



[bookmark: _Toc39366623]Abstract
This paper provides a brief investigation into forced induction techniques and is made up of two distinct parts: 
Firstly, the analysis of traditional, Roots-style, positive displacement supercharging in comparison to the currently popular turbo-supercharging method of forced induction. Secondly, the development of a methodology to carry out thermodynamic analysis on heat exchanger systems associated with automotive forced induction is presented.
This comparison/analysis was carried out on a family of positive displacement superchargers (Eaton 5th generation “M-series”), and a selection of turbo-superchargers (Mitsubishi Heavy Industries, TD series) of comparable performance. The work  comprised of analysis/calculation related to the “isentropic compressor efficiency”, air flow performance and thermodynamic characteristics of each method of supercharging using Excel and MATLAB.  
The analysis of the heat exchanger was carried out through the use of computational fluid dynamics in Solidworks 2019 Flow Simulation Add-In and corroboration with a real-world heat exchanger experiment produced by TecQuipment to develop a method allowing the specification and selection of intercooler dimensions based off a real world intercooler system taken from a TX4 taxi-cab platform.
To conduct this investigation the basic principles surrounding compressive work and heat exchange are explored through content-specific literature and in the case of the heat exchanger work guidelines and experimental methodology was utilised from TecQuipments literature surrounding the “TX1007 Heat Exchanger Experiment”.
The investigation carried out in this paper highlights key thermodynamic trends seen during supercharger operation showing relationship such as the greater more aggressive curve of compressor efficiency seen in a turbo- supercharger in relation to a positive displacement system. The drastic effect that humidity has on heat transfer mechanisms and the visualisation of the effect of flow separation in heat exchanger designs. Overall, this provides a snapshot of the thermodynamic processes involved in forced induction processes for automotive applications.
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1. [bookmark: _Toc39366625]Introduction
The correlation between efficiency/performance and the mass of charge entering the cylinder has been a key consideration since the advent of the internal combustion engine[footnoteRef:1].The simplest way to increase this mass is to force the fluid into the induction tract of the engine using a form of pumping device, hence the term “forced induction”. [1:  For the purposes of the work shown in this paper the “Internal Combustion Engine” (ICE) considered will be that of the reciprocating piston, spark ignition, “Otto Cycle” engine.] 

This paper aims to provide an overview of the design and performance considerations seen in or required by a modern, positive displacement, “Roots” style pumping system (a design originally known as the “Roots Blower”) when employed as a forced induction, performance enhancement system on an automotive internal combustion engine. The results and methodology are presented across two distinct areas:
Firstly, the analysis of an existing product family and its comparison to commonly utilised, systems of “turbo-supercharging”[footnoteRef:2] of comparable performance. [2:  Hereafter referred to as “turbos” or “turbo-superchargers”.] 

Secondly, the analysis and corroboration of heat exchanger experiments in a classical, virtual, and real-world sense to allow specification of an “Intercooler’ to accompany each supercharging model in the family.
The aim of the first part of this project was to explore the basic concepts of forced induction in internal combustion, particularly the design considerations of a “Roots” supercharger and, how the overall design has developed through the products lifetime. This is presented as a case study on the Eaton M series of superchargers with an analysis of the “factory-provided” performance of each supercharger in the family (with different extrapolation methods for missing data to estimate performance for a model in the same family). The performance of this family of superchargers in comparison to Mitsubishi Heavy Industries TD series turbo-superchargers of comparable air flow performance that are found in common usage in modern road vehicles. 
Secondly, this project aims to explore the heat exchanger, its role in the forced induction system in the “Intercooler”, and the corroboration of a real-world experiment, classical calculation and simulation using Solidworks Flow Simulation software. This work will be carried via the real-world TecQuipment TD1007HX Water-to-Air Heat Exchanger Experiment.

[bookmark: _Toc39366626]Literature Review
[bookmark: _Toc39366627]Supercharging History and Basics of the “Roots Blower”
[bookmark: _Toc39366628]Overview
One of the most important relationships utilised to increase specific-output or performance in the Internal-Combustion Engine (ICE) system, is the use of increased inlet charge density to improve combustion performance. The principle of this is simple, if air (or fuel-air mixture) is compressed into the inlet manifold rather than drawn in via the natural “swallowing” action of the intake stroke of the engine, the density of air entering the cylinder will be greater than that of the density entering in a naturally aspirated application. (Heywood, 1988)
With greater density of air comes the opportunity for increased energy density of  charge taken into the cylinder during each cycle due to the greater number of oxygen molecules per unit volume to take part in the combustion reaction (provided fuelling, timing and other parameters are modified to accommodate the change). This means the possibility for greater work done/power per cycle by comparison to the un-aided induction scenario (Hiereth & Prenninger, 2003). This is the principle that underlies all forced-induction or “supercharging” in ICE systems and can be explained by the Collision Theory first described by Trautz and Lewis[footnoteRef:3] (International Union of Pure and Applied Chemistry , 2014) which states that the number density of reactant components per unit volume of a fluid is directly related to the number of collisions (Collision Density).  [3:  1916 and 1918 respectively, both are credited with the founding of the theory, although due to The First World War they were unaware of each other’s work.] 

Therefore, if the performance output can be increased via this increase in density of charge, the overall system can be made smaller for the same comparative performance as a naturally aspirated system, in essence the performance/energy density of the system has been increased, also colloquially known as “downsizing” (Heisler, 1995) (Patil, et al., 2017).
The idea of supercharging the gasoline engine was officially birthed[footnoteRef:4] by Gottlieb Daimler with his under-piston-compression, “Grandfather Clock” engine (Daimler, 2020) and was aggressively developed in automotive and aero engines (for increased performance at altitude) during the 1900s-1940s (Schey, 1932).  The “Roots Blower” positive displacement style of pumping studied in this paper was first developed in the 1860s by the “Roots Blower Company” as a forced induction device for iron foundry blast furnaces and in 1900 was adapted and patented for motorcars by Gottlieb Daimler (MINI-BLOWERS.com, 2020). [4:  Patented 1st April 1886, DRP34926, although a four-stroke engine, the supercharging operates in the manner of a two stroke with compressive work occurring below the piston and then being transferred to the combustion chamber above the piston via valved port.  ] 

[bookmark: _Toc39366629]OperationTurbo-superchargers use exhaust gases to drive a bladed pumping device to force air through a progressively smaller cross section port, this compresses the intake charge.

Essentially this geometry takes the form of tapered tube wrapped around an exhaust-gas driven helical fan.

