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1. [bookmark: _Toc38878730]Introduction
A heat exchanger, according to the definition in Fundamentals of Heat Exchanger Design(Shah and Sekulic, 2003,p1) is a device that is used to transfer thermal energy (enthalpy) between two or more fluids, between a solid surface and a fluid, or between solid particulates and a fluid, at different temperatures and in thermal contact. Heat exchangers are used in a wide range of industries for both heating and cooling processes, including automotive heat exchangers (typically as car radiator), brewery heat exchangers, marine heat exchangers, chemical heat exchangers, refrigerator heat exchanger and so on. In most cases, the fluids are separated by a heat transfer surface, which means the heat transfers from one fluid into a wall and then moves out of the wall and into another fluid. Such heat exchangers are referred to as recuperators. In contrast, if the heat from one fluid is first stored in a thermal medium and later on (in the next cycle) gets into the other fluid, such are referred to as regenerators. Conventionally, heat exchangers are categorized into different types according to construction features and flow arrangements. Plate-type, tubular, extended surface and regenerative exchangers are the four primary construction types. As for flow arrangements, heat exchangers can be simply divided into parallelflow exchanger, counterflow exchanger and crossflow exchanger. Besides, heat exchangers can also be classified based on the transfer process, heat transfer mechanisms, degree of surface compactness and number of fluids. All of these classifications are summarized in figure 1(Shah, 1986).
[image: ]
Figure 1‑1 Classifications of heat exchangers
The heat exchanger(TECQUIPMENT) used in this experiment is TD1007 water to air standard 32 tube heat exchanger shown as below.
[image: ]
Figure 1‑2 TD007 heat exchanger
[image: ]
Figure 1‑3 flow path

This heat exchanger has two ‘tube bundles’ of 16 tubes. The heated water path loops through the tubes from bottom to top across the working section and air passes through the tube bundles at right angle, creating cross flow heat exchanger.
2. [bookmark: _Toc38878731]Heat transfer mode
Forced convection is the major mode of heat transfer in most heat exchangers, including the one in this report.
The convection heat transfer is a complex combination of convection and advection. The former one exists within and near the wall. In the direction of flow, heat in the fluid particles at one cross section transfers to the fluid particles in another. Also, in the perpendicular direction, the heat transfers between adjacent fluid particles in the direction of a negative temperature gradient. The latter one presents the energy transport due solely due to bulk motion.
To describe the complex convection in heat exchangers, heat transfer coefficient h is introducing as a proportionality factor in Newton’s law of cooling:

[bookmark: MTBlankEqn]		

Where A is the mean heat transfer area,  is the mean temperature difference between the fluid and wall, Q is the heat transfer rate. Therefore, the complicate heat transfer phenomena are all lumped into one number, dependent on many variables such as phase condition, flow regime, fluid physical properties and so on. The h can also be interpreted as an indication of the heat transfer resistance.
Most heat transfer between the fluid and solid surface occurs in a region close to the surface called temperature boundary layer. Figure 2.1 shows the temperature boundary layer profile of an internal laminar flow(Shah and Sekulic, 2003,p429)
[image: ]
Figure 2‑1 Laminar temperature boundary layer development in a tube
The heat transfer rate across the boundary layer in the figure above is 

		



Where  is the thickness of the temperature boundary layer, also referred to as the heat transfer resistance,  is the fluid thermal conductivity.  is the bulk temperature. And as mentioned above, 

		
The boundary layer thickness and its growth rate are dependent on the Reynolds number and fluid Prandtl number, the latter one is defined as the ratio of momentum diffusivity to the thermal diffusivity of the fluid:

		


Where  is the viscosity,  is the specific heat capacity. The Prandtl number is completely a fluid property modulus: 0.2 to 1 for gases, 1 to 13 for water. To conveniently describe the relationship between the heat transfer coefficient and Prandtl number, a dimensionless representation of h, Nusselt Number, is introduced. It is defined as the ratio of the convective conductance h to the pure molecular thermal conductance k/l,

		

 Where l is the significant length (diameter for pipes).
 According to experimental data, the equation (Marotin, 2020) to determine the heat transfer coefficient for a fluid can be expressed as below:

		
   The former one is applicable for cooling a fluid in forced turbulent flow inside a circular tube, which is the state of the water in this experiment. The latter one is applicable for heating or cooling of a forced fluid in cross-flow over the outside of a tube, which is the state of the air in this experiment.
   All the equations above are calculated from the heat transfer between the fluid and the wall. The heat transfer rate can also be generated from the enthalpy change inside one fluid:

		


