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Abstract

Heat exchangers are used in all aspects of engineering applications as a method of thermal
management. These devices can be in many forms of multiple arrangements according to their
specific requirements. This investigation will explore the performance of a multi-pass cross-flow
water to air heat exchanger, under measured laboratory conditions. The results of which will be
analysed to further understand the relationships between heat transfer and temperature efficiencies
within the system, as well as how different mass flow rates and temperatures affect these

properties.



Contents

LY o1 1 - T PP PPV PRTSPRPRRP i
I o) B =To [V 4T o TS PSUUPPRPPNS iv
R o) N I o L= TP PPTOPPTO v
T agoTe [V AT ] o HUU T T PP PR UPTOPPTO 1
AUIMIS e a e s a e e s et e e s bt e e s bt e e sarae e 1
(0] oY1=t 4 VLT3R 1
LItErature REVIEW ...cco ettt ettt e e st e s st e e s e ne e e e s sre e e e s eaneeeessaneeeeseaneeeesaanee 2
V=1 VoY Fo] o} -V 2SRRI 4
ApParatus CONTIGUIAtION.......ccocciiiie et e e et e e e et e e e e atae e e e asaeeesenseeeesannreeanan 4
TESE PAr@mMEEEIS ...ttt e e s 6
Experiment 1 - The Effect of Varying Water FIOW Rate ........ccueveeiiiiiiciiiiee et 6
Experiment 2 - The Effect of Varying Air FIOW Rate......cceeviviiiiiieiiiiiiciiie et 7
Experiment 3 - Effect of Varying Temperature (Driving FOICe) .......covvueeviieeiiiecciee e 8
RESUIES ..ttt et ettt b e e s bt e sh et s ae e e at e et e e bt e eh e e eheeeat e et e et e e beeabeeeneeenteenteentean 9
Experiment 1 - The Effect of Varying Water FIOW Rate ......cceeeieiiiiiiiciiieeeeeee et 9
Experiment 2 - The Effect of Varying Air FIOW Rate.......ccccccviiiiiiiie i 10
Experiment 3 - Effect of Varying Temperature (Driving FOICe) ......cccvuveiiieviieeeiieeriee e 11

F YT 1Y 13U UPPPR: 12
Experiment 1 - The Effect of Varying Water FIOW Rate ........c.ccooviieeiiciiee et 12
Experiment 2 - The Effect of Varying Air FIOW Rate........ccoccuiiiiiiiie it 14
Experiment 3 - Effect of Varying Temperature (Driving FOICe) ......cccvvvevveeiiieeeiieeciee e esree e 16
VT YT e T oo V=T 0 0 T=T o RPN 18
(6e] 3Tl (D11 To ) H STV R TP PRRPRT 18
REFEIEINCES ...ttt ettt st sttt et e b e s bt e she e s at e e bt e be e bt e sbeesaeesateebeenbeesaeesaneeas 19
Yo 01T o [ SRR 20
o [T 101 K3 PP PP PPUPPPPPPPPPPPPRE 20
AT LT g DT o 1 1 A AP OTPPPPPPPPRPPPRS 20

I 1T 0 ] YN 20
Specific Heat Capacity Of Water.......cuveii ettt e et e e et e e e e are e e e ebeeeeeeanes 20
IMIASS FIOW RATE ..ottt ettt et e s e e s e e e s re e e sar e e sareeeneeesareeeneas 20
PoOWEr EMITEEA/ADSOIDEM ..ottt e et e s et e e s sttt e sssateessssbaeessssraees 20

o8 ol 1T o xRS 21
Heat Transfer CoffiCI@NTt .....cocuui i e e 21

[N\ [o] g g LT o Tol ) (U o I PSSP PP PSP PP 22



List of Figures

Figure 1 - Cross-flow and Counter-flow Systems (Cengel, 2002).........ccccueeeveeeiieeeceeesieeeiee e e eee e 2
Figure 2 - Tecquipment TD1007 Heat Exchanger EQUIpPMeNnt........cooovciieiiiciiee et seieee e 4
Figure 3 - Parallel Flow Arrangement Diagram .......ccoccueeeiiciieeiiiieeeeeiiieeesssiteeessreeeesssrreeessnreeessssseeessnnes 4
Figure 4 - Standard Tecquipment Heat EXchanger UNit ........coooviiiiiiiiiii i 4
Figure 5 - TD1007 FIOW AITanSEMENT ....cciiicuiiiiiiiiieeieiieeeeeitieeesetteeeestteeesssseeeesseseeeesssseaeesssseeeessnseenessnnes 5
Figure 6 - Experiment 1, Power Emitted & AbSOrbed.........ccvviiiiiiiiciiiie e 12
Figure 7 - Experiment 1, Heat Transfer COeffiCient ........cooccuiieeeciiii e 13
Figure 8 - EXperiment 1, EffiCiENCIES ... ..uiiicciiee et et et e e e ear e e e e eanaeeeean 13
Figure 9 - Experiment 2, Power Emitted & ADBSOrbed.........cuvviiiiiiiiiciee e 14
Figure 10 - EXperiment 2, EffiCi@NCIES.....coiv ittt e e e eeeab e e e e saneee e 15
Figure 11 - Experiment 2, Heat Transfer COeffiCient .........cccveeeeciieiieciieeeccee e 15
Figure 12 - Experiment 3, Power Emitted & ADSOrbed..........oooeeiiiiiciiiiieccee e 16
Figure 13 - Experiment 3, Comparison of Different Initial Water Temperatures.......ccccccevevveeerinvennnn. 16
Figure 14 - Experiment 3, EffiCiENCi@S ... .uui ittt sare e 17
Figure 15 - Experiment 3, Heat Transfer Coefficient ........ccccveeieiiiiiicciii e 17
Figure 16 - Nomenclature Table (Tecquipment, 2014)........cccvieiiieecieecree e ecreeeeee e re e eeraeesree s 22

