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1. [bookmark: _Toc5509083]Introduction
The scope of this work is the study of differing temperature/flow rate conditions on the efficiency of a cross-flow, steady-flow, water-to air heat exchanger system.[footnoteRef:1]  [1:  TecQuipment TD1007 Water to Air Heat Exchanger ] 

The three experiments carried out will explore the following parameters:
· The Effect of Varying Water Flow Rate
“To show how different water flow rates affect the performance of the heat exchanger for a given, fixed air flow and water temperature.”
· The Effect of Varying Air Flow Rate
“To show how different air flow rates affect the performance of for a given, fixed water flow and temperature.”
· The Effect of Varying Temperature 
“To show how different hot water supply temperatures affect the performance of the heat exchanger for a given fixed water flow.”
The purpose of this report is to; provide a basic methodology for the work undertaken, show the findings and results of the experiments, analyse the outcomes and highlight any assumptions within the procedure or calculations.
Shown overleaf are the basic theories and setups used to carry out these experiments.
[bookmark: _Toc5509084]Basics of Heat Exchanger Theory
A heat exchanger in basic principle works by following the Second Law of Thermodynamics. This law states the nature of flow of energy in the universe, hot-to-cold, and in conjunction with the first law of thermodynamics, (which states that systems will naturally trend to an equilibrium state) the basic principles of heat exchangers can be explained. 
A key component of the theory of heat exchangers is the principle of entropy:
The basic principle states that the total entropy of an isolated system can never decrease over time, and, due to the nature of entropy, the understanding that energy quanta will probabilistically trend to a state with more dispersed energy (therefore increasing entropy of the system as a whole if possible).
As work is being imparted onto the system by the fans/pumps, the interaction between the two systems of a high entropy state (Air flow system) and a low entropy state (Water flow system) will cause a heat energy transfer. This heat transfer or “exchange” is the fundamental principle of all heat exchanger theory. (Goodson, 2019) (Marotin, 2018/19) (Rathakrishnan, 2005)
[bookmark: _Toc5509085]Basics of the Heat Exchanger setup used
[image: ]
[bookmark: _Toc5509070]Figure 1: 32 Tube Heat Exchanger- Parallel Connection
The basic setup used for this experiment was the 32 tube (Copper), parallel connection[footnoteRef:2] configuration. This configuration provided a mean surface area for convective heat transfer of 0.1558m². Air flow alignment perpendicular to the flow of water through the tube banks denote this as a cross-flow system. As water remains single-state throughout the flow can be considered as “one/single-phase”.  [2:  Not to be confused with “Parallel Flow”] 




[bookmark: _Toc5509086]Methodology
[bookmark: _Toc5509087]Experimental Methodology
[bookmark: _Toc5509088]Experiment 1: The Effect of Varying Water Flow Rate
Steps carried out:
1. Setup equipment as described in 1.1.
2. Ensure all systems are connected and reading correctly.
3. Set temperature to 60°C.
4. Note ambient conditions (Air Pressure, Orifice Diameter etc.).
5. Power on the airflow fan and set pressure change to 250Pa (±5 Pa) orifice pressure drop using the sliding panel valve.
6. Power on the water flow pump and set flow to the initial value of 2.25 L/min (±0.01L/min).
7. Allow time for the heat and flow values to equalise (approx. 5mins).
8. Record results.
9. Repeat steps 6-8 for the following water flow values; 1.75, 1.25, 0.75 and 0.25L/min.
[bookmark: _Toc5509089]  Experiment 2: The Effect of Varying Air Flow Rate
Follow steps 1-4 as shown in 2.1 then carry out the following:
1. Power on the water flow pump and set flow to 0.25 L/min (±0.01L/min).
2. Power on the airflow fan and set pressure change to initial value of 250Pa (±5Pa).
3. Allow time for the heat and flow values to equalise (approx. 5mins).
4. Record results.
5. Repeat steps 2-4 for the following airflow values; 200, 150, 100, 50 and 25Pa.
[bookmark: _Toc5509090]Experiment 3: Effect of Varying Temperature
Repeat the steps in 2.2 but rather than using the 60°C temperature specified in 2.1 use a goal temperature of 45°C.


[bookmark: _Toc5509091]Calculation Methodology
[bookmark: _Toc5509092]Organisation of Results
[image: ]
[bookmark: _Toc5509071]Figure 2: Example of a table containing results acquired from Experiment 1
Figure 2 above shows an example of how to organise the results obtained during each experiment; temperatures must be taken at inlet and outlet of the heat exchanger for both water and air flows, a simple calculation using these temperatures to determine changes ()(Δ) and averages ()(av) is carried out to provide values for used in later calculations. In addition, the settings and ambient/start conditions must be noted as these are also used to calculate values later. 
Calculations carried out
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[bookmark: _Toc5509072]Figure 3: Example of a table containing both results and calculations acquired from Experiment 1
The areas highlighted above in Figure 3 (in black) show the necessary calculations to produce graphs suitable for analysis of each experiment. The calculations undertaken in this section are as follows:
· Mean Temperature Efficiency calculations
· Density Calculations
· Mass Flow Rates
· Specific Heat Capacities
· Heat Energy Transfer
· Energy Balance Coefficient
· Logarithmic Mean Temperature Difference
· Heat Transfer Coefficient
The Equations taken from the laboratory guidance used for the calculations are shown in Appendix A.
[bookmark: _Toc5509094]Results & Analysis
The calculated results of the three experiments were then plotted as graphs in relation to Mass Flow Rate of Water (Experiment 1) or Air (Experiments 2&3). For each experiment there are three graphs comparing Heat Energy Transfer, Temperature Efficiencies and the Heat Transfer Coefficient of the experiment in question. 
Each one of these graphs and the results contained in them is displayed and briefly analysed below:
[bookmark: _Toc5509095]Experiment 1
As this experiment looks at Varying Water Flow Rate the results have been plotted against Mass Flow Rate for water (in kg/s).
[bookmark: _Toc5509096]Heat Energy Transfer Results

