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[bookmark: _Toc6181437]Abstract 

Heat exchange is a very common occurrence. When the sun heats the earth in the morning, or when our blood regulates our body temperature, heat is exchanged. 
We can use knowledge of these processes to heat our houses and cool our engines.
In this analysis of a laboratory experiment, we look at data gathered from a heat-exchanger (a purpose-built machine for demonstration) that moves air past tubes containing heated flowing water, very much like a “radiator” (or more accurately a “convector”) of an Internal Combustion Engine.
[bookmark: _Toc6181438]Introduction 
The control of heat has been a fundamental factor in technological development. As is often the case though, there are ways to enhance that control to achieve better performance or make things that were previously not possible. To enable better control, a better understanding of the thermodynamic processes is required.
[bookmark: _Toc6181439]Function of a heat exchanger 
A Heat Exchanger is a device with the specific purpose of efficiently moving heat from one place to another. When it is necessary to increase or reduce the temperature of a mass or a system, a heat exchanger of some form can be employed. This is generally achieved with the use of a fluid as a heat-carrying medium, as fluids:
· can have a high Specific Heat Capacity;
· are easily moved through tubes;
· naturally follows the contours of the surfaces to be heated or cooled, maximising contact area.
[bookmark: _Toc6181440]Types of Heat Exchanger
· Parallel flow
· In line
· Opposite flow
· Double tube
· Single-pass
· Multi-pass
[bookmark: _Toc6181441]The heat exchanger employed in this experiment
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[bookmark: _Toc6181381]Figure 1 TecQuipment TD1007 Heat Exchanger (TecQuipment Ltd, 2014)
For this lab test a double tube, single pass, water to air heat exchanger is being used. 
Water is heated in a tank to a specified temperature. It is pumped through two tubes at a specified rate which pass perpendicular to forced air flow. The airflow is restricted by decreasing the aperture where the air exits. Pressure readings at the intake and exit enable the air velocity to be calculated.
[bookmark: _Toc6181442]The ideal heat exchanger
If there was no heat loss or gain through the boundary, the heat emitted by the water should be the same as absorbed by the air, 
Uw = Ua
so the losses or gains through the boundary can be found 
Uw – Ua = Boundary work
(Fermi, 1936)