List of Equations

EQUAtioON 1 - HEAt Transter .. ettt et e e et e e e et e e e s bte e e e sbteeessbtaeeesnreaessnnes 3
EQUAtION 2 - Water DENSITY .uviiiiiiiiiiiiiiieeee ettt e s ettt e e e e s s sstabe et e e e e s s ssabbbeeeeessssssssssseaaeeessssnnnssnns 20
o [ TeT e N[l B LY o K 1 PNt 20
Equation 4 - Specific Heat Capacity Of Water .........ooooiiiieeceee ettt et 20
Equation 5 - Mass FIOW Rate fOr Water.........eeiiceiiie ettt et e st e e et e e e e eata e e e eeanaeeaens 20
Equation 6 - Mass FIOW Rate fOr Al ......ooic ittt e ettt e e et e e et e e e e ataeeesentseeeesanseeaens 20
Equation 7 - Power EMitted/ADSOIDEA.........oooiueiieeieee ettt te e e ree e eree e 20
Equation 8 - Efficiency of Water CirCUIT..........oiiiuiiiieeiiie ettt ettt e et e e e eeaareeaean 21
Equation 9 - Efficiency Of Air CIrCUIT ......eeeieiiieeceeeee ettt ettt e et e e e ta e e e s enba e e e eeanreeaean 21
Equation 10 - Mean Temperature EffiCienCY ...t 21
Equation 11 - Logarithmic Mean Temperature Difference......cccovvveeciieeecciieccceeecceee e 21
Equation 12 - Heat Transfer COEffiCiENnt .........eeiuiiie e 21


file:///C:/Users/George/Documents/University/Year%202/Thermodynamics/Assignment/Heat%20Exchanger%20Assignment.docx%23_Toc5560204
file:///C:/Users/George/Documents/University/Year%202/Thermodynamics/Assignment/Heat%20Exchanger%20Assignment.docx%23_Toc5560205
file:///C:/Users/George/Documents/University/Year%202/Thermodynamics/Assignment/Heat%20Exchanger%20Assignment.docx%23_Toc5560206
file:///C:/Users/George/Documents/University/Year%202/Thermodynamics/Assignment/Heat%20Exchanger%20Assignment.docx%23_Toc5560207
file:///C:/Users/George/Documents/University/Year%202/Thermodynamics/Assignment/Heat%20Exchanger%20Assignment.docx%23_Toc5560208
file:///C:/Users/George/Documents/University/Year%202/Thermodynamics/Assignment/Heat%20Exchanger%20Assignment.docx%23_Toc5560209
file:///C:/Users/George/Documents/University/Year%202/Thermodynamics/Assignment/Heat%20Exchanger%20Assignment.docx%23_Toc5560210
file:///C:/Users/George/Documents/University/Year%202/Thermodynamics/Assignment/Heat%20Exchanger%20Assignment.docx%23_Toc5560211
file:///C:/Users/George/Documents/University/Year%202/Thermodynamics/Assignment/Heat%20Exchanger%20Assignment.docx%23_Toc5560212
file:///C:/Users/George/Documents/University/Year%202/Thermodynamics/Assignment/Heat%20Exchanger%20Assignment.docx%23_Toc5560213
file:///C:/Users/George/Documents/University/Year%202/Thermodynamics/Assignment/Heat%20Exchanger%20Assignment.docx%23_Toc5560214
file:///C:/Users/George/Documents/University/Year%202/Thermodynamics/Assignment/Heat%20Exchanger%20Assignment.docx%23_Toc5560215
file:///C:/Users/George/Documents/University/Year%202/Thermodynamics/Assignment/Heat%20Exchanger%20Assignment.docx%23_Toc5560216
file:///C:/Users/George/Documents/University/Year%202/Thermodynamics/Assignment/Heat%20Exchanger%20Assignment.docx%23_Toc5560217
file:///C:/Users/George/Documents/University/Year%202/Thermodynamics/Assignment/Heat%20Exchanger%20Assignment.docx%23_Toc5560218