  Where is the mass flow rate, is the temperature difference between the outlet temperature and inlet temperature. The Q in the equation (2.1) and (2.7) are equal for the same fluid. 
3. [bookmark: _Toc38878732]Experiment demonstration and data collection
[bookmark: _Toc38878733]The target of the experiments
There are three experiments in total. The first one aims to study the effect of the water flow rate on the performance of the heat exchanger for a given fixed air flow and water temperature. The second one is to investigate the influence of the air flow rate for a given water flow and temperature. The final one is to research the effect of the inlet water temperature, or the driving force of the heat transfer (water is the hotter fluid). Some symbols are interpreted as below for simplicity.
	symbol
	definition
	units

	

	Water temperature, air temperature
	[bookmark: OLE_LINK1]°C

	

	Inlet temperature, outlet temperature, room temperature
	°C





Experiment 3 and experiment 2 procedures are entirely identical except running with different . As both experiment 1 and 2 are run with  of 60°C, but experiment 3 is at 45℃, the order of the experiments is set to 3, 2,1 to save time.
[bookmark: _Toc38878734]Experiment procedure
[bookmark: _Toc38878735]Experiment 3
1. Connect the flow path as parallel flow as shown in figure 1.2 and set a heater tank temperature of 45℃. Water enters the bottom of the heat exchanger and exits from the top as shown below.
[image: ]
Figure 3‑1 heat exchanger connections
2. Switch on the fan and use the slide valve to set the air flow to give an orifice pressure drop of 250Pa (+/-5 Pa).
3. Switch on the pump and use hand operated water supply valve to set the water flow to 0.25L/minute (+/-0.01 L/minute)
4. 
Record all the readings of  after five minutes.
5. [bookmark: OLE_LINK2]Repeat the procedure 2-4 for orifice pressure drop of 200Pa, 150Pa, 100Pa, 50Pa, 25Pa respectively.
[bookmark: _Toc38878736]Experiment 2
Change the temperature in procedure 1 of experiment 1 to 60℃, then repeat experiment 3.
[bookmark: _Toc38878737]Experiment 1
1. Repeat experiment 3.
2. Repeat experiment 3.
3. Switch on the fan and use the hand operated water supply valve to set the water flow to 1.75L/minute (+/-0.01 L/minute)
4. Repeat experiment 3.
5. Repeat the procedure 2-4 for water flow of 1.5, 1.25, 1, 0.75 respectively. As the water flow is unable to reach 2L/min, only five groups of data are collected.

All the experiment results are shown in the table in appendix.
4. [bookmark: _Toc38878738]Theoretical analysis method and data processing
[bookmark: _Toc38878739]Assumptions
Several assumptions are necessary before analysis:
1. Wall thermal resistance is distributed uniformly in the entire exchanger.
2. Longitudinal heat conduction in the fluids and in the wall is negligible. In other words, only advection is taken into account.
3. The individual and overall heat transfer coefficients are constant throughout the exchanger in a complete heat transfer procedure.
[bookmark: _Toc38878740]Analysis method

There are many kinds of analysis method about the heat transfer process such as  and P-P method. In this paper, the former two methods are used.
[bookmark: _Toc38878741]ε-NTU method
In the ε-NTU method, the heat transfer rate is expressed as 

		




Where ε is the heat exchanger effectiveness,  in the minimum heat capacity rate(the product of specific heat capacity and mass flow rate) of  and,  is the fluid inlet temperature difference.

Effectiveness ε(Shah and Sekulic, 2003)114 is defined as a ratio of the actual heat transfer rate from the hot fluid to the cold fluid to the maximum possible heat transfer rate  thermodynamically permitted:

		
Consider a heat exchanger having infinite surface area. Ideally, an overall energy balance for the two fluids is

		




If we assume <, then the temperature drop on the hot fluid side will be higher. And in a heat exchanger with infinite heat transfer area, the hot fluid outlet temperature will approach the cool fluid inlet temperature, resulting in . Hence, we get  as

		
More generally, we can get

		
Then based on equation (2.7), (4.2), (4.3) and (4.5), the exchanger effectiveness valid for all flow arrangements of the two fluids is given by

		
  An alternative expression of ε from equation (2.1) and (4.5) is 

		

Where U is the overall heat transfer coefficient,  is the mean temperature difference between fluids. 
In the next analysis of this paper, another method MTD (mean temperature difference) is also used to calculate the overall heat transfer coefficient, which is a measure of how well the heat exchanger works. 