[bookmark: _Toc5509073]Figure 4: Heat Energy Transfer Graph (Experiment 1)
The correlation of the results shown above demonstrates that as water mass flow rate increases the heat transfer also increases. Both the water and air transfer values show a non-linear gradient that begins to decrease gently toward the end of the dataset, due to this gentle decrease it can be assumed that there will be a peak point of transfer after the scope of the dataset (presumably in the 0.0375-0.0425 region). The nature of both gradients being close related suggests a reasonable energy balance coefficient although the overall separation of the curves and the greater deviation between them between the final two data points suggests external experiment conditions could be influencing results.
Due to the nature of sign convention and the transfer of energy from one system to another the values of energy transfer for water have been displayed as negative, this sign convention displays that heat energy is being transferred from the water flow system into the air flow system, proving the theory described in 1.1. 
[bookmark: _Toc5509097]Mean Temperature Efficiencies 
 
[bookmark: _Toc5509074]Figure 5: Mean Temperature Efficiency Graph (Experiment 1)
The above datasets show that with an increase in mass flow rate of water the temperature efficiency of air increases gradually from approx. 9% to approx. 15% while the efficiency of water decreases rapidly from approx. 61% to around 11%, the aggressive nature of the decrease in the temperature efficiency of water can be attributed to the greater temperature changes seen in the water flow system of the heat exchanger. Due to the drastic gradient of the water temperature efficiency change the overall efficiency follows a similar gradient albeit not as pronounced, interestingly the three curves intersect at around 15% efficiency at which point the air circuit shows greater temperature efficiency.
The drastic gradients seen in the lower flow rates can be seen reflected in the previous graph (Figure 4) as there is a greater temperature decrease per given amount of power emitted and, if mirrored, the gradients oppose each other very clearly displaying this relationship. 
 

[bookmark: _Toc5509098]Heat Transfer Coefficient

[bookmark: _Toc5509075]Figure 6: Heat Transfer Coefficient Graph (Experiment 1)
The Heat Transfer Coefficient (shown above in Figure 6) demonstrates an initial increase between approx. 0.005-0.02kg/s but then flattens out. This “flattening” of the curve can be correlated with the “flattening” of the other two graphs (Figures 4&5) to prove that an increase in water mass flow beyond a certain point will not garner a greater improvement to heat exchanger performance.
Due to the negative values shown in 3.1.1 the absolute values of water heat energy transfer have been used to calculate the overall heat transfer coefficient and thus provide a positive resulting value as seen in Figure 6.







[bookmark: _Toc5509099]Experiment 2
As this experiment will explore the effects of Varying Air Flow Rate, the x-axis for this experiment are therefore shown as Mass Flow Rate of Air (in kg/s).
[bookmark: _Toc5509100]Heat Energy Transfer Results

[bookmark: _Toc5509076]Figure 7: Heat Energy Transfer Graph (Experiment 2)
[bookmark: _GoBack]The overall correlation shown above demonstrates that with increased airflow the heat exchangers Power Transfer increases, the convergence of the datasets at higher airflow rates suggests that there are less losses seen via external variables such as conduction. This is supported by the much greater divergence at lower flow rates showing the air flow system as having a reduced heat energy transfer rate when compared to the water flow dataset seen in blue, this could be attributed for there being more time available at a lower airflow rate for conductive heat transfer to occur through the metal ducting between the exchanger and temperature probes. 
The linear, positive correlation of the two curves shows that airflow rate does directly influence the rate of heat energy transfer. In addition, the lack of “flattening” shows that further increased airflow rate could increase the rate of heat transfer even more.

[bookmark: _Toc5509101]Mean Temperature Efficiencies

[bookmark: _Toc5509077]Figure 8: Temperature Efficiency Graph (Experiment 2)
As can be seen above, the temperature efficiencies mean, and of water, show a correlated increase almost the opposite of the results found in Experiment 1 (not as drastic of a gradient), conversely the trend correlation of the air efficiency shows a decrease over the same mass flow rate values.
The overall mean value trace shows a mild increase due to the gradient of the water efficiency curves increasing at a greater rate than the decrease rate shown by the negative correlation seen in the air efficiency curve, this by basic mathematical sense forces the mean value curve to show an overall positive correlation.       







[bookmark: _Toc5509102]Heat Transfer Coefficient

[bookmark: _Toc5509078]Figure 9: Heat Transfer Coefficient Graph (Experiment 2)
Figure 9 above shows similar characteristics to that seen in Figure 7 in that an increase in mass flow rate of air shows an increase in heat transfer coefficient. 
As with Figure 7 the overall gradient suggests that further increases in air mass flow rate will garner even further coefficient increase. 









[bookmark: _Toc5509103]Experiment 3
[bookmark: _Toc5509104]Heat Energy Transfer Results and Comparison 

[bookmark: _Toc5509079]Figure 10: Heat Energy Transfer Graph (Experiment 3)

[bookmark: _Toc5509080]Figure 11: Comparison of Heat Energy Transfer at 60°C and 45°C
As can be seen in Figure 10, the results for the 45°C and 60°C experiments were very similar, the main difference that can be seen is the 60°C energy transfer shows a steeper gradient and by comparison the 45°C graph shows a flatter gradient of transfer, this would suggest that the system is working near its heat transfer limit at this temperature.   
[bookmark: _Toc5509105]Mean Temperature Efficiencies

[bookmark: _Toc5509081]Figure 12: Temperature Efficiency Graph (Experiment 3)
The values for temperature efficiencies for both experiments 2 and 3 are so similar that it can be reasonably assumed that they are the same relationships and overall trends. 
[bookmark: _Toc5509106]Heat Transfer Coefficient

