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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.  
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Introduction 

Aims 

• To illustrate the effects on heat exchanger performance by varying water flow rates for a 

controlled water temperature and air flow.  

• To illustrate the effects on heat exchanger performance by varying air flow rates for a 

controlled water temperature and flow.  

• To illustrate 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.  
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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).  

 

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. 

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



3 
 

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 

𝑸̇ = 𝑼 × 𝑨 × ∆𝑻 

Where 𝑄̇ = Overall Heat Transfer Rate (W), 𝑈 = Heat Transfer Coefficient (W/m2k), 𝐴 = Surface area (m2), 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. 
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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.  

 

 

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. 

Figure 2 - Tecquipment TD1007 Heat Exchanger Equipment 

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

 

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. 

  

Figure 5 - TD1007 Flow Arrangement 
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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 

 

• The water heater tank temperature was set to 60˚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 2.25 L/min (+/- 0.01.) 

• 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 

Table 2 - Experiment 1, Air Data 

Table 3 - Experiment 1, Water Data 
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Experiment 2 - The Effect of Varying Air Flow Rate 

 

• The water heater tank temperature was set to 60˚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 4 - Experiment 2, System Data 

Table 5 - Experiment 2, Air Data 

Table 6 - Experiment 2, Water Data 
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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 

Table 8 - Experiment 3, Air Data 

Table 9 - Experiment 3, Water Data 
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Results 

Experiment 1 - The Effect of Varying Water Flow Rate  

  

  

Table 10 - Experiment 1, Flow Results 

Table 11 - Experiment 1, Air Results 

Table 12 - Experiment 1, Water Results 
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Experiment 2 - The Effect of Varying Air Flow Rate  

Table 13 - Experiment 2, Flow Results 

Table 14 - Experiment 2, Air Results 

Table 15 - Experiment 2, Water Results 
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Experiment 3 - Effect of Varying Temperature (Driving Force)  

  

Table 16 - Experiment 3, Flow Results 

Table 17 - Experiment 3, Air Results 

Table 18 - Experiment 3, Water Results 
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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  

 

 

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 

Figure 6 - Experiment 1, Power Emitted & Absorbed 
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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. 

 

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. 

Figure 8 - Experiment 1, Efficiencies 

Figure 7 - Experiment 1, Heat Transfer Coefficient 
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Experiment 2 - The Effect of Varying Air Flow Rate 

 

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. 

  

Figure 9 - Experiment 2, Power Emitted & Absorbed 
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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. 

 

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.   

Figure 10 - Experiment 2, Efficiencies 

Figure 11 - Experiment 2, Heat Transfer Coefficient 
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Experiment 3 - Effect of Varying Temperature (Driving Force)  

 

 

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 

provide an increased temperature differential with the system surroundings, thus promoting further 

Figure 12 - Experiment 3, Power Emitted & Absorbed 

Figure 13 - Experiment 3, Comparison of Different Initial Water Temperatures 
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heat transfer. When compared directly per figure 13, the overall Power is reduced as expected but 

the trends are consistent.  

 

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. 

Figure 14 - Experiment 3, Efficiencies 

Figure 15 - 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-Gómez, 2006).  
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Appendix 

Equations 
 

Water Density 
 

Equation 2 - Water Density 

𝝆𝒘 =
(𝟗𝟗𝟗.𝟖𝟑𝟗+𝟏𝟔.𝟗𝟓𝟐𝑻−𝟕.𝟗𝟗𝟎×𝟏𝟎−𝟑𝑻𝟐−𝟒𝟔.𝟐𝟒𝟏×𝟏𝟎−𝟔𝑻𝟑+𝟏𝟎𝟓.𝟖𝟒𝟔×𝟏𝟎−𝟗𝑻𝟒−𝟐𝟖𝟏.𝟎𝟑𝟎×𝟏𝟎𝟏𝟐𝑻𝟓)

(𝟏+𝟏𝟔.𝟖𝟖𝟕×𝟏𝟎−𝟑𝑻)
           

 

Air Density 
 

Equation 3 - Air Density 

𝝆𝒂 =
𝑷

𝑹𝑻
 

 

Specific Heat Capacity of Water 
 

Equation 4 - Specific Heat Capacity of Water 

𝑪𝒑𝑾 =  𝟎. 𝟗𝟗𝟔𝟏𝟖𝟓 + 𝟎. 𝟎𝟎𝟎𝟐𝟖𝟕𝟒 (
𝑻 + 𝟏𝟎𝟎

𝟏𝟎𝟎
)

𝟓.𝟐𝟔

+ (𝟎. 𝟎𝟏𝟏𝟏𝟔𝟎 × 𝟏𝟎−𝟎.𝟎𝟑𝟔𝑻) × 𝑪𝒑𝑾@𝟏𝟓° 

 

Mass Flow Rate 
 

Equation 5 - Mass Flow Rate for Water 

𝒎̇𝑾 =
𝑽𝒐𝒍 𝑭𝒍𝒐𝒘 (𝑳𝒎𝒊𝒏)

𝟔𝟎𝟎𝟎𝟎
× 𝝆 

 

Equation 6 - Mass Flow Rate for Air 

𝒎̇𝒂 = 𝑪𝒅 × 𝑨𝒐√∆𝑷 × 𝟐 × 𝝆𝒂 

 

Power Emitted/Absorbed 
 

Equation 7 - Power Emitted/Absorbed 

𝑸 = 𝒎 × 𝑪𝒑 × ∆𝑻̇̇  
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Efficiency 
 

Equation 8 - Efficiency of Water Circuit 

𝜼𝒘 =
𝑻𝒘𝟏−𝑻𝒘𝟐

𝑻𝒘𝟏−𝑻𝒂𝟏
× 𝟏𝟎𝟎    

 

Equation 9 - Efficiency of Air Circuit 

𝜼𝒂 =
𝑻𝒂𝟐−𝑻𝒂𝟏

𝑻𝒘𝟏−𝑻𝒂𝟏
× 𝟏𝟎𝟎      

 

Equation 10 - Mean Temperature Efficiency 

𝜼̅ =
𝜼𝒘 + 𝜼𝒂

2
 

 

Heat Transfer Coefficient 
 

Equation 11 - Logarithmic Mean Temperature Difference 

𝑳𝑴𝑻𝑫 =
(𝑻𝒘𝟐 − 𝑻𝒂𝟐) − (𝑻𝒘𝟏 − 𝑻𝒂𝟏)

𝒍𝒏 (
𝑻𝒘𝟐 − 𝑻𝒂𝟐
𝑻𝒘𝟏 − 𝑻𝒂𝟏

)
 

Equation 12 - Heat Transfer Coefficient 

𝑼 =
𝑸𝒘̇

𝑨 ×𝑳𝑴𝑻𝑫
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Nomenclature           

 

 
Figure 16 - Nomenclature Table (Tecquipment, 2014) 

                                             