With a Roots blower inlet, pumping and exhaust volumes are all “equal” meaning that compressive work does not, technically, occur in the device itself, (unlike in turbo-supercharging, twin-screw supercharging, oscillating superchargers etc. ) rather, the compressive work occurs in the engine inlet manifold on the outlet side of the blower. Essentially, positive displacement blowers work by just forcing more fluid into the same volume rather than a reduction in volume in the device itself. 
The operation of a Roots-style positive displacement blower can be seen below in Figure 1, a diagram taken from Heisler’s Advanced Engine Technology (Heisler, 1995):
[image: ]
[bookmark: _Toc39413608]Figure 1: Descriptive diagram of the operation of "Roots" style positive-displacement pumps/superchargers (Heisler, 1995)
[bookmark: _Toc39366630]Thermodynamics
Thermodynamically the cycling of the Roots blower follows the “Ideal Cycle” whereby two pairs of “Ideal” processes occur. A pair of Isobaric events as the transfer volumes between the lobes progress around the case between inlet and outlet. And a pair of Isochoric events, once during the exposure of the transfer volumes to the high pressure “boosted” engine inlet manifold known as  “backflow-compression” (the actual compressive work that is undergone during positive-displacement supercharging) and once during the exposure of the transfer volumes at inlet to take in air to begin the cycle again. (Uthoff & Yakimow, 1987)  Isochoric: A thermodynamic process where no volume change is undertaken.

Isobaric: A thermodynamic process where no pressure change occurs. 

[image: ] [image: ]
[bookmark: _Toc39413609]Figure 2: Pressure-Volume diagram of Roots supercharger operation (top) (Uthoff & Yakimow, 1987) compared to an “Ideal” heat cycle Pressure-Volume diagram (bottom) (HyperPhysics, 2000)

[bookmark: _Toc39366631]Intercooler Basics
[bookmark: _Toc39366632]Basic Principles
The definition of a Heat Exchanger is given in Kuppan’s “Heat Exchanger Design Handbook” as:
“…a heat transfer device that exchanges heat between two or more process fluids.” (Kuppan, 2000)
In the case of the automotive intercooler this transfer takes place in-series as the pressurised airflow from the forced-induction device travels to the intake manifold of the engine. 
Commonly this is in the form of an air-to-air, single pass, crossflow[footnoteRef:5] heat exchange element with a plate-fin, extended surface construction of an alloy or metal with a high thermal conductivity such as copper or an aluminium alloy. (Kuppan, 2000)  [5:  Meaning that the two fluid flows travel roughly perpendicular to each other in separate sub-domains and only intersect once rather than one or more of the subdomains travelling back and forth across the opposing sub-domain. (Sub-domain referring to the separate systems of fluids in the heat exchanger itself)] 

The overall principle of an intercooler is to increase air density by reducing temperature of the pressurised flow leaving the forced-induction device. The physics of this (for an idealised theoretical system[footnoteRef:6]) can be described by the re-arrangement of the Ideal Gas Law[footnoteRef:7] and the relationship of density to mass and volume as can be seen below in Equations 1, 2[footnoteRef:8] and 3[footnoteRef:9] (Cengel, 2008): [6:  If this is to be applied to a more realistic scenario the Van der Waals Equation of State  (Roberts & Miller, 1928) must be considered. For the purposes of this work it will be assumed that the gas is “Ideal” not “Real” (where “a” and “b” are constants related to the given constants related to the gas being studied).]  [7:  A combination of Avogadro’s, Boyle’s, Charles’ and Gay-Lussac’s Laws relating to “Ideal” Gases.]  [8:  Due to the relationships shown in Cengel’s book:  and   ]  [9:  Using the  relationship.] 

[bookmark: _Toc39366820][bookmark: _Toc39413708]Equation 1: Relationship between Density, Mass, and Volume

[bookmark: _Toc39366821][bookmark: _Toc39413709]Equation 2: Ideal Gas Law

[bookmark: _Toc39366822][bookmark: _Toc39413710]Equation 3: Description of density using the Ideal Gas Law

As can be seen above if the temperature of the air can be reduced then the density will increase (if there is no volume change), therefore there will be a greater density of oxygen molecules present per unit volume of air in a “cooled” system as opposed to an “un-cooled”. (Heisler, 1995)

[bookmark: _Toc39366633]Effect on Density 
The equations shown here (Equations 4 & 5) describe the relationship of the thermodynamic parameters that drive the temperature change seen during compressive work on a “Real” gas:
[bookmark: _Toc39366823][bookmark: _Toc39413711]Equation 4: Temperature increase during Compression (Hiereth & Prenninger, 2003)

[bookmark: _Toc39366824][bookmark: _Toc39413712]Equation 5: Pressure Ratio

The effects of this charge air cooling effect are demonstrated clearly in the example shown below considering an “ideal”, isentropic, system taken from Hiereth & Prenningers book “Charging the Internal Combustion Engine” (Hiereth & Prenninger, 2003): 
[bookmark: _Toc39362756][bookmark: _Toc39413694]Table 1: Example values to demonstrate effects of charge air cooling
	Pressure Ratio
	2.5

	Inlet Pressure
	1 bar

	Inlet Temperature
	20 °C

	Inlet Density
	1.19 kg•m-3

	Isentropic Compressor Efficiency 
	70%


The input values shown in Table 1 will give an Outlet temperature (T2) of 418K when applied to Equations 4 and 5.
If the engine is considered as naturally aspirated the relationship of air density reaching the back of the intake valve (discounting any forms of pressure wave supercharging caused by pressure differentials at valve opening/closing) is as given by:

Now if this is considered using the above compression system with and without charge cooling the density increase is as follows:


These results taken from Hiereth & Prenninger (2003) demonstrate how great the effect of charge cooling can be on engine intake conditions. The reduction of temperature (and consequent increase in density) provides a multitude of advantages to the performance of the engine. These include; an increase in power due to the possibility for greater oxygen per unit volume of air, a reduction in NOx production due to decreased (in relation to un-cooled) in-cylinder temperature during combustion and, most importantly for high-performance engines, a reduction in “knock” for a given octane value.  
[bookmark: _Toc39366634]Methodology
The following sections 3.1 and 3.2 give a brief overview of the methodology used, specifics of the methods employed for each task have been included in the work itself seen in section 5. 
[bookmark: _Toc39366635]Overall Methodology for Supercharger (Roots vs Turbo) Analysis 
The basic methodology for this first section of work was the interpretation and analysis of each of the performance maps to develop a spreadsheet dataset for the blower family, once determined these data were then utilised to determine further information such as outlet parameters, operating conditions and trends. From this a comparison was drawn (using the same technique) against a set of turbo-superchargers of comparable flow specifications.
Finally, a short comparison of methods to extrapolate for the missing blower in the family (M24) to see the most accurate method to estimate a useable performance map using Excel (for comparison of values) and MATLAB surface plots (to provide 3D visual analysis of trends). 
Additionally, as an exercise in computer aided design (CAD), the smallest in the family of superchargers has been drafted from real world components. This was done using empirical measurements and Solidworks 2019 CAD drafting software (Dassault Systemes, 2019).
[bookmark: _Toc39366636]Overall Methodology for Intercooler Analysis
The process for this section of work was to run a real-world experiment with similar geometry and operation to the intended component (using a crossflow heat exchanger experiment to approximate a crossflow intercooler component). From this experiment, a CAD model is developed to correct dimensions that can be used to produce a computational fluid dynamics (CFD) model using inputs and estimates to corroborate and validate the virtual model against the real-world experiment. 
Validation within a reasonable range would demonstrate the suitability of the methodology to produce a comparable CFD model to apply to an intercooler model generated from a real-world component (Intercooler from a TX4 platform developed by The London Taxi Company)[footnoteRef:10]. [10:  This area of study was affected by the outbreak of (SARS-CoV-2) and the premature closure of the university campus and the effects of this will be further explored in “Further Work and Pandemic Impact”] 

Although this method is assumptive it provided a number of insights into the thermodynamic behaviour of the crossflow heat exchanger system and the methods required to improve the experimental correlation further in future. 

[bookmark: _Toc39366637]Timing Plan
For the purposes of this work a rough week-by-week guide was created to aid timing and planning of the project throughout its timeline to its planned fruition for the original deadline of the 20th of April 2020.
Firstly, the academic calendar was examined, and it was decided that there were 20 available weeks in which to carry out the work and allow a balance with other academic commitments. These weeks were split into two phases, prior to the winter break and university closure and from this point up to the submission date on 20/03/2020. The first phase would focus on the supercharging portion of the work and the second phase would focus on the heat exchanger (intercooler) portion. Each week would consist of one, two or three full days to carry out work related to the project dependant on time constraints for other academic modules and work. A breakdown of the rough timing plan can be seen below:
Week 1. Research and analysis of supercharging systems and the phase 1 matter as a whole.
Week 2. Further, more detailed, research and analysis of Roots supercharging systems.
Week 3. Acquisition of performance maps and Roots supercharger information.
Week 4. Conversion of maps from image format to useable data using Excel and Solidworks. 
Week 5. Data processing and construction of calculation spreadsheets.
Week 6. Analysis of data and trend graph creation.
Week 7. Extrapolation and collation of M-Series Roots family data and trends.
Week 8. Research and analysis of turbo-supercharging systems.
Week 9. Conversion and data processing of maps.
Week 10. Comparative analysis of performance data and calculations, CAD work.
Winter Closure and Break
Week 11. Research and analysis of intercooling systems and the phase 2 matter as a whole.
Week 12. Further, more detailed, research and analysis of heat exchanger systems.
Week 13. Running of real-world experiment and data gathering.
Week 14. Research and creation of CFD model.
Week 15. Calculation of CFD model and data comparison to real world experiment.
Week 16. Analysis of issues surrounding corroboration of the virtual and real experiments.
Week 17. Explore options for improvement of method.
Week 18. Re-running CFD or real-world experiment as applicable.
Week 19. Corroboration of data, definition of assumptive CFD method for intercooler.
Week 20. Application of learned method to carry out CFD experiment on intercooler geometry.
Original Deadline Date – 20th April 2020
*The timing shown here was relaxed slightly from March 20th due to the Pandemic outbreak and the university’s closure. Weeks shown in ITALICS and UNDERLINED were affected by the outbreak and have been documented in section 6.
[bookmark: _Toc39366638]Work Carried Out
[bookmark: _Toc39366639]Supercharging Analysis & Comparison
[bookmark: _Toc39366640]Eaton M-Series Comparative Performance Analysis 
This section of this paper will cover the analysis of the 5th generation M series of Roots-style superchargers (Table 2) offered by Eaton for modern Automotive applications. 
These superchargers can be considered to be a reasonable representation of modern Roots style supercharging technology, incorporating a pair of 3 lobe rotors, 60° lobe rotation about the axis of each rotor, a casing design that inlets through the rear of the casing and exhausts downward out of the casing into the engine inlet manifold through a ported plate designed to lengthen the backflow compression event to reduce the noise created through outlet pressure fluctuations[footnoteRef:11].    [11:  To see a comparison of port geometries over the development lifetime of the Roots supercharger see Appendix 1.1] 

[bookmark: _Toc39362757][bookmark: _Toc39413695]Table 2: Table of M-series supercharger models and their capacities
	Model
	Capacity

	M24
	24cu in (0.393l)

	M45
	45cu in (0.737l)

	M62
	62cu in (1.016l)

	M90
	90cu in (1.475l)

	M112
	112cu in (1.835l)



For blowers M45 through M112 “performance” maps have been provided by Eaton (Eaton, 2020) detailing Inlet Flow Volume against Pressure Ratio, with Isentropic Compressor Efficiency arranged in “contours” or “islands” as shown in the example below (Figure 2).
[image: ][image: ]
[bookmark: _Toc39413610]Figure 3: Example of supercharger performance map provided by Eaton (M45 model) and shown with overlaid grid for data extraction (Eaton, 2020)
For each sizing of supercharger with an applicable performance map (M45 through M112) several thermodynamic parameters were calculated using the following input parameters:
[bookmark: _Toc39362758][bookmark: _Toc39413696]Table 3: Table of input values for further thermodynamic calculations
	Temperature at Inlet (T1)
	20 °C

	Pressure at Inlet (P1)
	101325 Pa

	Density at Inlet (ρ1)
	1.20473 kg•m-3

	Ratio of Specific Heats (γ)
	1.4

	Specific Gas Constant for “Dry” air
	287.058 J•kg-1K-1


The parameters in Table 3 have been assumed as reasonable figures as Eaton did not provide a specification for the test conditions seen when generating the performance map. Additionally, as the backflow compression process has been considered as an “Isochoric” process the volume and polytropic index[footnoteRef:12]  at the moment of compression can be considered to be constant.  [12:  For an isochoric process the value of “n” can be considered to be +∞ as there is no volume change and the curve of the graph will intersect the x-axis perfectly perpendicular (Connor, 2019).] 