List of Tables

Table 1 - Experiment 1, SYSTEM Data ....ccccoeviieeeeieietire ettt se e st st st st e e e n e sa et esnane s 6
Table 2 - EXPeriment 1, Air Data .occoccccceieieirece ettt se st et sveste st st st e e s et aebese e seaneese st st see e sennees 6
Table 3 - EXperiment 1, Water DAta ...ttt e ssesteste st e e sesessssesassaseasesee saenees 6
Table 4 - Experiment 2, SYSTEM Data ....cccooeieieceeeinee ettt st st st st st e e s e s b s s s eneene 7
Table 5 - EXPeriment 2, Air DAta ..occoccccceiiieire ettt et st eesveste st st st e e s et aereseeseessese st st seesnssnnnses 7
Table 6 - EXPeriment 2, Water Data ......ccccceieiriece ettt s e sreeteste st s s s sessesaesesssassnsase st snnenen 7
Table 7 - Experiment 3, SYSTEM Data ....ccccccie ettt sttt r et ss et sre st st s s e e s benneans 8
Table 8 - EXPeriment 3, Air DAta ..occocccccieiiieire it sttt esr st eesteste st st st s et aerese e seessaseetesteseesnssnnneas 8
Table 9 - EXPeriment 3, Water DAta ......cccccccireieeiece e cese e eeetett st ee s eaeeteste st e s essessesaesersanssasase st sanenen 8
Table 10 - Experiment 1, FIOW RESUILS ..ottt sttt st st st st e e b s e n e ene 9
Table 11 - EXperiment 1, Air RESUIS ......cocieec ettt sttt ettt sae st st st e e e e n s s s e ene 9
Table 12 - Experiment 1, Water RESUILS ........ccoiuieeieeeeece ettt e st st st e s e e r e r e 9
Table 13 - Experiment 2, FIOW RESUILS .....cc.ovveiiiiieeicietce ettt vttt st s e e e s e n e 10
Table 14 - EXperiment 2, Air RESUIES ......cociieeeeeetet et sttt et et e et ste st st st e e e bena s s aans 10
Table 15 - Experiment 2, Water RESUILS .......ccoiiiieietietereere e ettt st st st s e st s s 10
Table 16 - Experiment 3, FIOW RESUILS .....cc.ocveiiiieiieist ettt vt st st st st e e e 11
Table 17 - EXperiment 3, Air RESUILS ........ocoeeieeeeeee ettt see e st st e et et sn e saeenas 11
Table 18 - Experiment 3, Water RESUILS ......ccooieiiieietreeee e ettt st st st s et s s 11



Introduction

Aims
e Toillustrate the effects on heat exchanger performance by varying water flow rates for a
controlled water temperature and air flow.
e To illustrate the effects on heat exchanger performance by varying air flow rates for a
controlled water temperature and flow.
o Toillustrate the effects on heat exchanger performance by varying the hot water supply

temperature for a controlled water flow.

Objectives
A series of laboratory experiments were carried out in turn, using the Tecquipment TD1007 to
gather representative data. This data was processed using thermodynamic principles and

comparative research to ascertain heat exchanger performance characteristics.



Literature Review

Heat transfer exists where a change in temperature occurs in physical systems. There are three
modes of heat transfer being conduction, convection and radiation. Heat exchangers are one
method of transferring thermal energy between fluids and predominantly use the convection

method (Frank P. Incropera, 2006).

Most modern machines generate heat as a product, or by-product of converting energy to achieve a
desired output. Therefore, heat exchangers are widely used in engineering applications as a form of
thermal management (Cengel, 2002). There are various configurations of heat exchanger design and

the choice of which depends on its specific application requirements (John H Lienhard IV, 2003).

The most common form of heat exchanger within the automotive industry is a variation of the “tube
and shell” type. This recuperative heat exchanger configuration can be further split into three
interaction formats, being parallel-flow, counter-flow and cross-flow. The cross-flow technique is
predominantly used in automotive applications due to relying on ambient air for the cooling fluid in
powertrain systems and the ambient air being the heated fluid in vehicle interior HVAC applications

(Stoakes, 2011).
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Figure 1 - Cross-flow and Counter-flow Systems (Cengel, 2002)

Counter-flow arrangements offer the greatest heat transfer rate per unit surface area due to their
ability to cool the hot circuit outlet to a lower temperature than the cold circuit outlet as highlighted

in figure 1.



In fundamental terms, the rate of heat transfer is a product of the surface area of the heat

exchanger and temperature difference between the hot and cold circuits.