[bookmark: _Toc6181443]Experiment 1 - The Effect of Varying Water Flow Rate
[bookmark: _Toc6181444]Aim 
The aim of the first experiment was to examine how changes to water flow rates affect performance, i.e. the amount of heat transfer, Q. 
[bookmark: _Toc6181445]Methodology
· A standard 32 tube heat exchanger was connected for parallel flow;
· The heater tank temperature was set at 60°C;
· Ambient air pressure was logged;
· The orifice diameter was logged;
· The fan was switched on and the slide valve was set to give an orifice pressure drop of 250 Pa (+/- 5 Pa tolerance);
· The pump was switched on and the water flow set to 2.25 L/minute (+/- 0.01 L/minute);
· Five minutes were allowed for the temperatures to stabilize, then all readings were recorded;
· Water and air flows were checked regularly and adjusted when necessary;
· The procedure was repeated for the lower water flow rates of 1.75, 1.25, 0.75 and 0.25 L/min.
[bookmark: _Toc6181446]Analysis 
[bookmark: _Hlk507408811][bookmark: _Toc6181447]Results Table
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[bookmark: _Toc6181382]Figure 2 Experiment 1. Results table
[bookmark: _Toc6181448]Calculating heat transfer U
Several calculations are necessary before heat transfer can be determined. 
Firstly, the mass flow rate of both water and air need to be found. As the densities change with heat, the average temperatures are used to simplify the calculation.
Average water calculation:
[image: ]
Average air calculation:
[image: ]
Using the average temperature, water density was calculated. 
Water density calculation: 
[image: ]
The water mass flow can now be found using the following calculation.
Water mass flow calculation: 
[image: ]
Air density is found using the following calculation.
Air density calculation:
[image: ]
Air mass flowrate is found using the following calculation.
Air mass flowrate:
[image: ]
The specific heat capacity of water was found (assuming “isobaric” constant pressure):
[image: ]
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The specific heat capacity of air was assumed to be 1005 J/kg.K as it remains relatively constant for the temperature range used in the heat exchanger (according to the user manual for the machine).
Heat emitted from water:
[image: ]
Heat absorbed by the air:
[image: ]
The energy balance coefficient is the relationship between the energy absorbed by the air, and the energy emitted by the water.
Energy balance coefficient:
[image: ] 
However, due to the heat exchanger being “non-ideal” i.e. some losses or gains from the surroundings, it can be more useful to use mean temperature efficiencies and the heat transfer coefficients to compare the results.
Temperature efficiencies:
[image: ]
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Mean temperature efficiency:
[image: ]
The overall heat transfer coefficient (U) for each flow was calculated using the LMTD – a logarithmic average between the temperature differences used to measure the driving force of heat transfer.
Logarithmic mean temperature difference:
[image: ]
The heat transfer coefficient was then found.
Heat transfer coefficient (U):
[image: ]
[bookmark: _Toc6181449]Charts
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[bookmark: _Toc6181383]Figure 3 Exp. 1. Heat transfer 
Heat emitted by the heat exchanger (Qwater) and the heat absorbed into the air (Qair).
The two lines shown in the above chart show a clear correlation but are off-set from each other. It shows that significantly more heat was absorbed by the air than was emitted by the water. 
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[bookmark: _Toc6181384]Figure 4 Exp. 1. Temp. efficiencies
The temperature efficiency of water increases exponentially as zero mass flow rate of water is approached. As water mass flow increases, the temperature efficiency reduces, as the water in the tubes is exposed to the airflow for less time.
The temperature efficiency of air, however, increases with the water mass flow rate, but levels off.
[image: ]
[bookmark: _Toc6181385]Figure 5 Exp.1. Heat transfer coefficient
The heat transfer coefficient shows that performance improves with increases to water mass flow, but levels off at around 0.03 Kg/s and possibly begins to fall. This suggests that there is an optimum water mass flow rate for the tested airflow.





[bookmark: _Toc6181450]Experiment 2 - The Effect of Varying Air Flow Rate
[bookmark: _Toc6181451]Aim 
The aim of this experiment is to find out how air flow rate affects heat transfer performance U. 
[bookmark: _Toc6181452]Methodology
· The heat exchanger was set for a parallel flow and the water tank temperature set to 60°C.
· Ambient air pressure and orifice diameter was recorded.
· The fan was switched on and the slide valve set give an orifice pressure drop of 250 Pa (+/- 5 Pa). 
· The water pump was switched on the and the flow set to 0.25 L/minute (+/- 0.01 L/minute). 
· At least five minutes was allowed for the temperatures to stabilize, then readings were recorded.
· Water and air flows were regularly checked and adjusted as necessary.
· The procedure was repeated for the lower air flow rates of 200, 150, 100 and 50 Pa pressure drop.
[bookmark: _Toc6181453]Analysis
[bookmark: _Toc6181454]Results table
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[bookmark: _Toc6181386]Figure 6 Exp. 2. results table
[bookmark: _Toc6181455]Charts
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[bookmark: _Toc6181387]Figure 7 Exp. 2. Power output
The power output chart shows the heat emitted by the water and the heat absorbed by the air. 
At lower rates of air-flow, it is apparent that more heat is emitted by the water than is absorbed by the air. The lower air-flow rate could mean that the heat emitted by the heat exchanger has more time to leak out of the system boundary.
Both increase relatively linearly with airflow-rate increase, and do not appear to level-out at the range tested. This suggests that the air-flow rate could be raised to increase the amount of heat transfer.
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[bookmark: _Toc6181388]Figure 8 Exp. 2. Temp. efficiencies
The temperature efficiency of water increases with air-flow, while the efficiency for air decreases. The results appear to be levelling off, so suggest ever smaller gains as air-flow increases. However, as the velocity of the air-flow increases, air-friction could reduce the heat emitted from the heat exchanger.
[image: ]
[bookmark: _Toc6181389]Figure 9 Exp. 2. Heat transfer coefficient
The effect of air-flow rate on performance (heat transfer, U) is shown in the above graph. The results show a very linear trend up to around 0.09 Kg/s of air-flow, and then a different linear trend of reduced performance. The velocity of the air in the tube at 0.09 Kg/s may cause turbulence at this speed. 
Increasing air-flow rate again appears to increase heat transfer, but with decreasing gains. 