The equations used to generate the output parameters seen were as follows (McDonald, 2019):
[bookmark: _Toc39366825][bookmark: _Toc39413713]Equation 6: "Perfect" Outlet Temperature Equation

[bookmark: _Toc39366826][bookmark: _Toc39413714]Equation 7: "Actual" Outlet Temperature Equation

[bookmark: _Toc39366827][bookmark: _Toc39413715]Equation 8: "Perfect" Outlet Density Equation

[bookmark: _Toc39366828][bookmark: _Toc39413716]Equation 9: "Actual" Outlet Density Equation

Using the above parameters and calculations along with some ”common-sense” relationships such as difference between “Perfect” and “Actual”[footnoteRef:13], and change seen across the supercharger. Several tables of values related to Π values 1.2 - 2 through each range of volumetric flow rates for each supercharger were created. As these tables are rather large and cumbersome, they have been omitted for the most part, an example of the format can be seen at Appendix 1.2. [13:  “Perfect” meaning an idealized case at 100% efficiency, “Actual” meaning a more realistic case accounting for empirically garnered compressor efficiency. No heat transfer work out of the system has been considered here due to the complex nature of the systems boundaries and as air is primarily composed of diatomic gases with 5 degrees of freedom the value of γ can be considered as  due to the relationship  .] 

Results: Efficiency-Flow rate Trends 
Over the range of pressure ratios and flow rates seen for each supercharger some trends could be highlighted with the use of comparative graphs. The first of these series of graphs shows the trend seen with efficiency plotted against volumetric flow rate for each capacity of supercharger over the range of pressure ratios:
[image: ]
[bookmark: _Toc39413611][bookmark: _Hlk39346045][bookmark: _Hlk37768018]Figure 4: Graph of ηs-I,C against V̇ through a range of Π 1.2-2 for Eaton M45 model of supercharger produced using Excel (Microsoft, 2019), curves graded light to dark, light representing lower Π value dark representing higher Π value.
The gradients of these graphs are graded light to dark, the lighter the curve colour the lower the pressure ratio, to give a visual representation of the change in gradient throughout the range. As displayed above each of the curves also has a trendline applied (Polytropic Fit to the 2nd order) to easier display the overall trend of the curve. 
The change in gradient as pressure ratio is increased displays a “peak” at around 1.3/1.4 where the supercharger is operating within its greatest “efficiency island” and as the pressure ratio increases further the gradients tend to flatten and reduce showing that if a wide range of flow rates is required a higher pressure ratio will provide a greater predictability of performance while sacrificing overall efficiency. This trend can be seen throughout the different capacities (shown overleaf) with less exaggeration of the trend seen in the larger superchargers.
[image: ]
[bookmark: _Toc39413612]Figure 5: Graph of ηs-I,C against V̇ through a range of Π 1.2-2 for Eaton M62 model of supercharger produced using Excel (Microsoft, 2019), curves graded light to dark, light representing lower Π value dark representing higher Π value.
[image: ]
[bookmark: _Toc39413613]Figure 6: Graph of ηs-I,C against V̇ through a range of Π 1.2-2 for Eaton M90 model of supercharger produced using Excel (Microsoft, 2019), curves graded light to dark, light representing lower Π value dark representing higher Π value.
[image: ]
[bookmark: _Toc39413614]Figure 7: Graph of ηs-I,C against V̇ through a range of Π 1.2-2 for Eaton M112 model of supercharger produced using Excel (Microsoft, 2019), curves graded light to dark, light representing lower Π value dark representing higher Π value.
The reasoning for this decrease in gradient of the efficiency curve with increased pressure ratio is related to the thermodynamic relationships displayed in Equations 7 & 8 (Pg. 11), whereby, an increase in pressure (or in this case the relationship of pressures across the compression even) will result in an increase in temperature and therefore reduce the efficiency of the process through the change in balance found in Equation 7.  
It is also worth noting that the achievable pressure ratio of a positive displacement supercharger is independent of the rotor speed but entirely dependent on the design of the system, therefore beyond a certain pressure ratio (commonly around Π2) there will be a drastic change in efficiency due to geometric conditions (choking etc) and thermo-fluid dynamics that can lead to a change seen in the actual polytropic process occurring in the system.
 


Results: Three-dimensional surface maps and extrapolation to a smaller capacity
As can be seen below and overleaf (Figures 8 - 11), when brought into a three dimensional “surface” using Matlab the “efficiency islands” mentioned previously can be clearly noted. 
[image: ]
[bookmark: _Toc39413615][bookmark: _Hlk38122133]Figure 8: 3D Surface map of ηs-I,C against V̇ through a range of Π 1.2-2 for Eaton M45 model of supercharger produced using Matlab 9.6 (MathWorks, 2019), darker colouring representing lower compressor efficiency, lighter colouring representing higher efficiency  
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[bookmark: _Toc39413616]Figure 9: 3D Surface map of ηs-I,C against V̇ through a range of Π 1.2-2 for Eaton M62 model of supercharger produced using Matlab 9.6 (MathWorks, 2019), darker colouring representing lower compressor efficiency, lighter colouring representing higher efficiency  
[image: ]
[bookmark: _Toc39413617]Figure 10: 3D Surface map of ηs-I,C against V̇ through a range of Π 1.2-2 for Eaton M90 model of supercharger produced using Matlab 9.6 (MathWorks, 2019), darker colouring representing lower compressor efficiency, lighter colouring representing higher efficiency  
[image: ]
[bookmark: _Toc39413618]Figure 11: 3D Surface map of ηs-I,C against V̇ through a range of Π 1.2-2 for Eaton M112 model of supercharger produced using Matlab 9.6 (MathWorks, 2019), darker colouring representing lower compressor efficiency, lighter colouring representing higher efficiency  
As can be seen above (Figures 8 - 11) the maps show some very clear trends throughout, similar positioning of the peak efficiency island and a drastic drop (the darker red area) towards the viewer at low pressure ratio and high flow. These map “characteristics” were used to aid the extrapolation to the M24 capacity performance map shown overleaf.
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[bookmark: _Toc39413619]Figure 12: Extrapolated 3D Surface maps of ηs-I,C against V̇ through a range of Π 1.2-2 for Eaton M24 model of supercharger using a 2nd order polynomial extrapolation, produced using Matlab 9.6 (MathWorks, 2019), darker colouring representing lower compressor efficiency, lighter colouring representing higher efficiency.
[image: ]
[bookmark: _Toc39413620]Figure 13: Extrapolated 3D Surface map of ηs-I,C against V̇ through a range of Π 1.2-2 for Eaton M24 model of supercharger using a 3rd order polynomial extrapolation, produced using Matlab 9.6 (MathWorks, 2019), darker colouring representing lower compressor efficiency, lighter colouring representing higher efficiency  
As can be seen above in Figures 12 and 13 the first attempt to extrapolate to the M24 capacity using the dataset generated from the other capacities proved fruitless. As can be observed the edges of the curves (particularly highlighted in Figure 13 (3rd order polynomial)) display a rather extreme oscillation, this is very similar to something called “Runge’s Phenomenon”. This phenomenon is seen when interpolating using polynomials to a high degree over equi-spaced interpolation points (much like the points spaced about the pressure ratio axis) and shows that errors found through the use of polynomial interpolation are exacerbated at higher orders (partly the reasoning behind applying a 3rd order fit to demonstrate the phenomenon, despite the prior order displaying inaccuracies). (Corless & Sevyeri, 2018). To this end it was decided that the most pertinent method to estimate the smaller capacity would be a simple linear extrapolation, and as can be seen in Figure 14, the trends displayed are much closer to the expected values and distributions seen in Figures 8 - 11. 
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[bookmark: _Toc39413621]Figure 14: Extrapolated 3D Surface map of ηs-I,C against V̇ through a range of Π 1.2-2 for Eaton M24 model of supercharger using a linear extrapolation, produced using Matlab 9.6 (MathWorks, 2019), darker colouring representing lower compressor efficiency, lighter colouring representing higher efficiency  
[bookmark: _Toc39366641]Results: Comparative performance of Roots-style supercharging with like flow rate turbo-supercharging  in the pressure ratio range Π1.2-2
This section of work covers the comparison of Roots-style supercharging and exhaust gas driven turbo-supercharging of similar flow performance (the pairing of Roots and turbo-superchargers or comparable flow performance are shown below in Table 4 with differing shades denoting each comparison). 
Following the previous work on the performance maps provided by Eaton, (overlay grid, extract data, spreadsheet and calculate further etc seen in section 5.1.1) but here the turbo maps have been cropped to the same range of pressure ratios as the Roots-style data and a turbo specification has been chosen based on comparative range that relates to each model of the Eaton M-series family. 
All models of turbo have been selected from the “TD” series of turbos by Mitsubishi Heavy Industries with the original maps being provided by MHI themselves (Mitsubishi Heavy Industries, 2005). Three capacities were chosen to provide a broader view of the differences seen between the methods of forced induction. 
[bookmark: _Toc39362759][bookmark: _Toc39413697]Table 4: Table of Roots and Turbo Superchargers for thermodynamic comparison (each colour denotes a pair of superchargers that were compared due to their comparable air flow performance) 
	Model of Supercharger
	Eaton M45
	MHI TD04-13G
	Eaton M62
	MHI TD04H-15G
	Eaton M90
	MHI TD06H-20G