[bookmark: _Toc5509082]Figure 13: Heat Transfer Coefficient comparison graph (Experiment 2&3)
Due to the accountancy for starting temperature seen in the Logarithmic Mean Temperature and the fact that the LMTD is used to calculate the Heat transfer coefficient means that the values are virtually identical between the two experiments. The deviation on the last point can be attributed to external variables or errors in practice during the last reading.    
[bookmark: _Toc5509107]Conclusions
The main points to conclude for the work shown here are the following facts displayed by the experiments undertaken:
· Increase Water mass flow rate will provide an increase in heat transfer but does have a peak value close to the parameters of the experiment due to the decrease in temperature efficiency at increased rates of Water mass flow rate.
· Increased Air mass flow rate provides a linear increase in heat energy transfer but there are increased losses at low flow rate of air, additionally the coefficient increase seen shows that heat exchanger performance is increased by higher flow rates.  
· Changes in temperature do effect the heat transfer values of a heat exchanger (due to the nature of the theory discussed in 1.1) but a negligible effect is seen in the efficiencies of the system. 
There were several assumptions made during the course of the experiments and calculations, these are noted below in a non-exhaustive list:
· “Dry”, “Clean” Air, meaning no accounting for humidity effects and differing gases in the air in the test environment.
· Atmospheric pressure remained constant throughout the experiments.
· Frictionless flow environments, meaning no heat work considerations for overcoming friction of the materials/systems.
·  Conduction in the materials of both the walls of the air flow system and the Copper tubing of the water flow system was not accounted for.
· The accuracy of measurements for Orifice Diameter and surface areas were considered to be correct from the laboratory guidance.
· Equipment and readings were considered to be accurate and calibrated correctly.
· The adjustment systems were rudimentary in nature and could be improved by the use of digital input, numerical control of actuation to provide further accuracy.


[bookmark: _Toc5509108]Appendix A: Equations
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[bookmark: _Toc5509109]Appendix B: Interactive Excel Workbook
*Right Click > Worksheet Object > Open should activate this worksheet, apologies in advance if it doesn’t work correctly!* 
Experiment 1: Heat Energy Transfer 

Heat Emitted Air	3.6888482633113895E-2	2.8699911829711208E-2	2.0512472917704142E-2	1.2320988489326466E-2	4.1176956396070594E-3	637.34045354054194	614.26648314623719	591.08661585769994	533.49166287695425	383.04108234417623	Heat Emitted Water	3.6888482633113895E-2	2.8699911829711208E-2	2.0512472917704142E-2	1.2320988489326466E-2	4.1176956396070594E-3	-601.88460365917422	-600.31897741286059	-574.87484011166566	-510.12114108896526	-370.08186842468717	Mass Flow Rate Water (kg/s)


Air Energy Transfer (Watts)


Water Energy Transfer (Watts)




Experiment 1: Temperature Efficiencies 

Mean Temp Efficiency Water	3.6888482633113895E-2	2.8699911829711208E-2	2.0512472917704142E-2	1.2320988489326466E-2	4.1176956396070594E-3	10.924369747899155	14.005602240896359	19.034090909090914	28.530259365994233	61.604584527220617	Mean Temp Efficiency Air	3.6888482633113895E-2	2.8699911829711208E-2	2.0512472917704142E-2	1.2320988489326466E-2	4.1176956396070594E-3	15.406162464985993	14.845938375350141	14.488636363636356	13.256484149855909	9.455587392550143	Mean Temp Efficiency Overall	3.6888482633113895E-2	2.8699911829711208E-2	2.0512472917704142E-2	1.2320988489326466E-2	4.1176956396070594E-3	13.165266106442573	14.42577030812325	16.761363636363633	20.89337175792507	35.530085959885383	Heat Emitted Water	3.6888482633113895E-2	2.8699911829711208E-2	2.0512472917704142E-2	1.2320988489326466E-2	4.1176956396070594E-3	601.88460365917422	600.31897741286059	574.87484011166566	510.12114108896526	370.08186842468717	Heat Emitted Air	3.6888482633113895E-2	2.8699911829711208E-2	2.0512472917704142E-2	1.2320988489326466E-2	4.1176956396070594E-3	637.34045354054194	614.26648314623719	591.08661585769994	533.49166287695425	383.04108234417623	Mass Flow Rate Water (kg/s)


Temperature Efficiency (Percent)




Experiment 1: Heat Transfer Coefficient 

Heat Transfer Coefficient	3.6888482633113895E-2	2.8699911829711208E-2	2.0512472917704142E-2	1.2320988489326466E-2	4.1176956396070594E-3	125.58718914361107	127.34118252874225	127.67736809288421	122.17460773868167	118.7635960215427	Heat Emitted Water	3.6888482633113895E-2	2.8699911829711208E-2	2.0512472917704142E-2	1.2320988489326466E-2	4.1176956396070594E-3	601.88460365917422	600.31897741286059	574.87484011166566	510.12114108896526	370.08186842468717	Heat Emitted Air	3.6888482633113895E-2	2.8699911829711208E-2	2.0512472917704142E-2	1.2320988489326466E-2	4.1176956396070594E-3	637.34045354054194	614.26648314623719	591.08661585769994	533.49166287695425	383.04108234417623	Mean Temp Efficiency Water	3.6888482633113895E-2	2.8699911829711208E-2	2.0512472917704142E-2	1.2320988489326466E-2	4.1176956396070594E-3	10.924369747899155	14.005602240896359	19.034090909090914	28.530259365994233	61.604584527220617	Mean Temp Efficiency Air	3.6888482633113895E-2	2.8699911829711208E-2	2.0512472917704142E-2	1.2320988489326466E-2	4.1176956396070594E-3	15.406162464985993	14.845938375350141	14.488636363636356	13.256484149855909	9.455587392550143	Mean Temp Efficiency Overall	3.6888482633113895E-2	2.8699911829711208E-2	2.0512472917704142E-2	1.2320988489326466E-2	4.1176956396070594E-3	13.165266106442573	14.42577030812325	16.761363636363633	20.89337175792507	35.530085959885383	Mass Flow Rate Water (kg/s)


