efficiency, %




Circuit 3, Heat Exchanged

Heat Emitted	0.1140476002201964	0.10200727470523165	8.8311335931410578E-2	7.2069751471941321E-2	5.0918489317691107E-2	252.09694655165515	245.2096112339427	234.83613374625304	224.43557615294355	205.36827097147938	Heat Absorbed	0.1140476002201964	0.10200727470523165	8.8311335931410578E-2	7.2069751471941321E-2	5.0918489317691107E-2	286.54459555324348	256.29327769689451	221.88223152766909	195.561270619113	158.63655346926672	Air Mass Flow, Kg/s


Heat/ Power, J/s




Circuit 3, Heat Transfer Coefficient

Heat Transfer Coeff	0.1140476002201964	0.10200727470523165	8.8311335931410578E-2	7.2069751471941321E-2	5.0918489317691107E-2	115.10091174842351	113.07367117549801	108.18055801688335	101.98591411274165	90.030243938971765	Air Mass Flow, Kg/s


Heat Transefer Coefficient, W/m^2.K




Circuit 3, Temperature Efficiency

Water Temp Eff	0.1140476002201964	0.10200727470523165	8.8311335931410578E-2	7.2069751471941321E-2	5.0918489317691107E-2	60.082304526748956	59.414225941422586	57.87234042553191	55.555555555555557	50.854700854700837	Air Temp Eff	0.1140476002201964	0.10200727470523165	8.8311335931410578E-2	7.2069751471941321E-2	5.0918489317691107E-2	10.288065843621402	10.460251046025105	10.638297872340424	11.538461538461551	13.247863247863254	Mean Temp Eff	0.1140476002201964	0.10200727470523165	8.8311335931410578E-2	7.2069751471941321E-2	5.0918489317691107E-2	35.185185185185176	34.937238493723846	34.255319148936167	33.547008547008552	32.051282051282044	Air Mass Flow, Kg/s


Efficiency, %




Circuit 2 vs Circuit 3 Temperature Efficiency

C2 Water	0.11398085273723794	0.10194757394154282	7.2027642352674809E-2	5.0876074908566549E-2	61.064425770308127	60.422960725075527	55.108359133126953	48.76543209876543	C3 Water	0.1140476002201964	0.10200727470523165	8.8311335931410578E-2	7.2069751471941321E-2	5.0918489317691107E-2	60.082304526748956	59.414225941422586	57.87234042553191	55.555555555555557	50.854700854700837	C2 Air	0.11398085273723794	0.10194757394154282	8.8303951731729488E-2	7.2027642352674809E-2	5.0876074908566549E-2	9.5238095238095291	9.6676737160120823	8.6419753086419657	11.145510835913306	13.271604938271597	C3 Air	0.1140476002201964	0.10200727470523165	8.8311335931410578E-2	7.2069751471941321E-2	5.0918489317691107E-2	10.288065843621402	10.460251046025105	10.638297872340424	11.538461538461551	13.247863247863254	Air Mass Flow Rate, Kg/s


Temperature Efficiency, %
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2.25 61 57 4 59 24 30 5.6 27 983.845 1.16183 0.037 0.114 4178.77 1005 616.69 640.6281 10.93 15.3 13.11 31.56 125.43045

1.75 61 56 5.1 58 24 30 5.5 27 984.173 1.16241 0.029 0.114 4178.8 1005 611.76 629.3457 13.93 15.03 14.48 31 126.6695

1.25 61 54 7 57 24 29 5.1 27 984.648 1.16202 0.021 0.114 4178.78 1005 600.05 583.4778 19.28 14.05 16.67 29.84 129.05895

0.75 60 50 10 55 24 29 4.7 27 985.824 1.16241 0.012 0.114 4178.8 1005 525.24 537.8045 28.81 13.28 21.05 27.28 123.60292

0.25 60 38 22 49 24 28 3.4 26 988.381 1.16493 0.004 0.114 4178.97 1005 375.18 389.4726 61.06 9.524 35.29 20.59 116.94273

Air 

Pressure 

(Pa)

250 60 38 22 49 24 28 3.4 26 988.381 1.16493 0.004 0.114 4178.97 1005 375.18 389.4726 61.06 9.524 35.29 20.59 116.94273

200 58 38 20 48 25 28 3.2 26 989.088 1.16493 0.004 0.102 4178.97 1005 344.45 327.8634 60.42 9.668 35.05 19.22 115.02038

150 57 38 19 48 25 27 2.8 26 989.045 1.16532 0.004 0.088 4179 1005 320.32 248.4873 57.41 8.642 33.02 19.81 103.78593

100 57 39 18 48 25 28 3.6 27 988.825 1.16299 0.004 0.072 4178.84 1005 306.47 260.596 55.11 11.15 33.13 19.7 99.851489

50 58 42 16 50 25 29 4.3 27 988.202 1.16047 0.004 0.051 4178.69 1005 271.85 219.861 48.77 13.27 31.02 20.75 84.080228

Air 

Pressure 

(Pa)

250 49 34 15 42 25 27 2.5 26 991.622 1.1663 0.004 0.114 4179.07 1005 252.1 286.5446 60.08 10.29 35.19 14.06 115.10091

200 48 34 14 41 25 27 2.5 26 991.7 1.1663 0.004 0.102 4179.07 1005 245.21 256.2933 59.41 10.46 34.94 13.92 113.07367

150 48 35 14 41 25 27 2.5 26 991.661 1.16552 0.004 0.088 4179.02 1005 234.84 221.8822 57.87 10.64 34.26 13.93 108.18056

100 48 35 13 42 25 28 2.7 26 991.503 1.16435 0.004 0.072 4178.93 1005 224.44 195.5613 55.56 11.54 33.55 14.12 101.98591

50 49 37 12 43 25 28 3.1 27 991.164 1.16241 0.004 0.051 4178.8 1005 205.37 158.6366 50.85 13.25 32.05 14.64 90.030244