Equation 1 - Heat Transfer

Q=UxAXAT

Where Q = Overall Heat Transfer Rate (W), U = Heat Transfer Coefficient (W/m2k), A = Surface area (m?), T =

Temperature

As the temperature difference is dynamic, it is necessary to substitute this value with the logarithmic
mean temperature difference (LMTD) (equation 11) when considering the overall temperature

difference across hot and cold circuits in a heat exchanger (Kay, 1985)

Various methods can be applied to increase surface area of a heat exchanger. The addition of small
fins is the preferred option in the automotive industry as the cost of production and overall
exchanger dimensions can be reduced for the cross-flow configuration, as opposed to the maximum
reliability strategy mentioned by (Rodriguez, 1997). The most common material used in automotive
heat exchangers is aluminium due to the compromise between cost, corrosion resistance and
relative consequence of failure. However, for optimal heat transfer rates through conduction to the

separating wall, a material with greater thermal conductivity can be used (Tritt, 2004).

The overall efficiency of heat exchangers can also be improved by implementing a multi-pass model,
whereby the cooling, or heating fluid is repetitively passed through the working section as opposed

to a single pass route (Thulukkanam, 2000).

Automotive heat exchangers pose a unique challenge through the range in which they are typically
used. Free convection occurs in the engine coolant heat exchanger whilst the vehicle is static. This
mode of convection is severely limited by natural heat transfer and will be less effective with an
increase in ambient temperatures. Another contributing factor is the low water pump speed at

engine idle, reducing the coolant mass flow rate through the heat exchanger.

Forced convection also occurs in the application of engine coolant heat exchangers, where an
auxiliary fan is used to increase the air mass flow rate where coolant temperatures are increased
whilst stationary or at low speeds (Hucho, 1974). Additional heat transfer also occurs when the
vehicle speed (relative air velocity) is increased. This scenario can also be described as forced
convection from an increased air mass flow rate, with a rise in coolant mass flow rate being applied

through the relative water pump speed.



Methodology

Apparatus Configuration
The Tecquipment TD1007 water to air heat exchanger as illustrated in figure 2 was used for all

practical aspects of this investigation.

Space for optional
Water Temperature Air Temperature VDAS-F Hardware
and flow Display  and flow Display
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SleNaie  Cutiec Dikct Standard 32 tube Heat Exchanger

Figure 2 - Tecquipment TD1007 Heat Exchanger Equipment

The TD1007 was set up with its standard 32 tube heat exchanger unit in the parallel flow
arrangement and remained in this formation for all procedures. The heat exchanger connectivity
was checked in accordance with the supplied mimic sheet before the first test commenced. For
additional context the temperature-controlled water passes through the working section from

bottom to top, per figures 3 and 4. Water flow was adjusted using the hand-controlled valve.

Top
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Figure 3 - Parallel Flow Arrangement Diagram Figure 4 - Standard Tecquipment Heat Exchanger Unit



Interactions between both fluids occur through a controlled forced convection process. Figure 5
demonstrates the governed fluid paths. The application of thermocouples provided representative
temperature readings, both into and out of the fluid paths. The possibility for an intermediary
thermocouple is built into the TD1007, however this option is only available with the system in its

series configuration (Tecquipment, 2014).

Airflow
Inlet
Duct
Water
Flow
‘ e
Airflow |
_ Fan
. \
Outlet =
DUCt Heat
Exchanger

Figure 5 - TD1007 Flow Arrangement

The inlet orifice remained consistent at a calibrated diameter of 0.10011m as displayed in the test
parameters table (tables 1-9). The air was pulled through the inlet duct and accelerated by a
centrifugal fan, before being turned through 90°. From this, it passed through a horizontal duct
before an expansion into the working section. The air then flowed through the perpendicular
upstream and downstream tube bundles of the heat exchanger before being ejected through an

adjustable slide valve positioned in the outlet duct.

All data outputs were manually captured by photographing the water and air temperature/flow
displays simultaneously, as the Tecquipment Versatile Data Acquisition Software (VDAS) was not
available to use on this occasion. Results were compiled from each procedure in Excel for further

analysis.



Test Parameters

The ambient climatic conditions were measured and recorded prior to the first test. It was assumed

that no change in ambient pressure values would occur through the course of the experiment.
The controlled and measured investigation parameters can be observed below.

Experiment 1 - The Effect of Varying Water Flow Rate

e The water heater tank temperature was set to 60°C.
e The Slide valve was adjusted to achieve an orifice pressure drop of 250Pa (+/- 5.)

e The water supply valve was adjusted to achieve a water flow of 2.25 L/min (+/- 0.01.)

e The process was repeated for 1.75L/min, 1.25L/min, 0.75L/min and 0.25L/min water flow

rates with an equalisation period of 6 minutes between recordings.