	Flow Rate (m3•hr-1)
	150-600
	100-600 approx.
	200-800
	170-73 approx. 
	300-1160
	170-1020 approx.
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[bookmark: _Toc39413622]Figure 15: Comparison of raw supercharger performance maps for Roots-style (Right) (Eaton, 2020) and Turbo-style (Left) (Mitsubishi Heavy Industries, 2005) Superchargers
As can be seen overleaf (Figures 16, 17 and 18) the turbo-supercharging solution works in a higher range of efficiencies than the Roots alternative with efficiencies reaching upwards of 75% in the centre of the pressure ratio range (1.5Π-1.75Π). Despite the higher overall value of the range of efficiency, the turbos display a more aggressive efficiency curve than the Roots-style system meaning that to operate at optimum efficiency (within their greatest “efficiency island”) meaning the turbos must be within a narrower band of volumetric flow rates than the Roots alternative. This is, in part, due to the mechanical efficiency advantage the exhaust-gas driven Turbo has over the Roots’ gear driven system.
This  characteristic of operation could be a contributing factor to the usability of each supercharger with regards to application, for example, the turbo solution will provide more potential performance gain at the cost of smooth operation when compared to a supercharger in an automotive application. This could make the powerplant feel “peaky” or “aggressive” in power delivery in high performance applications when compared to the overall smoother performance characteristics seen in the Roots unit.
This trend is further displayed here in Figure 19 where at a pressure ratio of 1.5Π (Used as an example as it most clearly displays this difference in characteristics), the aggressive profile of “density loss” due to temperature increase of the turbo-supercharger can be seen in orange alongside the less aggressive but overall greater density losses associated with the Roots system, seen in blue. The trends displayed in Figure 19 have been calculated through difference seen between the “Actual” outlet density of the device and the “Perfect” outlet density expected due to the Ideal Gas Law relationships.
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[bookmark: _Toc39413623]Figure 16: Graph of ηs-I,C against V̇ through a range of Π 1.2-2 for MHI TD04-13G model of turbo-supercharger produced using Excel (Microsoft, 2019), curves graded light to dark, light representing lower Π value dark representing higher Π value.
[image: ]
[bookmark: _Toc39413624]Figure 17: Graph of ηs-I,C against V̇ through a range of Π 1.2-2 for MHI TD04H-15G model of turbo-supercharger produced using Excel (Microsoft, 2019), curves graded light to dark, light representing lower Π value dark representing higher Π value.
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[bookmark: _Toc39413625]Figure 18: Graph of ηs-I,C against V̇ through a range of Π 1.2-2 for MHI TD06H-20G model of turbo-supercharger produced using Excel (Microsoft, 2019), curves graded light to dark, light representing lower Π value dark representing higher Π value.
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[bookmark: _Toc39413626]Figure 19: Graphs of ρ2A against V̇ through an example value of Π 1.5 for MHI TD models of turbo-supercharger (represented in orange) against Eaton’s M-series Roots-style superchargers (represented in blue) produced using Excel (Microsoft, 2019).
[bookmark: _Toc39366642]Replicating a real-world heat exchanger experiment in Solidworks Flow Simulation CFD solver
[bookmark: _Toc39366643]Overview of Heat Exchanger/Experimentation/Correlation work
[image: ]
[bookmark: _Toc39413627]Figure 20: TecQuipment TD1007 Water-to-Air Heat Exchanger Experiment (TecQuipment, 2014)
If an accurate real-world experiment (TecQuipment TD1007 Water to Air Heat Exchanger experiment in the “32 tube” configuration) can be replicated in the CFD solver software that method can then be transferred to a similar virtual experiment of similar geometry describing a real-world intercooler (Intercooler sourced from a The London Taxi Company TX4 model) system and operation to provide analytical assumption where a physical test would be unfeasible, to recreate the conditions seen in the real-world application of the component[footnoteRef:14].  [14:  The justification for this method of work is that to design an experiment to accurately understand the thermodynamic behaviour of a real-world intercooler in the second half of the degree year would have proved costly and uneconomical from a time standpoint.] 