		

Where q is the heat emitted by the hot fluid and  is the log-mean temperature difference and defined as

		
Then NTU (Number of transfer units) is defined as a ratio of the overall thermal conductance to the smaller heat capacity rate:

		
The significance of the NTU is not discussed in this paper.
[bookmark: _Toc38878742]P-NTU method
In the P-NTU method, the heat transfer rate is expressed as

		


Where P is the temperature effectiveness for fluid 1 or 2, C is the specific heat capacity rate and  is the inlet temperature difference. From what discussed above, the ε-NTU method has two formulas depending on which fluid is the  side. To avoid possible errors, R (heat capacity rate ratio) is introduced:


		
Then we can get

		
Now though there are still two formulas, each of the formulae can cover the transfer process completely.
[bookmark: _Toc38878743]Data processing






As introduced in the third chapter, five values () are collected. is the room temperature and keeps constant in this experiment so it will not be discussed more in the following part. Both of the specific capacity() and density() of fluids are affected by the temperature(the influence is quite small when the temperature do not change acutely). To determine the accurate value of  and , the mean temperature is needed,

		
The density can be generated by

		



The  of air can be regarded as constant of , the  of water can be calculated by the following equation:

		


=
Then the flow rate needs to be converted to mass flow rate.

		


Where is the coefficient of discharge and equals 0.6. is the orifice area.
Now the heat rate emitted by the water and absorbed by the air can be generated:

		
Next, the temperature efficiency of this heat exchanger can be calculated:

		

Where is the mean temperature efficiency.
Finally, the log-mean temperature difference and the overall heat transfer coefficient can be generated:

		
5. [bookmark: _Toc38878744]Result analysis
[bookmark: _Toc38878745]Experiment 1

Figure 5‑1 heat power result of Exp1

Both the water and air heat transfer rate increase as the water mass flow rate increases. Ideally, both the total energy of the whole system and hear transfer rate are constant. The pump does work to the flow to keep it moving. As the water flows through a pipe, there is part of the energy provided by the pump transferred to heat due to the friction force between the fluid and wall. The heat is absorbed by the system. As a result, the total energy of the system increases as time goes by. The faster the fluid flows, the faster the system absorbs the heat. Besides, though the total mass of water involved in the heat transfer increases as the mass flow rate augments, the time for each unit mass of water contact with the wall decreases as well. Therefore, the heat transfer rate increases slowly. And according to the trend, the heat transfer rate will not be affected as the flow rate increases to some certain value. The heat emitted from the water and absorbed by the air give similar values, indicating that this heat exchanger has a good energy balance.

Figure 5‑2 temperature efficiency result of Exp1
As the graph above shows, the temperature efficiency of water decreases with water flow rate while air efficiency increases with water flow rate. As the water flow rate increases, the heat transfer rate increases. From equation (4.11), the air temperature efficiency increases, resulting in that the outlet air temperature rises. From the conservation of energy, the water outlet temperature rises as well. Therefore, the water temperature efficiency decreases. From another perspective, there is more water involved in the heat transfer, then each unit of water offers less heat. As a result, the temperature difference decreases. As the water temperature changes more than the air, the mean temperature efficiency decreases as well.

Figure 5‑3 Overall U result of Exp1
The overall heat transfer coefficient U, with negligible wall thermal resistance and fouling resistance, is given as 

		

As the mass flow rate increases, the velocity increases. From equation (2.5) and (2.6), the heat transfer coefficient of water increases. Then according to the equation above, the overall heat transfer coefficient is supposed to rise with water flow, which is contradictory with the result above. After analysing the original data, a possible reason is that the time interval between the 1.5 and 1.25 is not enough to stabilize the temperature, leading to a higher temperature recording than the actual temperature. The new result is shown as below when the temperature corresponding to the 1.25L/min is modified to 0.2℃ less.

Figure 5‑4 New U result after modifying data
The graph above looks more reasonable. Also, it suggests that once the water flow rate exceeds a specific value, the increaser of the flow rate will not improve the heat exchanger.
[bookmark: _Toc38878746]Experiment 2

Figure 5‑5 heat transfer rate result of Exp2
	 
Similarly, the heat transfer rate increases with the air flow rate. At the beginning, due to the low flow rate of water and air, part of the energy lost into the surroundings.
As the air flow increases, the loss is less and less. A large flow rate contributes a lot to the energy balance of the heat exchanger. And the heat exchange rate has more growth with air flow rate than water. A possible reason is the low water flow rate in this experiment.

Figure 5‑6 temperature efficiency result of Exp2

The temperature efficiency is nearly identical to the changing rule in experiment 1. Still, the water temperature efficiency changes more than air flow, increasing the mean temperature efficiency.