Table 1 - Experiment 1, System Data

System Data
Ambient Pressure (Bar) | Orifice Diameter (m) | Orifice Area (m?) | Surface Area (m?)
1 1.029 0.10011 0.00787127 155.823
2 1.029 0.10011 0.00787127 155.823
3 1.029 0.10011 0.00787127 155.823
4 1.029 0.10011 0.00787127 155.823
5 1.029 0.10011 0.00787127 155.823

Table 2 - Experiment 1, Air Data

Air Data
Pressure Difference (Pa) | Ambient Air Temp (°C)| Air Temp In (°C) Air Temp Out (°C)

1 249 24.8 252 30.7

2 249 24.9 252 30.5

3 250 25 25.3 30.4

4 248 24.8 25.2 29.8

5 250 25.2 253 28.6

Table 3 - Experiment 1, Water Data

Water Data
Water Flow (L/min) Water Tank Temp (°C) | Water Temp In (°C)| Water Temp Out (°C)

1 2.26 60 60.9 57

2 1.75 60 60.9 55.9

3 1.25 60.1 60.5 53.8
4 0.75 59.8 59.9 50

5 0.25 60.1 60.2 38.7

INDEPENDENT VARIABLE




Experiment 2 - The Effect of Varying Air Flow Rate

e The water heater tank temperature was set to 60°C.

e The Slide valve was adjusted to achieve an orifice pressure drop of 250Pa (+/- 5.)

e The water supply valve was adjusted to achieve a water flow of 0.25 L/min (+/- 0.01.)

e The process was repeated for air flow rates of 200Pa, 150Pa, 100Pa and 50Pa pressure drop

with an equalisation period of 6 minutes between recordings.

Table 4 - Experiment 2, System Data

System Data

Ambient Pressure (Bar) | Orifice Diameter (m) | Orifice Area (m?) Surface Area (m?)
1 1.029 0.10011 0.00787127 0.1558
2 1.029 0.10011 0.00787127 0.1558
3 1.029 0.10011 0.00787127 0.1558
a4 1.029 0.10011 0.00787127 0.1558
5 1.029 0.10011 0.00787127 0.1558
6 1.029 0.10011 0.00787127 0.1558

Table 5 - Experiment 2, Air Data
Air Data

Pressure Difference (Pa) | Ambient Air Temp (°C)| Air Temp In (°C) Air Temp Out (°C)
1 250 25.2 25.3 28.6
2 200 249 25.4 28.7
3 149 25.1 25.6 289
4 99 249 25.7 294
5 50 247 259 30.4
6 25 25 26.4 316

INDEPENDENT VARIABLE

Table 6 - Experiment 2, Water Data
Water Data
Water Flow (L/min) Water Tank Temp (°C) | Water Temp In (°C)| Water Temp Out (°C)

1 0.25 60.1 60.2 38.7
2 0.24 59.9 58.7 384
3 0.24 60.1 58.5 39
4 0.24 60.1 58.8 40
5 0.24 60 59.1 42
6 0.24 60.1 59.6 44




Experiment 3 - Effect of Varying Temperature (Driving Force)

The water heater tank temperature was set to 45°C.

The Slide valve was adjusted to achieve an orifice pressure drop of 250Pa (+/- 5.)

The water supply valve was adjusted to achieve a water flow of 0.25 L/min (+/- 0.01.)

The process was repeated for air flow rates of 200Pa, 150Pa, 100Pa and 50Pa pressure drop

with an equalisation period of 6 minutes between recordings.

Table 7 - Experiment 3, System Data

System Data
Ambient Pressure (Bar) | Orifice Diameter (m) | Orifice Area (m?) | Surface Area (m?)
1 1.029 0.10011 0.00787127 155.823
2 1.029 0.10011 0.00787127 155.823
3 1.029 0.10011 0.00787127 155.823
4 1.029 0.10011 0.00787127 155.823
5 1.029 0.10011 0.00787127 155.823
6 1.029 0.10011 0.00787127 155.823
Table 8 - Experiment 3, Air Data
Air Data
Pressure Difference (Pa) | Ambient Air Temp (°C) | Air Temp In (°C) Air Temp Out (°C)
1 250 24.7 25.3 27.5
2 200 25.3 25.4 27.7
3 149 24.8 255 27.9
4 103 24.7 25.6 28.2
5 50 24.7 25.8 29
6 26 24.7 26.2 29.7
Table 9 - Experiment 3, Water Data
Water Data
Water Tank Temp (°C) Water Flow (L/min) | Water Temp In (°C)|Water Temp Out (°C)
1 45 0.24 48.8 34
2 45.8 0.24 48.5 34.4
3 45 0.24 48.5 34.9
4 449 0.24 48.7 35.6
5 45.7 0.24 48.9 37
6 45.6 0.24 49.1 38.3
INDEPENDENT VARIABLE




Results

Experiment 1 - The Effect of Varying Water Flow Rate

Table 10 - Experiment 1, Flow Results

Flow Results

Logarithmic Mean AT (LMTD) (°C) | Heat Transfer Coefficient (U) [ Mean Temperature Efficiency (%) CEB