Heat Transfer Coefficient  (W.m-^2K^-1)




Experiment 2: Heat Energy Transfer 

Heat Emitted Air	0.11544776650390644	0.10324241299830875	8.9380768742020028E-2	7.2942660214023389E-2	5.1526842768985372E-2	3.6383669413091499E-2	383.07300642493726	342.57381269033823	296.57879780133351	271.37222592724186	233.14608181896654	190.2356538932903	Heat Emitted Water	0.11544776650390644	0.10324241299830875	8.9380768742020028E-2	7.2942660214023389E-2	5.1526842768985372E-2	3.6383669413091499E-2	-370.08900608048725	-349.55372162951403	-335.75248169958849	-323.61895110067587	-294.22444598686405	-268.28406434218061	Mass Flow Rate Air (kg/s)


Air heat Energy Transfer (Watts)


Water Heat Energy Transfer (Watts)




Experiment 2: Temperature Efficiencies 

Mean Temp Efficiency Water	0.11544776650390644	0.10324241299830875	8.9380768742020028E-2	7.2942660214023389E-2	5.1526842768985372E-2	3.6383669413091499E-2	61.604584527220617	60.960960960960961	59.270516717325229	56.797583081570998	51.506024096385538	46.987951807228917	Mean Temp Efficiency Air	0.11544776650390644	0.10324241299830875	8.9380768742020028E-2	7.2942660214023389E-2	5.1526842768985372E-2	3.6383669413091499E-2	9.455587392550143	9.9099099099099117	10.030395136778107	11.178247734138973	13.554216867469879	15.662650602409645	Mean Temp Efficiency Overall	0.11544776650390644	0.10324241299830875	8.9380768742020028E-2	7.2942660214023389E-2	5.1526842768985372E-2	3.6383669413091499E-2	35.530085959885383	35.435435435435437	34.650455927051667	33.987915407854985	32.53012048192771	31.325301204819283	Mass Flow Rate Air (kg/s)


Temperature Efficiency (Percent)




Experiment 2: Heat Transfer Coefficient 

Heat Transfer Coefficient	0.11544776650390644	0.10324241299830875	8.9380768742020028E-2	7.2942660214023389E-2	5.1526842768985372E-2	3.6383669413091499E-2	118.76588657869317	117.25989839535785	111.6204442890875	105.12000988248451	91.935939856880779	81.533423589669042	Mass Flow Rate Air (kg/s)


Heat Transfer Coefficient  (W.m-^2K^-1)




Experiment 3: Heat Energy Transfer 

Heat Emitted Air	0.11555375704757938	0.10332854166349081	8.9462745534685181E-2	7.3021664993089139E-2	5.1591125460554679E-2	3.6447084579913233E-2	255.61646596495027	238.96275187807208	215.89149752430214	190.90053879143278	165.99960528188069	128.26640240785966	Heat Emitted Water	0.11555375704757938	0.10332854166349081	8.9462745534685181E-2	7.3021664993089139E-2	5.1591125460554679E-2	3.6447084579913233E-2	-255.52437875737962	-243.43438427699584	-234.78080061470942	-226.11236327680353	-205.34006158225895	-186.30791081329551	Mass Flow Rate Air (kg/s)


Air Heat Energy Transfer (Watts)


Water Heat Energy Transfer (Watts)




Heat Energy Transfer Comparison (Water) 

Heat Emitted Water 60 deg	0.11544776650390644	0.10324241299830875	8.9380768742020028E-2	7.2942660214023389E-2	5.1526842768985372E-2	3.6383669413091499E-2	-370.08900608048725	-349.55372162951403	-335.75248169958849	-323.61895110067587	-294.22444598686405	-268.28406434218061	Heat Emitted Water 45 deg	0.11555375704757938	0.10332854166349081	8.9462745534685181E-2	7.3021664993089139E-2	5.1591125460554679E-2	3.6447084579913233E-2	-255.52437875737962	-243.43438427699584	-234.78080061470942	-226.11236327680353	-205.34006158225895	-186.30791081329551	Mass Flow Rate Air (kg/s)


Energy Transfer (Watts)




Experiment 3: Temperature Efficiencies 

Mean Temp Efficiency Water	0.11555375704757938	0.10332854166349081	8.9462745534685181E-2	7.3021664993089139E-2	5.1591125460554679E-2	3.6447084579913233E-2	62.978723404255319	61.038961038961034	59.130434782608695	56.709956709956714	51.515151515151516	47.161572052401759	Mean Temp Efficiency Air	0.11555375704757938	0.10332854166349081	8.9462745534685181E-2	7.3021664993089139E-2	5.1591125460554679E-2	3.6447084579913233E-2	9.3617021276595729	9.9567099567099593	10.434782608695645	11.255411255411245	13.852813852813849	15.283842794759824	Mean Temp Efficiency Overall	0.11555375704757938	0.10332854166349081	8.9462745534685181E-2	7.3021664993089139E-2	5.1591125460554679E-2	3.6447084579913233E-2	36.170212765957444	35.497835497835496	34.782608695652172	33.98268398268398	32.683982683982684	31.222707423580793	Mass Flow Rate Air (kg/s)


Temperature Efficiency (Percent)




Experiment 3: Heat Transfer Coefficient 

Heat Transfer Coefficient 45 deg	0.11555375704757938	0.10332854166349081	8.9462745534685181E-2	7.3021664993089139E-2	5.1591125460554679E-2	3.6447084579913233E-2	123.98983725050165	117.92199406040481	112.03927295376336	105.22865364873412	92.554033790939343	81.898639828981999	Heat Transfer Coefficient 60 deg	0.11544776650390644	0.10324241299830875	8.9380768742020028E-2	7.2942660214023389E-2	5.1526842768985372E-2	3.6383669413091499E-2	118.76588657869317	117.25989839535785	111.6204442890875	105.12000988248451	91.935939856880779	81.533423589669042	Mass Flow Rate Air (kg/s)