Figure 5‑7 absolute U result of Exp2
Compared to the experiment 1, the result of the overall heat coefficient is analogous to the change of the heat transfer rate. The effect of the air flow rate on the performance of the heat exchanger is greater than the water flow.
[bookmark: _Toc38878747]Experiment 3

Figure 5‑8 heat transfer rate result of Exp3
Basically, the trend of the curve is the same as the one of experiment 2. The difference lies in that the complete balance point arrives sooner than experiment 2, which means that the heat exchanger is easier to reach a high energy balance at a lower water inlet temperature.

Figure 5‑9 heat absorbed comparison of 45 and 60 ℃
The figure above shows that the heat exchanger has a greater heat transfer rate with a higher maximum temperature of the fluids. It is easily understood that the molecules move faster at a higher temperature. It may also be the reason that the heat exchanger lost less at a lower temperature.

Figure 5‑10 temperature efficiency result of Exp3
By comparing figure 5-10 and 5-6, it is evident that the hotter fluid inlet temperature has no relation with the temperature efficiency.



Figure 5‑11 U comparison of 45 and 60 ℃
The conclusion is identical with the temperature efficiency. The hot fluid inlet temperature does not influence the overall heat transfer coefficient of the heat exchanger.
6. [bookmark: _Toc38878748]Deficiencies
This paper does not explain the reason why heat transfer rate changes with the flow rate quantitatively. Besides, the change of the overall heat transfer does not follow the equation (5-1) in experiment 1, but the reason is still unknown.
As for the experiment, experiment 3 needs more control groups to understand the effect of the hotter fluid inlet temperature deeply. The conclusion in this paper lacks credibility due to limited data. Another improvement is that if the experiment process can be shot as videos, it will be helpful to find the reason of the misplaced data.
7. [bookmark: _Toc38878749]Appendix
[image: ]
Figure 7‑1 Data of experiment 1
[image: ]
Figure 7‑2 Data of experiment 2
[image: ]
Figure 7‑3 Data of experiment 3
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absolute  heat emitted	2.9092772644783525E-2	2.4938387726075015E-2	2.0784505103113176E-2	1.6629817758432645E-2	1.2474603101436199E-2	608.54258306184795	615.51236582937725	565.11340050796912	549.49055367168307	521.70277849335412	 heat absorbed	2.9092772644783525E-2	2.4938387726075015E-2	2.0784505103113176E-2	1.6629817758432645E-2	1.2474603101436199E-2	596.04013454598737	584.52932567039068	561.79306339861921	538.8627342803079	504.59292276414095	water mass flow rate(kg/s)


hear transfer rate(W)




temperature efficiency of water	2.9092772644783525E-2	2.4938387726075015E-2	2.0784505103113176E-2	1.6629817758432645E-2	1.2474603101436199E-2	14.164305949008499	16.76136363636363	18.678160919540232	22.898550724637676	29.154518950437318	tempetature efficiency of air	2.9092772644783525E-2	2.4938387726075015E-2	2.0784505103113176E-2	1.6629817758432645E-2	1.2474603101436199E-2	14.730878186968837	14.488636363636356	14.080459770114951	13.623188405797098	12.827988338192418	mean temperature efficiency	2.9092772644783525E-2	2.4938387726075015E-2	2.0784505103113176E-2	1.6629817758432645E-2	1.2474603101436199E-2	14.447592067988669	15.624999999999993	16.379310344827591	18.260869565217387	20.991253644314867	water mass flow rate(kg/s)


temperature efficiency(%)




absolute U	2.9092772644783525E-2	2.4938387726075015E-2	2.0784505103113176E-2	1.6629817758432645E-2	1.2474603101436199E-2	130.58610879337073	134.57139195148375	126.27692804754467	127.21256827350412	126.59943299399021	water mass flow rate(kg/s)


absolute  overall heat transfer coefficient(w/m²/k)



absolute U	2.9092772644783525E-2	2.4938387726075015E-2	2.0784815835579687E-2	1.6629817758432645E-2	1.2474603101436199E-2	130.58610879337073	134.57139195148375	130.68550721355905	127.21256827350412	126.59943299399021	water mass flow rate(kg/s)


absolute overall heat transfer coefficient(w/m²/k)



absolute  heat emitted	0.11435687870014734	0.10224126750517219	8.8514030297014448E-2	7.2229302667688594E-2	5.0989059816415751E-2	3.6012928147346565E-2	363.60012194795291	346.18232827800477	342.69112039425266	325.28256558369571	292.21101699682777	281.76195198150577	 heat absorbed	0.11435687870014734	0.10224126750517219	8.8514030297014448E-2	7.2229302667688594E-2	5.0989059816415751E-2	3.6012928147346565E-2	321.80025666221468	318.5326689123641	293.55678148004847	275.84370688790256	225.47362250819037	188.20356249803311	air flow rate(kg/s)