[bookmark: _Toc6181456]Experiment 3 - Effect of Varying temperature (Driving Force)
[bookmark: _Toc6181457]Aim 
The aim of the third experiment was to explore how water temperature affects the performance. 
[bookmark: _Toc6181458]Methodology
Experiment 2. was repeated, with the only difference being the water supply temperature set at 45°C.
[bookmark: _Toc6181459]Analysis
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[bookmark: _Toc6181390]Figure 10 Exp. 3. results table
[bookmark: _Toc6181460]Charts
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[bookmark: _Toc6181391]Figure 11 Exp. 3. Power output 45deg
Reducing the 60°C water supply temperature by 15°C means a reduction of less than 5% of the absolute temperature. However, the amount of heat emitted by the water was reduced by approximately 25%. Interestingly, 15°C is 25% of 60°C.
[image: ]
[bookmark: _Toc6181392]Figure 12 Exp. 3. Temp efficiencies 45deg
The temperature efficiencies and heat transfer coefficient for the 45°C water supply shows similar results to the 60°C experiment. 
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[bookmark: _Toc6181393]Figure 13 Exp. 3. Heat transfer coefficient 45deg
[bookmark: _Toc6181461]Conclusions
The experiments performed have demonstrated a correlation between the flow rates of the water and air in their respective circuits, and the degree of heat transfer observed.  
Despite careful measurements, the slightly erratic results suggest a margin of error, it may be that environmental factors have a more significant influence than anticipated (Van Ness, 1983)
The air travelled through the tube at high velocity, producing a lot of turbulence, evidenced by the noise produced. The friction of the turbulence and the heat and power from the fan motor could affect readings from the heat sensor. 
[bookmark: _Toc6181462]Future improvements
· Accuracy could be improved by repeating the experiments several times and taking an average of the results.
· The tube could be insulated to reduce heat loss/gain through boundary walls.
· Turbulence should be minimised.
· Heat sources (such as fan motor) should be isolated from the tube as much as possible.
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To find the average temperature of the water circuit:

T+ T
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To find the average temperature of the air circuit:
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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 unit mass and a constant pressure.

If you need more accuracy, Equation 9 allows you calculate the water density (where 7'is your average
water temperature in degrees centigrade).

( 3 63 9.4 12,5
(999839 + 16,9527~ 7990 % 10717 46,241 x 10T + 105,846 x 107" ~ 281,030 x 107" T)
Py = -
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Water Flow Conversion

The equipment measures volumetric water flow in litres per minute (L.min™'), but your calculations need
mass flow in kilograms per second (kg.s1).

Mass flow (kg.s™) rity = Volume flow (L.min™')/60000 x Water density (kg.m™)

Airflow

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

Cyx Ao JAPX2%p, 0]
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Water Density
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Figure 27 Water Density

Air has a a maximum density at absolute zero, decreasing as temperature increases. You can use Figure
26 to determine its value over the range of temperatures used with the heat exchangers. Note that focal
i pressure affects air density, so the chartis relevant for normal atmospheric pressures. If you need more
accuracy, Equation 8 allows you calculate the air density at a given pressure and temperature.