Heat Transfer Coefficient  (W.m-^2K^-1)
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Figure 11 How the 32 Tube Heat Exchanger Works - Parallel Connection
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Symbol Definition Units
4 Heal Transfer Area ]
40 Orifice Area =
c Heal capacity g
<, ‘Cosfficientof discharge (orfice) N
¢pand ¢, and ¢, | Specific Heat Capacty, of air and water at Constant | | g k!
Pressure (atmospheric pressure for aif)
LMTD Logarithmic Mean Temperature Difference Kor °C where shown
pand py and pyy | Densty, of air and water gm?
n, Overall Effciency %
[ Energy Balance Coeficient N
Ty and Ty Mean Temperature Efficiencies. %
2 Orifice pressure drop Pa
0 Heal energy transferred for a unit mass Tig?
0 Heat energy transferred for a unit e w
(heat transfer rate - or power)
6, and Gy ot rery (power) sbrbd by e and e | W
® ‘Specific gas constant for dry air 287 1/kg K
T Ty Ty Temperature, of water and air Kor °C where shown
ar Change in Temperature. Kor °C where shown
T Mean Temperature Kor °C where shown
U Heal Transfer Coefficient WK
Py ‘Mass Flow Rate (ot water ciruit and i Gircult) st
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Water Flow Conversion

‘The equipment measures volumetric water flow

tres per minute (L.
‘mass flow in kilograms per second (kg.s).

), but your calculations need

Mass flow (kg.s™") i, = Volume flow (L.min™')/60000 x Water density (kg.m
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Airflow

‘The equipment measures the pressure drop across the inlet orifice. If you use this pressure drop with the
orifice discharge coefficient (C,), its area and local air conditions, you can calculate the air flow through
the duct.

iy = Cx Ao fBpX2%ps Ul
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To find the average temperature of the water circuit:

= TptT,
7y - Izl

Tofind the average temperature of the air circuit:

1+ T
2
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Specific Heat Capacity at Constant Pressure (c,)
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For air, the specific heat capacity remains reasonably constant at around 1005 J.kg™' K™ at normal
atmospheric pressure and for the temperature ranges used in the heat exchangers.

For water, you may use Figure 25 to find the specific heat capacity. Alternatively, Equation 7 (based on
data from tests) will give you an accurate answer (where your temperature 7'is in Celsius):

<2
@t TO) 0.996185+0.0002874(T+ ‘““) +0.011160 % 1057 (7)
@t 15°C) 100

From tests, the specific heat capacity of water at 15°C is 4185.5 kg™

You must use the mean (or average) temperature of your flow circuit in this

NOTE "
equation.
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Density (p)
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=2
b= ®

‘Water has a maximum density at approximately 4 degrees celsius, decreasing as temperature increases
or decreases from this value. This affects all your calculations. You can use Figure 27 to find water density
over the range of temperatures used with the heat exchangers, for a nit mass and a constant pressure.
If you need more accuracy, Equation 9 allows you calculate the water density (where T'is your average
water temperature in degrees centigrade).

g o4 .
(999839 + 1695277990 10 7 ~a6.241 x10 7 + 105846 x 107" - 251030 % 10127°)
Py

=
. 7
(1+16887107°7) ©
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Heat Energy (Power) Transfer, Energy Balance and Efficiencies
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‘The heat (power) emitted from the hot water is:

Oy =ty XX AT, an

NOTE The temperature change of the water is negative, giving a negative heat transfer
(emission).

‘The heat (power) absorbed by the air is:

= iy X €, X AT, (12)
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The energy balance coefficient (Cyg) shows the relationship between the energy absorbed and emitted,
where:

Cop = &

Ow
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The temperature efficiency of the hot water circuit of the Heat Exchanger is the ratio of the
temperature change in the hot water, divided by the difference between the maximum and minimum
temperatures of the hot and cold circuits:

=TTy 190 (14)
ut
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‘The temperature efficiency of the cooler ai circuit of the Heat Exchanger i the ratio of the
temperature change in the cold circuit, divided by the difference between the maximurm and minimum
temperatures of the hot and cold circui

To-Ta

X100 135)
Ty =Ty

=
‘The mean temperature efficiency of the two circuits is the average efficiency of them both:

+
ﬂwz s (16)
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Logarithmic Mean Temperature Difference (LMTD)

“Thisis a measre of the heat driving force that creates the heat transfer. It i a logarithmic average of the
temperature difference between the hot and cold circuits at each end o the heat exchanger:

otz - D=L~ (T =To) a7

Heat Transfer Coefficient (U)

Thisis the heat transfer coefficient for the wall and boundary layers. Itis a measure of how well the heat
‘exchanger works. A good heat exchanger will give a high coefficient, therefore this value is important
to engineers.

18)
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Volumetric Flow Rate Water

Mass Flow Rate Water

Mass Flow Rate Air

V dot w M dot w M dot A

l/min kg/s kg/s

2.25 0.036888483 0.115246228
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Microsoft_Excel_Worksheet10.xlsx
Sheet1



										Volumetric Flow Rate Water				Mass Flow Rate Water		Mass Flow Rate Air				Change in Pressure 				Temp Water 1 		Temp Water 2 		Change in Temp Water 		Average Temp Water				Temp Air 1 		Temp Air 1 		Change in Temp Air 		Average Temp Air 		Temp Air 3 				Mean Tempereature Efficiency Water 		Mean Tempereature Efficiency Air		Overall Efficiency				Density of Water		Density of Air 				Specific Heat Capacity of Water		Specific Heat Capacity of Air				Specific Heat Energy Transfer Rate Water 		Specific Heat Energy Transfer Rate Air 				Energy Balance Coefficient 		Logarithmic Mean Temperature Difference 		Heat Transfer Coefficient