To achieve this, the TD1007 experiment and the real-world intercooler were accurately measured and translated into the Solidworks 2019 CAD package (Dassault Systemes, 2019) and correct materials applied to be able to carry out; firstly, the correlation of the study between real-world experiment and then secondly (provided the correlation was reasonably conclusive) to replicate the real world scenario seen in the intercooler in the CFD solver to extract key values that can be used in conjunction with the findings in Section 4.1[footnoteRef:15].   [15:  This second point of  work was unfortunately interrupted by the events surrounding the outbreak of the global Pandemic of SARS CoV-2 (Covid-19). The details of this are further explained in section 6 “Further Work and Pandemic Impact”.] 

The CAD drafting work of both the real-world experiment and intercooler can be seen below in Figures 21 and 22:
[image: ]
[bookmark: _Toc39413628]Figure 21: TX4 Intercooler Model geometry (The London Taxi Company, 2004) for CFD analysis, drafted using Solidworks 2019 (Dassault Systemes, 2019)
[image: ]
[bookmark: _Toc39413629]Figure 22: TD1007 Heat Exchanger Model geometry for CFD analysis, drafted using Solidworks 2019 (Dassault Systemes, 2019)
Firstly, the two parts shown above were drafted in the CAD package using a combination of physical hand measurements and literature (such as specification sheets and handbooks) and drawings provided by each manufacturer.
Then the models were prepared for CFD simulation by creating geometries to allow flow conditions at the inlet and outlet.
Once inlet and outlet conditions were defined, a set of ambient conditions, fluid sub-domains for the “hot” and “cold” flows and each geometry was meshed (using the FEM rule-of-thumb “three elements in the thinnest geometry section”). Following this testing runs were carried out to achieve the rough behaviour expected from each system, to set up results/data gathering methods and to provide an approximation of the solve times that would be seen for each geometry/system.[footnoteRef:16] [16:  This work was mostly carried out on the Heat Exchanger experiment as the Intercooler work was intended to happen primarily after the real-world experiment had be correlated to the CFD.] 

[bookmark: _Toc39366644]Results: Real-world Experimental Work
The real-world work undertaken follows “Experiment 2” documented in the TecQuipment (TecQuipment, 2014) materials provided with the heat exchanger system, which explores the effects of varying cooling air flow rate on heat exchange in the system.
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[bookmark: _Toc39413630]Figure 23: Example of configuration of sensors and orientation of fluid flows for "Experiment 2" (TecQuipment, 2014), the system features five sensors in total, two water circuit sensors and three air circuit sensors (the TA3 sensor being an “ambient” air temperature sensor for reference use). Airflow moves through the heat exchanger section  (consisting of a removable section containing a pair of 16 tube banks positioned in series) which sits in an “expansion chamber” seen between TA1 and TA2.  
The path of heat transfer seen in this system is as follows: As the high temperature (approx. 60°C) water flow enters the copper tubes of the heat exchanger forced convective heat transfer occurs due to the lower temperature of the inner wall of the tube material. Then through conductive heat transfer, the heat energy is translated through the wall thickness of the copper tubing to raise the temperature of the tubes. As the air flow contacts the copper tubes containing the heated water flow forced convective heat transfer occurs again as heat is transferred into the air system. Additionally, there is a similar process through the steel ducting to the surrounding ambient conditions, although, this process is a forced convective heat transfer from the air flow into the steel ducting, again a conductive heat transfer through the steel ducting material and then a free convective heat transfer into the surroundings[footnoteRef:17].    [17:  The angle of expansion and reduction seen in the heat exchanger chamber is approximately 25° from the normal plane of flow each side meaning that, if the CFD model is displaying the correct flow characteristics, boundary layer separation should occur upon the airflows ingress into the heat exchanger section of the geometry. Typically flow separation occurs at anything greater than a 5-7° degree change in geometry (Tudor, 2020).  ] 

Calculation for the results seen in Tables 5, 6 and 7 using the equations 10 - 23 used the input values shown below in Table 8:
[bookmark: _Toc39362760][bookmark: _Toc39413698]Table 5: Table of input conditions used for calculations relating to the results recorded during the TD1007 physical heat exchanger experiment (TecQuipment, 2014)
	Ambient Pressure 
	Pamb
	Pa
	101367

	Gas Constant of Air 
	RA
	J•kg-1•K
	287.05

	Coefficient of discharge
	Cd
	-
	0.6

	Orifice Diameter
	ØO
	m
	0.10011

	Orifice Area
	AO
	m2
	0.00787127

	Total surface area 
	A
	m2
	0.1558


The equations for the values shown in Table 7 can be seen in Equations 13 - 23 (TecQuipment, 2014):
[bookmark: _Toc39366829][bookmark: _Toc39413717]Equation 10: Isobaric Specific Heat Capacity Equation

[bookmark: _Toc39366830][bookmark: _Toc39413718]Equation 11: Specific Heat Capacity Equation for Water using empirical datasets

[bookmark: _Toc39366831][bookmark: _Toc39413719]Equation 12: Density of Air

[bookmark: _Toc39366832][bookmark: _Toc39413720]Equation 13: Density of Water at a given temperature of water using empirical datasets

[bookmark: _Toc39366833][bookmark: _Toc39413721]Equation 14: Heat Energy Transfer Rate Equation for Water

[bookmark: _Toc39366834][bookmark: _Toc39413722]Equation 15: Heat Energy Transfer Rate Equation for Air

[bookmark: _Toc39366835][bookmark: _Toc39413723]Equation 16: Energy balance coefficient equation

[bookmark: _Toc39366836][bookmark: _Toc39413724]Equation 17: Temperature efficiency equation for Water Circuit

[bookmark: _Toc39366837][bookmark: _Toc39413725]Equation 18: Temperature efficiency equation for Air Circuit

[bookmark: _Toc39366838][bookmark: _Toc39413726]Equation 19: Logarithmic Mean Temperature Difference Equation

[bookmark: _Toc39366839][bookmark: _Toc39413727]Equation 20: Heat Transfer Coefficient Equation

The format of this experiment was[footnoteRef:18] to follow the “Experiment 2” methodology (which can be viewed at Appendix 1.3) for varying airflow rate through the system using a movable slat at the exhaust of the experiment. Results were then taken for temperatures in and out for both the air and water circuits, ambient air temperature and flow rates of both water and air. Once the flow rate of water and air had settled at the correct values the experiment was allowed to equalise for approximately 300 seconds before the readings were taken, this was repeated in six airflow increments[footnoteRef:19] calculated from the pressure change seen at the inlet (between an “in-flow” pitot tube in the Inlet Duct to the fan[footnoteRef:20] and an ambient reading of the surrounding pressure).The results for the flow conditions and temperature readings seen during the experiment can be seen below in Table 5 and 6 respectively:  [18:  This was set to be modified due to complexity issues just prior to the outbreak of the pandemic and is detailed further in section 6.]  [19:  The recorded ΔP values not matching the “goal” values or repeated to provide averages is arbitrary as these were used as inputs for the CFD model and for further calculations. The goals are solely to follow the official experiment methodology and the values are purely to provide a corroboration benchmark for the CFD model.]  [20:  Seen in the leftmost image of Figure 23.] 