= A7 ®
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Pressure and temperature affects specific heat capacity, so equation 6 assumes constant pressure over a
known range of temperature. It is the ‘isobaric’ (equal pressure) specific heat capacity.

o=£ ©
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For air, the specific heat capacity remains reasonably constant at around 1005 ].kg".K'1 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):

0 526
@O 596185+ 0.0002874( L1004 0. 011160 x 107277 (7)
(@t 15°0) 100

From tests, the specific heat capacity of water at 15°C is 4185.5 ],kg'1 K

NOTE You m_ust use the mean (or average) temperature of your flow circuit in this
equation.
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Heat Energy (Power) Transfer, Energy Balance and Efficiencies

In heat exchangers, heat energy transfers or ‘flows' from the hotter circuit to the cooler circuit. Power is
the rate of heat energy or heat energy transerred or used per unit time.

“The heat transfer rate ) is a function of the fluid (or air) mass flow rate, the temperature change and
the specific heat capacity of the fluid or air (at mean temperature). Because the calculation is based on
a mass flow rate, the heat transfer s also a rate (or powe)

© = it xc,XAT (10)
The heat (power) emitted from the hot water is:

Oy = ting X cyu X AT,, an

NOTE The temperature change of the water is negative, giving a negative heat transfer
(emission).
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The heat (power) absorbed by the air is:
O, = ity X,y X AT, (12)

In an ideal heat water to air heat exchanger, that does not lose or absorb heat from its surroundings, the
cooler air absorbs all the heat from the hot fluid. So the heat transfer rate is:

0 = O = Qu = titg X o X ATy, = tity X Cpy X AT, (13)

Cold air in

Figure 28 System Boundary
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The energy balance coefficient (C5) shows the relationship between the energy absorbed and emitted,
where:

- %
o
But, as shown, because of the possible heat flow into or out of the system, the energy balance coefficient

can give answers of greater than 1 f the heat exchanger absorbs energy from its surroundings. So, itis
only for guidance, because, in reality:

Crs

Ow = Qu+ Losses or gains from surroundings

The mean temperature efficiency and heat transfer coefficient give more useful results for comparison
between heat exchangers.

The temperature efficlency 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:

(14)
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The temperature efficlency of the cooler air circuit of the Heat Exchanger s the ratio of the
temperature change i the cold circut, divided by the difference between the maximum and minimum
temperatures of the hot and cold circuits:

TA TAI
ny = =274l 100 1s)
4 Tin-Ta

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

- oty 1
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Logarithmic Mean Temperature Difference (LMTD)

This is a measure of the heat driving force that creates the heat transfer. It is a logarithmic average of the
temperature difference between the hot and cold circuits at each end of the heat exchanger:

Ty —Tgn) = (T —

LMID = 17)

Heat Transfer Coefficient (U)

This is the heat transfer coefficient for the wall and boundary layers. It is 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.