										V dot w				M dot w		M dot A				Δ P				Tw1		Tw2		Δ Tw		avTw				Ta1		Ta2		Δ Ta		avTa		Ta3				ñw		ña		ñ				ρw		ρa				Cpw		Cpa				Q dot w		Q dot a				CEB		LMTD		U

		Ambient Pressure (pamb)		Pa		102900		Exp No. 1		l/min				kg/s		kg/s				Pa				°C		°C		°C		°C				°C		°C		°C		°C		°C				%		%		%				kg.m⁻³		kg.m⁻³				J.kg⁻¹K⁻¹		J.kg⁻¹K⁻¹				W		W				-		-		W.m⁻²K⁻¹

		Gas Constant of Air 		J/kg K		287.05				2.25				0.0368884826		0.1152462282				250				60.9		57		3.9		59				25.2		30.7		5.5		28		24.8				10.9243697479		15.406162465		13.1652661064				983.6928702164		1.1909439649				4183.6739962597		1005.5				-601.8846036592		637.3404535405				-1.0589080526		30.7609993471		125.5871891436

		Coefficient of discharge		-		0.6				1.75				0.0286999118		0.1152653769				250				60.9		55.9		5		58.4				25.2		30.5		5.3		27.9		24.9				14.0056022409		14.8459383754		14.4257703081				983.9969770187		1.1913397588				4183.4203601378		1005.5				-600.3189774129		614.2664831462				-1.0232334913		30.2583847408		127.3411825287

		Orifice Diameter		m		0.10011				1.25				0.0205124729		0.1152653769				250				60.5		53.8		6.7		57.2				25.3		30.4		5.1		27.9		25				19.0340909091		14.4886363636		16.7613636364				984.5987000498		1.1913397588				4182.9288592496		1005.5				-574.8748401117		591.0866158577				-1.028200531		28.8996063263		127.6773680929

		Orifice Area		m2		0.0078712699				0.75				0.0123209885		0.1153420671				250				59.9		50		9.9		55				25.2		29.8		4.6		27.5		24.8				28.530259366		13.2564841499		20.8933717579				985.6790791461		1.1929255688				4182.0823088523		1005.5				-510.121141089		533.491662877				-1.0458136703		26.7993904299		122.1746077387

		Goal Temp		K		333				0.25				0.0041176956		0.1154381455				250				60.2		38.7		21.5		49.5				25.3		28.6		3.3		27		25.2				61.6045845272		9.4555873926		35.5300859599				988.2469535057		1.1949137781				4180.2774332613		1005.5				-370.0818684247		383.0410823442				-1.0350171544		20.0007838152		118.7635960215

		Total surface area 		m2		0.1558



		Ambient Pressure (pamb)		Pa		102900		Exp No.2		0.25				0.0041177892		0.1154477665				250.00				60.2		38.7		21.5		49.5				25.30		28.60		3.30		26.95		25.20				61.6045845272		9.4555873926		35.5300859599				988.2694008473		1.1951129636				4180.2631052272		1005.5				-370.0890060805		383.0730064249				-1.0350834533		20.0007838152		118.7658865787

		Gas Constant of Air 		J/kg K		287.05				0.25				0.0041194609		0.103242413				200.00				58.7		38.4		20.3		48.6				25.40		28.70		3.30		27.05		24.90				60.960960961		9.9099099099		35.4354354354				988.670620959		1.194714659				4180.0117747918		1005.5				-349.5537216295		342.5738126903				-0.9800319421		19.133612025		117.2598983954

		Coefficient of discharge		-		0.6				0.25				0.0041190914		0.0893807687				150.00				58.5		39.0		19.5		48.8				25.60		28.90		3.30		27.25		25.10				59.2705167173		10.0303951368		34.6504559271				988.5819260244		1.1939188457				4180.0665453401		1005.5				-335.7524816996		296.5787978013				-0.8833257056		19.3066992428		111.6204442891

		Orifice Diameter		m		0.10011				0.25				0.0041178826		0.0729426602				100.00				58.8		40.0		18.8		49.4				25.70		29.40		3.70		27.55		24.90				56.7975830816		11.1782477341		33.9879154079				988.2918316822		1.1927271117				4180.2488154739		1005.5				-323.6189511007		271.3722259272				-0.8385548034		19.7597342555		105.1200098825

		Orifice Area		m2		0.0078712699				0.25				0.0041157157		0.0515268428				50.00				59.1		42.0		17.1		50.6				25.90		30.40		4.50		28.15		24.70				51.5060240964		13.5542168675		32.5301204819				987.7717632175		1.1903507668				4180.5871177531		1005.5				-294.2244459869		233.146081819				-0.7924089415		20.5412079978		91.9359398569

		Goal Temp		K		333				0.25				0.0041133196		0.0363836694				25.00				59.6		44.0		15.6		51.8				26.4		31.6		5.2		29		25				46.9879518072		15.6626506024		31.3253012048				987.1966957993		1.1870004418				4180.9774701322		1005.5				-268.2840643422		190.2356538933				-0.709082943		21.1198945245		81.5334235897

		Total surface area 		m2		0.1558





		Ambient Pressure (pamb)		Pa		102900		Exp No.3		0.25				0.0041319209		0.115553757				250.00				48.8		34.0		14.8		41.4				25.30		27.50		2.20		26.40		24.70				62.9787234043		9.3617021277		36.170212766				991.6610181472		1.1973083949				4178.4828672463		1005.5				-255.5243787574		255.616465965				-1.0003603852		13.2275312981		123.9898372505

		Gas Constant of Air 		J/kg K		287.05				0.25				0.004131839		0.1033285417				200.00				48.5		34.4		14.1		41.5				25.40		27.70		2.30		26.55		25.30				61.038961039		9.9567099567		35.4978354978				991.6413634921		1.1967088413				4178.4904706897		1005.5				-243.434384277		238.9627518781				-0.9816310567		13.2501151649		117.9219940604