heat transfer rate(W)




temperature efficiency of water	0.11435687870014734	0.10224126750517219	8.8514030297014448E-2	7.2229302667688594E-2	5.0989059816415751E-2	3.6012928147346565E-2	64.705882352941174	60.486322188449847	58.982035928143702	55.654761904761905	50.299401197604801	48.071216617210681	tempetature efficiency of air	0.11435687870014734	0.10224126750517219	8.8514030297014448E-2	7.2229302667688594E-2	5.0989059816415751E-2	3.6012928147346565E-2	8.6687306501548012	9.4224924012158091	9.8802395209580869	11.309523809523801	13.173652694610771	15.43026706231454	mean temperature efficiency	0.11435687870014734	0.10224126750517219	8.8514030297014448E-2	7.2229302667688594E-2	5.0989059816415751E-2	3.6012928147346565E-2	36.687306501547987	34.954407294832826	34.431137724550894	33.482142857142854	31.736526946107787	31.750741839762611	air flow rate(kg/s)


temperature efficiency(%)




absolute U	0.11435687870014734	0.10224126750517219	8.8514030297014448E-2	7.2229302667688594E-2	5.0989059816415751E-2	3.6012928147346565E-2	130.30713106718059	116.01927737837343	111.5797557840397	102.77471853419033	89.099336447916187	85.176139396820503	air flow rate(kg/s)


absolute overall heat transfer coefficient(w/m²/k)



absolute  heat emitted	0.11435687870014734	0.10224126750517219	8.8514030297014448E-2	7.2229302667688594E-2	5.0989059816415751E-2	3.6012928147346565E-2	255.80886864011504	243.62688366176184	229.7064985275307	233.17757882309988	203.58574011820536	186.17787770968999	 heat absorbed	0.11435687870014734	0.10224126750517219	8.8514030297014448E-2	7.2229302667688594E-2	5.0989059816415751E-2	3.6012928147346565E-2	253.054236541666	236.56741512944635	213.72738879672661	196.2392567012547	164.28077321462095	134.12505793141574	air flow rate(kg/s)


heat tranfer rate(W)




heat absorbed at 60℃	0.11435687870014734	0.10224126750517219	8.8514030297014448E-2	7.2229302667688594E-2	5.0989059816415751E-2	3.6012928147346565E-2	321.80025666221468	318.5326689123641	293.55678148004847	275.84370688790256	225.47362250819037	188.20356249803311	heat absorbed at 45 ℃	0.11435687870014734	0.10224126750517219	8.8514030297014448E-2	7.2229302667688594E-2	5.0989059816415751E-2	3.6012928147346565E-2	253.054236541666	236.56741512944635	213.72738879672661	196.2392567012547	164.28077321462095	134.12505793141574	air flow rate(kg/s)


heat transfer rate(W)




temperature efficiency of water	0.11445239101839262	0.10234367948494322	8.8610028522689357E-2	7.231960814492519E-2	5.1082329979670708E-2	3.6069667320536673E-2	61.764705882352935	59.82905982905983	57.894736842105274	56.779661016949149	50.214592274678125	46.521739130434767	tempetature efficiency of air	0.11445239101839262	0.10234367948494322	8.8610028522689357E-2	7.231960814492519E-2	5.1082329979670708E-2	3.6069667320536673E-2	9.243697478991594	9.8290598290598314	10.526315789473678	11.440677966101706	13.733905579399138	16.086956521739143	mean temperature efficiency	0.11445239101839262	0.10234367948494322	8.8610028522689357E-2	7.231960814492519E-2	5.1082329979670708E-2	3.6069667320536673E-2	35.504201680672267	34.82905982905983	34.21052631578948	34.110169491525426	31.97424892703863	31.304347826086953	air flow rate(kg/s)


temperature efficiency(%)




U at 45 ℃	0.11445239101839262	0.10234367948494322	8.8610028522689357E-2	7.231960814492519E-2	5.1082329979670708E-2	3.6069667320536673E-2	120.29281026410857	114.41421210830532	108.94061014794467	106.56345788142524	89.472211259176433	81.634725054345097	U at 60 ℃	0.11445239101839262	0.10234367948494322	8.8610028522689357E-2	7.231960814492519E-2	5.1082329979670708E-2	3.6069667320536673E-2	130.30713106718059	116.01927737837343	111.5797557840397	102.77471853419033	89.099336447916187	85.176139396820503	air flow rate(kg/s)


absolute overall heat transfer coefficient(w/)
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