O
AXLMID ag
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Tank

EXPERIMENT 2 el 60 <
Pressure| Delta|Avg.| Water |Water mass| Water | Delta | Temp. TA2 | TA3 Air | Air mass LT
w2 : TAL Delta | Ave. : Aircp temp. u
Pressure drop Pa| amb. Umin | mm |in°C|out®c TW | Tw | density | flowrate | Cp aw inec | out [amb. | Ll | o | density |flow rate ke iicianay, LMTD e
Bar | cc|Ke/mn3 | Kels | WKeK | watts | water% cll=c Ke/m"3 | kefs K watts | air% - -
250 1031 | 024 | 10011 | 602 | 391 | 211 |49.7|988.1795 | 0.00395272 | 41803 | 348.65 | 62.05882 | | 26.2 | 29.4 | 25.9 | 3. | 27.8 |1.1911240.115255| 1031 |380.25 | 9.411765 | 35.73529 | 19.57 | 115.5029
200 1031 | 024 | 100.11 | 58.1 | 386 | 19.5|48.4| 988.759 | 0.00395504 | 4180 | 322.37 | 60.9375 | | 26.1 | 20.3 | 25.6 | 3.2 | 27.7 |1.192099]0.103129| 1031 |34024| 10 | 35.4687518.37|112.6378
150 1031 | 024 | 10011 | 581 | 39 | 19.1|48.6|988.6706 | 0.00395468 | 4180 | 315.73 |59.87461| | 26.2 | 20.5 | 25.7 | 3.3 | 27.85 |1.1920840.089312| 1031 |303.87 | 10.34483 | 35.10972 [ 18.49 | 109.5882
100 1031 | 024 | 100.11 | 58 | 40 | 17.9|49.1|988.4484 | 0.00395379 | 4180.1 | 295.84 | 559375 | | 26 | 20.7| 25.2 | 3.7 | 27.85 |1.1926620.072941| 1031 |278.25| 11.5625 | 33.75 |19.22|98.80456
50 1031 | 024 | 100.11 | 583 | 419 | 16.4|50.1]987.9763 | 0.00395191 | 4180.5 | 270.94 |51.08034| | 26.2 | 30.6 | 25.4 | 4.4 | 28.4 |1.191064|0.051542| 1031 |233.82 | 13.70717 | 32.39875 | 19.92 | 87.29021
25 1031 | 025 | 10011 | 586 | 43.6 | 15 |5L1| 987.52 |0.00411467 | 4180.8 | 258.04 |46.43963 | | 26.3 | 315| 25 | 52 | 28.9 | 118938 | 0.03642 | 1031 |195.26| 16.09907 | 31.26935 | 20.57 | 80.50304
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Power output (60°C)
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Heat tranfer coefficient U (60°C)
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Tank

Temp | 45
Pressure| _ Avg.| Water |Water mass| Water | Delta | Temp. TA2 | Ta3 Air | Airmass| Delta Mezn
Flow |OrificeD| TW1 | TW2 |Delta z : TAL Dekta | Ave. Aircp temp. u
Pressure drop Pa| amb. Umin | mm | in°C | out°c Twec| Tw | density | flowrate | Cp Qw |efficiency| | o | out | amb. | -] R | den: flow rate ke Qa etticlency LMTD Wi
Bar C | Ke/mn3 | Kels | W/KeK | watts | water % ¥ Ke/mn3 | kefs ] watts .
251 1031 | 025 | 100.11 | 494 | 342 | 152 |418| 9915033 | 0.00413126 | 41785 | 262.39 | 62.04082 | | 24.9 | 27.3 | 24.4 | 2.4 | 26.1 |1.197882|0.115812| 1031 |286.57 | 9.795918 | 35.91837 | 13.89 | 121.2551
201 1031 | 024 | 10011 | 483 | 338 | 14.5|41.1]991.7981  0.00396719 | 4178.4 | 240.36 | 61.18143 | | 24.6 | 27 | 24.1 | 2.4 | 258 |1.199668 0.103715| 1031 25663 | 10.12658 | 35.65401 | 13.54| 113.977
149 1031 | 025 | 10011 | 479 | 342 | 13.741.1]991.7981 | 0.00413249 | 4178.4 | 236.56 |59.82533 | | 25 | 27.4| 24.6 | 2.4 | 26.2 |1.198669 0.089259| 1031 |220.86 | 10.48035 | 35.15284 [ 13.26 | 1145112
% 1031 | 025 | 100.11 | 47.8 | 354 | 12.4|416|991.5823 | 0.00413159 | 41785 | 214.07 | 56.1086 | | 25.7 | 28.2| 25 | 2.5 | 2695 |1.1962640.072317| 1031 | 186.4 | 11.31222 | 33.71041[13.29 | 103.4202
47 1031 | 025 | 10011 | 479 | 368 | 11.1|42.4]991.2845 | 0.00413035 | 4178.6 | 191,58 |49.11504 | | 25.3 | 28.5 | 24.2 | 3. | 26.9 |1.197056|0.050098| 1031 |165.28 | 14.15929 | 31.63717 | 14.28 | 86.13432
25 1031 | 025 | 10011 | 48.2 | 37.7 | 10.5| 43 |991.0433| 0.00412935 | 4178.7 | 18118 |46.25551| | 25.5 | 29.1 | 24.2 | 3.6 | 27.3 |1.195717]0.036517| 1031 |135.54| 15.85903 | 31.05727 | 14.53 | 80.05177
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Temp efficiencies (45°C)
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Heat transfer coefficient (45°C)
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Symbol Definition Units
A4 Heat Transfer Area 2
Ao Orifice Area e
{64 Heat capacity 1k
C; Coeficient of discharge (orifice) -
¢pand ¢, and ¢,y | Specific Heat Capacity, of air and water at Constant | g k-1