		Coefficient of discharge		-		0.6				0.25				0.0041314284		0.0894627455				150.00				48.5		34.9		13.6		41.7				25.50		27.90		2.40		26.70		24.80				59.1304347826		10.4347826087		34.7826086957				991.5428165842		1.196109888				4178.5291868243		1005.5				-234.7808006147		215.8914975243				-0.9195449413		13.4500792719		112.0392729538

		Orifice Diameter		m		0.10011				0.25				0.0041306845		0.073021665				100.00				48.7		35.6		13.1		42.2				25.60		28.20		2.60		26.90		24.70				56.70995671		11.2554112554		33.9826839827				991.364286776		1.1953122155				4178.6017858165		1005.5				-226.1123632768		190.9005387914				-0.8442728917		13.7918600627		105.2286536487

		Orifice Area		m2		0.0078712699				0.25				0.004129347		0.0515911255				50.00				48.9		37.0		11.9		43.0				25.80		29.00		3.20		27.40		24.70				51.5151515152		13.8528138528		32.683982684				991.0432886846		1.1933226812				4178.7399336123		1005.5				-205.3400615823		165.9996052819				-0.8084131465		14.2400293099		92.5540337909

		Goal Temp		K		318				0.25				0.0041280758		0.0364470846				25.00				49.1		38.3		10.8		43.7				26.2		29.7		3.5		27.95		33.9				47.1615720524		15.2838427948		31.2227074236				990.738191341		1.191141829				4178.8797807897		1005.5				-186.3079108133		128.2664024079				-0.688464606		14.6011530555		81.898639829

		Total surface area 		m2		0.1558













Experiment 1: Heat Energy Transfer 



Heat Emitted Air	3.6888482633113895E-2	2.8699911829711208E-2	2.0512472917704142E-2	1.2320988489326466E-2	4.1176956396070594E-3	637.34045354054194	614.26648314623719	591.08661585769994	533.49166287695425	383.04108234417623	Heat Emitted Water	3.6888482633113895E-2	2.8699911829711208E-2	2.0512472917704142E-2	1.2320988489326466E-2	4.1176956396070594E-3	-601.88460365917422	-600.31897741286059	-574.87484011166566	-510.12114108896526	-370.08186842468717	Mass Flow Rate Water (kg/s)





Energy Transfer (Watts)











Heat Energy Transfer Comparison (Water) 



Heat Emitted Water 60deg	0.11544776650390644	0.10324241299830875	8.9380768742020028E-2	7.2942660214023389E-2	5.1526842768985372E-2	3.6383669413091499E-2	-370.08900608048725	-349.55372162951403	-335.75248169958849	-323.61895110067587	-294.22444598686405	-268.28406434218061	Heat Emitted Water 45deg	0.11555375704757938	0.10332854166349081	8.9462745534685181E-2	7.3021664993089139E-2	5.1591125460554679E-2	3.6447084579913233E-2	-255.52437875737962	-243.43438427699584	-234.78080061470942	-226.11236327680353	-205.34006158225895	-186.30791081329551	Mass Flow Rate Air (kg/s)





Energy Transfer (Watts)











Experiment 1: Temperature Efficiencies 



Mean Temp Efficiency Water	3.6888482633113895E-2	2.8699911829711208E-2	2.0512472917704142E-2	1.2320988489326466E-2	4.1176956396070594E-3	10.924369747899155	14.005602240896359	19.034090909090914	28.530259365994233	61.604584527220617	Mean Temp Efficiency Air	3.6888482633113895E-2	2.8699911829711208E-2	2.0512472917704142E-2	1.2320988489326466E-2	4.1176956396070594E-3	15.406162464985993	14.845938375350141	14.488636363636356	13.256484149855909	9.455587392550143	Mean Temp Efficiency Overall	3.6888482633113895E-2	2.8699911829711208E-2	2.0512472917704142E-2	1.2320988489326466E-2	4.1176956396070594E-3	13.165266106442573	14.42577030812325	16.761363636363633	20.89337175792507	35.530085959885383	Heat Emitted Water	3.6888482633113895E-2	2.8699911829711208E-2	2.0512472917704142E-2	1.2320988489326466E-2	4.1176956396070594E-3	-601.88460365917422	-600.31897741286059	-574.87484011166566	-510.12114108896526	-370.08186842468717	Heat Emitted Air	3.6888482633113895E-2	2.8699911829711208E-2	2.0512472917704142E-2	1.2320988489326466E-2	4.1176956396070594E-3	637.34045354054194	614.26648314623719	591.08661585769994	533.49166287695425	383.04108234417623	Mass Flow Rate Water (kg/s)





Temperature Efficiency (Percent)









Experiment 1: Heat Transfer Coefficient 



Heat Transfer Coefficient	3.6888482633113895E-2	2.8699911829711208E-2	2.0512472917704142E-2	1.2320988489326466E-2	4.1176956396070594E-3	125.58718914361107	127.34118252874225	127.67736809288421	122.17460773868167	118.7635960215427	Heat Emitted Water	3.6888482633113895E-2	2.8699911829711208E-2	2.0512472917704142E-2	1.2320988489326466E-2	4.1176956396070594E-3	-601.88460365917422	-600.31897741286059	-574.87484011166566	-510.12114108896526	-370.08186842468717	Heat Emitted Air	3.6888482633113895E-2	2.8699911829711208E-2	2.0512472917704142E-2	1.2320988489326466E-2	4.1176956396070594E-3	637.34045354054194	614.26648314623719	591.08661585769994	533.49166287695425	383.04108234417623	Mean Temp Efficiency Water	3.6888482633113895E-2	2.8699911829711208E-2	2.0512472917704142E-2	1.2320988489326466E-2	4.1176956396070594E-3	10.924369747899155	14.005602240896359	19.034090909090914	28.530259365994233	61.604584527220617	Mean Temp Efficiency Air	3.6888482633113895E-2	2.8699911829711208E-2	2.0512472917704142E-2	1.2320988489326466E-2	4.1176956396070594E-3	15.406162464985993	14.845938375350141	14.488636363636356	13.256484149855909	9.455587392550143	Mean Temp Efficiency Overall	3.6888482633113895E-2	2.8699911829711208E-2	2.0512472917704142E-2	1.2320988489326466E-2	4.1176956396070594E-3	13.165266106442573	14.42577030812325	16.761363636363633	20.89337175792507	35.530085959885383	Mass Flow Rate Water (kg/s)