1 30.76099935 0.124765766 13.16526611 0.988142836

2 30.25838474 0.125952757 14.42577031 0.958904519

3 28.89960633 0.126303686 16.76136364 0.965351484

4 26.79939043 0.120887421 20.89337176 0.977081714

5 20.00078382 0.117582701 35.53008596 0.969497599

Table 11 - Experiment 1, Air Results
Air Results
A Temp (°C) Average Temp (°C) Density of Air (kg/m?) Mass Flowrate (kg/s) | Spec. Heat Capacity (J/Kg/K) Heat Absorbed (W) Temperature Efficiency (%)
1 55 27.95 1.203101672 0.106910021 1005 590.9451389 15.40616246
2 5.3 27.85 1.202698014 0.106910021 1005 569.4562248 14.84593838
3 5.1 27.85 1.202294627 0.107124484 1005 549.066544 14.48863636
4 4.6 27.5 1.203101672 0.106695126 1005 493.2515669 13.25648415
5 3.3 26.95 1.201488665 0.107124484 1005 355.278352 9.455587393
Table 12 - Experiment 1, Water Results
Water Results
A Temp (°C) Average Temp (°C) Density of Water (kg/m?) Mass Flowrate (kg/s) | Spec. Heat Capacity (J/Kg/K) | Absolute Heat Emitted (W) (-) | Temperature Efficiency (%)

1 -3.9 58.95 973.0833055 0.036652805 4183.652659 598.0361518 10.92436975
2 -5 58.4 973.4119445 0.028391182 4183.42036 593.8612382 14.00560224
3 -6.7 57.15 974.1538443 0.020294872 4182.908836 568.7737092 19.03409091
a4 9.9 54.95 975.4425973 0.012193032 4182.06389 504.8212037 28.53025937
5 -21.5 49.45 978.568367 0.004077368 4180.263105 366.4561445 61.60458453




Experiment 2 - The Effect of Varying Air Flow Rate

Table 13 - Experiment 2, Flow Results

Flow Results
Logarithmic Mean AT (LMTD) (°C) | Heat Transfer Coefficient (U) | Mean Temperature Efficiency (%) CEB
1 20.00078382 117.6000588 35.53008596 0.969497599
2 19.13361202 111.4759945 35.43543544 0.956242335
3 19.30669924 106.1122638 34.65045593 0.85931187
4 19.75973426 99.92517581 35.41033435 0.704301873
5 20.541208 87.38130207 34.09785933 0.63306194
6 21.11989452 77.48342103 31.3253012 0.694368745
Table 14 - Experiment 2, Air Results
Air Results
A Temp (°C) Average Temp (°C) Density of Air (kg/m?) Mass Flowrate (kg/s) | Spec. Heat Capacity (J/Kg/K) | Heat Absorbed (W)| Temperature Efficiency (%)
1 3.3 26.95 1.201488665 0.107124484 1005 B 355.278352 9.455587393
2 3.3 27.05 1.202698014 0.095815052 1005 317.7706184 9.90990991
3 33 27.25 1.201891511 0.082701212 1005 274.2785694 10.03039514
4 4.5 28.15 1.203505601 0.047907526 1005 216.6617853 13.67781155
5 5:2 29 1.202294627 0.023875736 1005 177.0345981 15.90214067
6 5.2 29 1.202294627 0.033875736 1005 177.0345981 15.6626506
Table 15 - Experiment 2, Water Results
Water Results
A Temp (°C) Average Temp (°C) Density of Water (kg/m?) Mass Flowrate (kg/s) | Spec. Heat Capacity (J/Kg/K)| Heat Emitted (W) | Temperature Efficiency (%)
1 -21.5 49.45 978.568367 0.004077368 4180.263105 366.4561445 61.60458453
2 -20.3 48.55 979.0666058 0.003916266 4180.011775 332.3118072 60.96096096
3 -19.5 48.75 978.9562114 0.003915825 4180.066545 319.1839645 59.27051672
4 -18.8 49.4 978.5961456 0.003914385 4180.248815 307.6263085 57.14285714
5 -17.1 50.55 977.9543116 0.003911817 4180.587118 279.6481466 52.29357798
6 -15.6 51.8 977.2497515 0.003908999 4180.97747 2549576137 46.98795181
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Experiment 3 - Effect of Varying Temperature (Driving Force)

Table 16 - Experiment 3, Flow Results

Flow Results
Logarithmic Mean AT (LMTD) (°C) | Heat Transfer Coefficient (U)| Mean Temperature Efficiency (%) CEB

1 13.2275313 0.117959966 36.17021277 0.974164929

2 13.25011516 0.112186482 35.4978355 0.956171709

3 13.45007927 0.106586422 34.7826087 0.892957702

4 13.79186006 0.10010145 33.98268398 0.835183661

5 14.24002931 0.088035395 32.68398268 0.788714856

6 14.60115306 0.077892851 31.22270742 0.686364992

Table 17 - Experiment 3, Air Results
Air Results
A Temp (°C) Average Temp (°C) Density of Air (kg/m?) Mass Flowrate (kg/s) Spec. Heat Capacity (J/Kg/K) Heat Absorbed (W) Temperature Efficiency (%)
1 2.2 26.4 1.203505601 0.107124484 1005 236.8522347 9.361702128
2 2.3 26.55 1.201086089 0.095815052 1005 221.4764916 9.956709957
3 2.4 26.7 1.203101672 0.082701212 1005 199.4753232 10.43478261
4 2.6 26.9 1.203505601 0.068760235 1005 179.670494 11.25541126
5 3.2 27.4 1.203505601 0.047907526 1005 154.0706029 13.85281385
6 3.5 27.95 1.203505601 0.034546608 1006 121.6386072 15.28384279
Table 18 - Experiment 3, Water Results
Water Results
A Temp (°C) Average Temp (°C) Density of Water (kg/m?3) Mass Flowrate (kg/s) Spec. Heat Capacity (J/Kg/K) Heat Emitted (W) Temperature Efficiency (%)