[bookmark: _Toc39362761][bookmark: _Toc39413699]Table 6: Table of flow conditions recorded during the TD1007 physical heat exchanger experiment (TecQuipment, 2014)
	Recorded Change in Pressure
	[bookmark: _Hlk38893852]Volumetric Flow Rate Water
	Mass Flow Rate Water
	Mass Flow Rate Air
	Velocity of Airflow at Inlet
	Goal Change in Pressure

	ΔP
	V̇W
	[bookmark: _Hlk38905419]ṁW 
	ṁA
	vA
	ΔP

	Pa
	l•min-1
	kg•s-1
	kg•s-1
	m•s-1
	Pa

	249.00
	1.14
	0.01871864
	0.11523250
	12.25
	250.00

	198.00
	1.14
	0.01871771
	0.10269535
	10.93
	200.00

	151.00
	1.14
	0.01871490
	0.08968229
	9.54
	150.00

	99.00
	1.14
	0.01871068
	0.07256752
	7.73
	100.00

	50.00
	1.14
	0.01870263
	0.05152367
	5.50
	50.00

	25.00
	1.14
	0.01869738
	0.03638066
	3.89
	25.00


The calculation of mass flow and velocity of flow used the following equations (Equations 10 - 12):
[bookmark: _Toc39366840][bookmark: _Toc39413728][bookmark: _Hlk38905898]Equation 21: Mass flow rate for water equation

[bookmark: _Toc39366841][bookmark: _Toc39413729]Equation 22: Mass flow rate for air equation

[bookmark: _Toc39366842][bookmark: _Toc39413730]Equation 23: Velocity from mass flowrate equation

[bookmark: _Toc39362762][bookmark: _Toc39413700]Table 7: Table of temperature conditions recorded during the TD1007 physical heat exchanger experiment (TecQuipment, 2014)
	[bookmark: _Hlk39094169]Recorded Change in Pressure
	Temp Water 1 (Inlet)
	Temp Water 2 (Outlet)
	Change in Temp Water
	Average Temp Water
	Temp Air 1 (Inlet)
	Temp Air 2 (Outlet)
	Change in Temp Air
	Average Temp Air
	Temp Air 3 (Ambient)

	ΔP
	TW1
	TW2
	ΔTW
	TW,av
	TA1
	TA2
	ΔTA
	TA,av
	TA3

	Pa
	°C
	°C
	°C
	°C
	°C
	°C
	°C
	°C
	°C

	249.00
	60.5
	51.5
	-9.00
	56.00
	19.60
	25.20
	5.60
	22.40
	19.00

	198.00
	60.4
	51.8
	-8.60
	56.10
	19.90
	25.60
	5.70
	22.75
	19.10

	151.00
	60.5
	52.3
	-8.20
	56.40
	19.70
	25.80
	6.10
	22.75
	18.80

	99.00
	60.7
	53.0
	-7.70
	56.85
	19.80
	26.50
	6.70
	23.15
	19.30

	50.00
	61.1
	54.3
	-6.80
	57.70
	19.90
	27.50
	7.60
	23.70
	18.70

	25.00
	61.3
	55.2
	-6.10
	58.25
	20.20
	28.90
	8.70
	24.55
	18.70


Once the parameters in Table 6 were recorded several calculations (using the equations found in Equations 13-23) were performed to provide values and relationships that could be used to better understand the system and correlate to the CFD in later work, shown below in Table 7. 
[bookmark: _Toc39362763][bookmark: _Toc39413701][bookmark: _Hlk39350076]Table 8: Table of calculated parameters from conditions recorded during the TD1007 physical heat exchanger experiment (TecQuipment, 2014)
	Recorded Change in Pressure
	Mean Temperature Efficiency Water
	Mean Temperature Efficiency Air
	Overall Efficiency
	Average Density of Water
	Average Density of Air
	Specific Heat Capacity of Water
	Specific Heat Capacity of Air
	Heat Energy Transfer Rate Water
	Heat Energy Transfer Rate Air
	Rate of Energy Loss to Environment
	Energy Loss Percentage
	Energy Balance Coefficient
	Logarithmic Mean Temperature Difference
	Heat Transfer Coefficient

	ΔP
	
	
	
	ρW
	ρA
	CpA
	CpA
	[bookmark: _Hlk39156000]Q̇W
	Q̇A
	QLA
	QLA
	CEB
	LMTD
	U

	Pa
	%
	%
	%
	kg.m⁻³
	kg.m⁻³
	J.kg⁻¹K⁻¹
	J.kg⁻¹K⁻¹
	W
	W
	W
	%
	-
	-
	W.m⁻²K⁻¹

	249.00
	22.00
	13.69
	17.85
	985.19
	1.20
	4182.46
	1005.50
	704.61
	648.85
	55.76
	7.91
	0.92
	33.06
	136.78

	198.00
	21.23
	14.07
	17.65
	985.14
	1.19
	4182.50
	1005.50
	673.27
	588.58
	84.68
	12.58
	0.87
	32.83
	131.62

	151.00
	20.10
	14.95
	17.52
	984.99
	1.19
	4182.61
	1005.50
	641.87
	550.07
	91.80
	14.30
	0.86
	33.14
	124.33

	99.00
	18.83
	16.38
	17.60
	984.77
	1.19
	4182.79
	1005.50
	602.62
	488.88
	113.75
	18.88
	0.81
	33.18
	116.57

	50.00
	16.50
	18.45
	17.48
	984.35
	1.19
	4183.13
	1005.50
	532.00
	393.73
	138.27
	25.99
	0.74
	33.49
	101.97

	25.00
	14.84
	21.17
	18.00
	984.07
	1.19
	4183.36
	1005.50
	477.13
	318.25
	158.88
	33.30
	0.67
	33.15
	92.38