Heat Transfer Coefficient  (W.m-^2K^-1)









Experiment 2: Heat Energy Transfer 



Heat Emitted Air	0.11544776650390644	0.10324241299830875	8.9380768742020028E-2	7.2942660214023389E-2	5.1526842768985372E-2	3.6383669413091499E-2	383.07300642493726	342.57381269033823	296.57879780133351	271.37222592724186	233.14608181896654	190.2356538932903	Heat Emitted Water	0.11544776650390644	0.10324241299830875	8.9380768742020028E-2	7.2942660214023389E-2	5.1526842768985372E-2	3.6383669413091499E-2	-370.08900608048725	-349.55372162951403	-335.75248169958849	-323.61895110067587	-294.22444598686405	-268.28406434218061	Mass Flow Rate Air (kg/s)





Energy Transfer (Watts)











Experiment 2: Temperature Efficiencies 



Mean Temp Efficiency Water	0.11544776650390644	0.10324241299830875	8.9380768742020028E-2	7.2942660214023389E-2	5.1526842768985372E-2	3.6383669413091499E-2	61.604584527220617	60.960960960960961	59.270516717325229	56.797583081570998	51.506024096385538	46.987951807228917	Mean Temp Efficiency Air	0.11544776650390644	0.10324241299830875	8.9380768742020028E-2	7.2942660214023389E-2	5.1526842768985372E-2	3.6383669413091499E-2	9.455587392550143	9.9099099099099117	10.030395136778107	11.178247734138973	13.554216867469879	15.662650602409645	Mean Temp Efficiency Overall	0.11544776650390644	0.10324241299830875	8.9380768742020028E-2	7.2942660214023389E-2	5.1526842768985372E-2	3.6383669413091499E-2	35.530085959885383	35.435435435435437	34.650455927051667	33.987915407854985	32.53012048192771	31.325301204819283	Mass Flow Rate Air (kg/s)





Temperature Efficiency (Percent)









Experiment 2: Heat Transfer Coefficient 



Heat Transfer Coefficient	0.11544776650390644	0.10324241299830875	8.9380768742020028E-2	7.2942660214023389E-2	5.1526842768985372E-2	3.6383669413091499E-2	118.76588657869317	117.25989839535785	111.6204442890875	105.12000988248451	91.935939856880779	81.533423589669042	Mass Flow Rate Air (kg/s)





Heat Transfer Coefficient  (W.m-^2K^-1)









Experiment 3: Heat Energy Transfer 



Heat Emitted Air	0.11555375704757938	0.10332854166349081	8.9462745534685181E-2	7.3021664993089139E-2	5.1591125460554679E-2	3.6447084579913233E-2	255.61646596495027	238.96275187807208	215.89149752430214	190.90053879143278	165.99960528188069	128.26640240785966	Heat Emitted Water	0.11555375704757938	0.10332854166349081	8.9462745534685181E-2	7.3021664993089139E-2	5.1591125460554679E-2	3.6447084579913233E-2	-255.52437875737962	-243.43438427699584	-234.78080061470942	-226.11236327680353	-205.34006158225895	-186.30791081329551	Mass Flow Rate Air (kg/s)





Energy Transfer (Watts)











Experiment 3: Temperature Efficiencies 



Mean Temp Efficiency Water	0.11555375704757938	0.10332854166349081	8.9462745534685181E-2	7.3021664993089139E-2	5.1591125460554679E-2	3.6447084579913233E-2	62.978723404255319	61.038961038961034	59.130434782608695	56.709956709956714	51.515151515151516	47.161572052401759	Mean Temp Efficiency Air	0.11555375704757938	0.10332854166349081	8.9462745534685181E-2	7.3021664993089139E-2	5.1591125460554679E-2	3.6447084579913233E-2	9.3617021276595729	9.9567099567099593	10.434782608695645	11.255411255411245	13.852813852813849	15.283842794759824	Mean Temp Efficiency Overall	0.11555375704757938	0.10332854166349081	8.9462745534685181E-2	7.3021664993089139E-2	5.1591125460554679E-2	3.6447084579913233E-2	36.170212765957444	35.497835497835496	34.782608695652172	33.98268398268398	32.683982683982684	31.222707423580793	Mass Flow Rate Air (kg/s)





Temperature Efficiency (Percent)









Experiment 3: Heat Transfer Coefficient 



Heat Transfer Coefficient 45 deg	0.11555375704757938	0.10332854166349081	8.9462745534685181E-2	7.3021664993089139E-2	5.1591125460554679E-2	3.6447084579913233E-2	123.98983725050165	117.92199406040481	112.03927295376336	105.22865364873412	92.554033790939343	81.898639828981999	Heat Transfer Coefficient 60 deg	0.11544776650390644	0.10324241299830875	8.9380768742020028E-2	7.2942660214023389E-2	5.1526842768985372E-2	3.6383669413091499E-2	118.76588657869317	117.25989839535785	111.6204442890875	105.12000988248451	91.935939856880779	81.533423589669042	Mass Flow Rate Air (kg/s)





Heat Transfer Coefficient  (W.m-^2K^-1)












image1.jpeg




image2.jpeg
PRIFYSGOL CYMRU
Y Drindod Dewi Sant

UNIVERSITY OF WALES

Trinity Saint David