1 -14.8 41.4 982.889428 0.003931558 4178.482867 243.1336088 62.9787234
2 -14.1 41.45 982.8635417 0.003931454 4178.490471 231.6283672 61.03896104
3 -13.6 41.7 982.7339288 0.003930936 4178.529187 223.3872028 59.13043478
4 -13.1 42.15 982.4998664 0.003929999 4178.601786 215.1269265 56.70995671
5 -11.9 42.95 982.0813516 0.003928325 4178.739934 195.343858 51.51515152
6 -10.8 43.7 981.6862092 0.003926745 4178.879781 177.2214617 47.16157205
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Analysis

This section will examine all findings for each test procedure (as described in methodology and
illustrated in results). All values for power are considered as absolute for comparative measures.
These otherwise negative values are incorporated only as part of the sign convention within

thermodynamics to indicate a transfer of energy is occurring.

Experiment 1 - The Effect of Varying Water Flow Rate

Power Emitted & Absorbed against Water Mass Flow Rate
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Figure 6 - Experiment 1, Power Emitted & Absorbed

Figure 6 demonstrates an increase in heat transfer with water mass flow rate. The percentage
difference of the region between the power emitted and power absorbed is 2.91%. This indicates
some energy loss to surroundings, as expected with any non-ideal system. Some potential errors
may also be caused by inaccurate thermocouples. The maximum heat transfer rate is expected to
occur with an increased water mass flow rate, as the power emitted/absorbed both begin to

plateau. This theory Is further supported by the decreasing mean temperature efficiency in figure 8.

Figure 8 also illustrates a rapid decrease in water temperature efficiency as the mass flow rate of
water is increased. This is due to an increase in power emitted from the water circuit as more heat

can be transferred to the cooler air within the same time interval. The increase in air temperature

12



efficiency is considerably smaller than the decrease in water temperature efficiency as the air mass

flow rate remains constant whilst the water mass flow rate increases.

Efficiency against Water Mass Flow Rate
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Figure 8 - Experiment 1, Efficiencies

Overall Heat Transfer Coefficient against Water Mass Flow Rate
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Figure 7 - Experiment 1, Heat Transfer Coefficient

The curve in figure 7 shows a general increase in heat transfer coefficient as the water mass flow
rate is increased. Initial results were used to calculate the overall heat transfer coefficients, with any
small variations being exaggerated through the application of equation 12. It would be

recommended to repeat this experiment to gain improved accuracy as small errors are present.
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Experiment 2 - The Effect of Varying Air Flow Rate

Power Emitted & Absorbed against Air Mass Flow
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Figure 9 - Experiment 2, Power Emitted & Absorbed

Figure 9 shows an increase in power absorbed with an increased air mass flow rate in a linear

fashion. Large difference between emitted and absorbed power at low air mass flow rate indicates

much greater heat losses are present in the system. As the air mass flow rate is increased, the losses

are reduced. It is expected that the heat transfer would increase further at greater air mass flow

rates.
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Efficiency against Air Mass Flow Rate

70
=@ \//ater Temperature Efficiency

. Mean Temperature Efficiency
60 .

& =@ Air Temperature Efficiency

50

Efficiciency (%)
=
o

w
=]

20

10 —

0.107124484 0.095815052 0.082701212 0.0472907526 0.033875736 0.033875736
Air Mass Flow Rate (kg/s)

Figure 10 - Experiment 2, Efficiencies
The mean temperature efficiency displayed in figure 10 suggests a stable efficiency of approximately

35% is achieved from an air mass flow rate of 0.083kg/s onwards. It is evident that a larger mean

efficiency can be maintain by increasing the air mass flow rate over the water mass flow rate.