Pressure (atmospheric pressure for air)

LMID Logarithmic Mean Temperature Difference Kor °C where shown
pand ps and py; | Density, of air and water kg.m

n Overall Efficiency %
Cmp Energy Balance Coefficient .

e and iy Mean Temperature Efficiencies %
Ao Orifice pressure drop Pa
0o Heat energy transferred for a unit mass. Jkg!

B Heat energy transferred for a unit ime w

o (heat transfer rate - or power)

. Heat energy (power) absorbed by the air and emitted | W/
Q4 and Oy by the water in  unit time.
R pecific gas constant for dry air .
Specifi for di 287 |/kg.K

T Temperature, of water and air Kor °C where shown
AT Change in Temperature Kor °C where shown
7 Mean Temperature Kor °C where shown
U Heat Transfer Coefficient W2k
ER— Mass Flow Rate (ot water circut and air circuit) kg
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P reerderenlen | & [pedf| B e e B e b 2| 0 i | e[| B [ | 22 | 22 u
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Bar c | Ke/mn3 | Kels | W/KeK | watts il c Ke/mn3 | kefs watts | Air% !

225 1031 | 249 | 100.11 | 605 | 56.7 | 3.8 |58.6|983.8958 | 0.03689609 | 4183.5 | 586,55 | 11.17647 | | 26,5 | 319 | 25.7 | 5.4 | 29.2 |1.185617 0.114758| 1031 | 638.9 | 15.88235 | 13.52941[29.16129.1135
175 1031 | 248 | 100.11 | 60.8 | 56 | 4.8 |58.4| 983.997 | 0.02869991 | 4183.4 | 576.31 [14.20118| | 27 | 32 | 268 | 5 | 29.5 |1.184453|0.114471| 1031 | 590.1 | 14.7929 | 14.49704 [28.62129.2416
125 1031 | 251 | 10011 | 605 | 542 | 6.3 |57.4] 984.524 | 0.02051092 | 4183 | 540.52 |18.80587| | 27 | 318 267 | 4.8 | 29.4 | 118481 [0.115179| 1031 | 570 |14.32836 | 16.56716 | 27.58 | 125.7972
0.75 1031 | 249 | 100.11 | 595 | 502 | 9.3 |54.9|985.7517 | 0.0123215 | 4182 |479.23 [27.92793| | 26.2 | 30.5 | 256 | 4.3 | 28.35 |1.188961 0.11492 | 1031 |509.47 | 12.91291 | 20.42042 | 25.91| 118.727
024 1031 | 250 | 10011 | 60.2 | 39.1 | 21.1 |49.7|988.1795 | 0.00395272 | 4180.3 | 348.65 | 62.05882 | | 26.2 | 29.4 | 25.9 | 3.2 | 27.8 |1.191124|0.115255 | 1031 |380.25 | 9.411765 | 35.73529 | 19.37 | 115.5029