Heat Transfer Coefficient against Air Mass Flow Rate
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Figure 11 - Experiment 2, Heat Transfer Coefficient

The trend in figure 11 indicates an increase in overall heat transfer coefficient per increase of air
mass flow rate. This trend is linear at the highest tested values which indicates a predicted further

increase if extrapolated.
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Experiment 3 - Effect of Varying Temperature (Driving Force)
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Figure 12 - Experiment 3, Power Emitted & Absorbed

By varying the initial temperature to a reduced 45°C, whilst maintaining the air mass flow rate
increases from experiment 2, it can be seen in figure 12 that a similar trend occurs as previously,
except with a reduction in losses to surroundings at a lower flow rate. This indicates a possible link

to losses from initial temperatures. This appears logical as an increased water temperature would

0.107

provide an increased temperature differential with the system surroundings, thus promoting further
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Figure 13 - Experiment 3, Comparison of Different Initial Water Temperatures

16



heat transfer. When compared directly per figure 13, the overall Power is reduced as expected but

the trends are consistent.
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Experiment 3, Efficiencies

The efficiency of the system is not affected by the change in initial water temperature, as illustrated

in figure 14. A similar heat transfer coefficient curve is also produced from a reduction in water

temperature figure 15.
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Experiment 3, Heat Transfer Coefficient
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Further Improvements

Some potential measuring errors occurred through the three test procedures. These errors could be
mitigated by calibrating the thermocouples, repeating the entire experimental procedure and

increasing the equilibrium time given for each reading.

An additional investigation could be carried out to account for the losses observed in each power
emitted/absorbed graph. It is understood that a portion of these losses are transferred into the
system surroundings, however, an exact measurement of this would be beneficial to demonstrate all

modes of heat transfer taking place.

Conclusion

The experiments confirm the fundamental theories outlined previously, following conventional
thermodynamic principles. An increase in water mass flow rate results in peak in power being
reached at around 0.04kg/s, whereas an increase in air mass flow rate at a constant water rate
produces a linear rise in power with no obvious limit observed. A higher initial water temperature
improves the magnitude of power; however, this has no effect on the overall system efficiency or
heat transfer coefficient. The greatest loss to surroundings (or potential measuring errors) occur

with varying air mass flow rates at a higher initial water temperature.

The maximum heat transfer from all experiments is achieved at the highest water mass flow rate.
This is most likely due to a turbulent flow regime within the tube bundles, causing an agitated flow.
The heat transfer appears to be reduced during lower water mass flow rates (laminar flow). This is a
result of the build-up of a boundary layer on the outermost region of the pipe. This boundary layer
experiences skin friction and acts as an insulating blanket for the faster moving inner section, thus

reducing heat transfer (Beckers, 1956).

The results are in line with those expected from a theoretical multi-pass cross-flow heat exchanger

(Luben Cabezas-Gdmez, 2006).
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Appendix

Equations

Water Density

Equation 2 - Water Density

_(999.839+16.952T-7.990x107372-46.241x107°T3+105.846x10~°T*-281.030x101%T5)

w (1+16.887x1073T)

Air Density

Equation 3 - Air Density

P

Pa=RT

Specific Heat Capacity of Water

Equation 4 - Specific Heat Capacity of Water

T + 100\°2¢

Mass Flow Rate

Equation 5 - Mass Flow Rate for Water

_ Vol Flow (Lmin)
B 60000

my

Equation 6 - Mass Flow Rate for Air
m, =Cy X Ay /AP X 2 X p,
Power Emitted/Absorbed

Equation 7 - Power Emitted/Absorbed

Q = mx Cp X AT

) +(0.011160 x 107%036T) x C,,, @15°
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Efficiency

Equation 8 - Efficiency of Water Circuit

Twi—Tw2
=—">x100
nw Twi—Ta1

Equation 9 - Efficiency of Air Circuit

Ta2-T,
0 =21 % 100
Twi1i—Ta1

Equation 10 - Mean Temperature Efficiency

Nw + Ma

n= )

Heat Transfer Coefficient

Equation 11 - Logarithmic Mean Temperature Difference

(TWZ - TaZ) - (Twl - Tal)
T,, —T
In ( w2 aZ)

wl — Tal

LMTD =

Equation 12 - Heat Transfer Coefficient

. Qw
U= A XLMTD
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Nomenclature

Symbol Definition Units
A Heat Transfer Area m?2
AO QOrifice Area m2
C Heat capacity JK!
C, Coefficient of discharge (orifice) -
cp and CpA and CpW Specific Heat Capacity, of air and water at Constant l-k9’1K'1
Pressure (atmospheric pressure for air)

LMTD Logarithmic Mean Temperature Difference K or °C where shown
pand pa and py Density, of air and water kg.m'3
n Overall Efficiency %

o
Crp Energy Balance Coefficient -
Tis and Ty Mean Temperature Efficiencies %
Ap Orifice pressure drop Pa
(0] Heat energy transferred for a unit mass j.kg"

: Heat energy transferred for a unit time w

0 (neat transfer rate - or power)

- : Heat energy (power) absorbed by the air and emitted | W
0,4 and Oy, by the water in a unit time
R Specific gas constant for dry air 287 )/kg.K
T, Tw Ty Temperature, of water and air K or °C where shown
AT Change in Temperature K or °C where shown
T Mean Temperature K or °C where shown
U Heat Transfer Coefficient w.m=2k-!
My and it Mass Flow Rate (hot water circuit and air circuit) kg.s“

Figure 16 - Nomenclature Table (Tecquipment, 2014)
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