From the values calculated a series of graphs were then created that could be verified against examples found in the TD1007 guidelines handbook to ensure that the experiment and calculations were successful and following the intended trends. The graphs generated and the example graphs provided by TecQuipment in the guidelines can be seen below in Figures 24 to 27:
[image: ]
[bookmark: _Toc39413631]Figure 24: Graph of Heat Energy Transfer Rates from calculated parameters from conditions recorded during the TD1007 physical heat exchanger experiment (TecQuipment, 2014) 
[image: ]
[bookmark: _Toc39413632]Figure 25: Graph of Heat Energy Transfer Rates from experiment guidelines of the TD1007 heat exchanger experiment (TecQuipment, 2014)
[image: ]
[bookmark: _Toc39413633]Figure 26: Graph of Heat Energy Transfer Coefficient from calculated parameters from conditions recorded during the TD1007 physical heat exchanger experiment (TecQuipment, 2014)
[image: ]
[bookmark: _Toc39413634]Figure 27: Graph of Heat Transfer Coefficient from experiment guidelines of the TD1007 heat exchanger experiment (TecQuipment, 2014)
As seen in Figures 24 - 27 despite the overall values seen being of a greater numerical value in the real-world test than the experiment guidelines the overall trends are an extremely close match (linear fit R-squared values of +0.99 in all experimental cases showing an almost exact fit) meaning the experimental method and calculations have been followed correctly and have provided useable data.   
Due to this “confirmation of the experimental method the CFD phase of the correlation process could begin, this is shown overleaf in section 5.3.3.
[bookmark: _Toc39366645]Methodology: Creating the CFD model in Solidworks 2019 Flow Simulation
[image: ][image: ]
[bookmark: _Toc39413635]Figure 28: Example of different fluid domains seen in the CFD model, shown in blue, the top image displaying the water subdomain seen in the copper tubes and silicone joiners and the bottom image showing the air subdomain in the system (excluding the ambient air subdomain as this is automatically defined during setup).Drafted using Solidworks 2019 (Dassault Systemes, 2019)
The first steps taken in constructing the CFD model of the real-world experiment were importing the 90 components required to assemble the geometry in the in-built Solidworks 2019 (Dassault Systemes, 2019) fluid-dynamics solver “Flow Simulation”, as can be seen above in Figure 28 the geometry drafted does not include the fan and intake duct (refer to Figure 23 for full geometry), this is due to the complex nature of the components and Flow Simulations inability to model moving geometry in a CFD model[footnoteRef:21]. Once this had been carried out the computational domain could be defined shown in Figure 28 as the grey box outlining the experiment geometry. Next, the fluid subdomains seen in the real-world experiment were defined as seen in Figure 28. [21:  This is due to the nature of “meshing” a CFD model, the geometry is considered as a static set of boundaries with fluid and solid regions, to create a movable component the system would have to calculate an iterative set of meshes for each increment of movement of the solid geometry and then accommodate with changes in the fluid mesh per increment of movement. One can imagine this would take an extremely complex and large set of calculations if it is considered that this particular “static study” saw approximately 750,000 cells/elements alone. ] 

[image: ]
[bookmark: _Toc39413636]Figure 29: Cutaway image of experiment geometry showing Air flow in (RED arrows right of image) and pressure opening at outlet (BLUE arrows left of image). Drafted in Solidworks 2019 (Dassault Systemes, 2019) 
Following the definition of the overall computational and individual fluid domains a set of boundary conditions for inlet and outlet flow were created. This was carried out by defining inlet conditions with parameter dependency based off the results from the real-world experiment results[footnoteRef:22]. These inlet boundary conditions were defined as a table (see Appendix 1.4) of mass flow rate values linked to the CFD solver to create a transient scenario.  [22:  This was done in the hope that replicating the time-steps and conditions seen in the real-world experiment would provide similar results from the CFD model to those seen at the different time steps as the real-world experiment.] 

The outlet conditions were also defined by a dependency upon tabulated values, but the outlet boundary condition for airflow was specified as an “environmental pressure’ opening to mimic the exhaust to the ambient atmospheric conditions of the lab where the experiment took place in the real-world. The water outlet condition was specified as an outlet mass flow rate linked to tabulated values also, but with no control over temperature as to allow analysis of whether the experiment and heat transfer was occurring correctly due to the temperature at the outlet being determined by the models heat transfer conditions.
These input parameters can be seen in the “Full input settings used for generation of CFD model” seen in Appendix 1.4
[image: ]
[bookmark: _Toc39413637][bookmark: _Hlk39351305]Figure 30: Example of the mesh used for the CFD model (including both Global and Local meshes and automatic refinements to the meshes seen during calculation/solving). Applied using Solidworks Flow Simulation Add-in (Dassault Systemes, 2019) 
Once the boundary conditions had been applied, the final step before initiating the actual calculations was to define a “mesh” of elements for calculation to be carried out on. In the case of this particular study the basic mesh was defined using the rule-of-thumb “three elements in the smallest geometry” (Lake, 2020) this mesh totalled approximately 500,000 elements across the entire computational domain and was uniform in nature.
Additionally, to improve the quality of results a local mesh was applied to the copper tube components, following the same “three elements” rule-of-thumb, this was done to improve the accuracy of the “heat conduction in solids” method of solving for the CFD model. 
[image: ][image: ]
[bookmark: _Toc39413638]Figure 31: Close-up example of mesh refinement seen around water system pipes during calculation/solving. Applied using Solidworks Flow Simulation Add-in (Dassault Systemes, 2019) 
At this point ambient conditions and overall solving parameters were set, for the purposes of this model a set of automatic mesh refinements were applied to automatically increase mesh resolution (particularly around the copper pipes where the water-to-air heat exchange was occurring as can be seen above in Figure 31) up to six times denser than the global element resolution based on particle cycles seen through the model geometry. 
Once these refinements had been applied and all conditions had been confirmed the model was set to calculate/solve[footnoteRef:23]. Once solved the results from this study were opened in the post-process analysis component of the “Flow Simulation” software to view the findings of the CFD model. [23:  An important note here is that this was a learning process, it took many iterations and modifications of the process described here to produce the results seen in this work.] 

[bookmark: _Toc39366646] Results: Analysis of results from CFD model
[image: ][image: ]
[bookmark: _Toc39413639]Figure 32: Example of flow separation seen at entrance of heat exchanger portion. Turbulence intensity shown on the left, flow velocity on the right. Calculated using Solidworks Flow Simulation Add-in (Dassault Systemes, 2019) 
As mentioned previously (section 5.3.2 footnote 16) one of the first visual indicators that the flow characteristics of the CFD model were acting correctly was boundary layer/flow separation upon entry to the heat exchanger. Prominent boundary layer separation can be seen  in both Figure 32 and Figure 33, at multiple points during the virtual experiment’s timeline. 
Firstly, Figure 32 displays an example of an aggressive flow separation forming a large turbulent eddy, the image on the left of the figure displays turbulence intensity and the image on the right of the figure displays the velocity of fluid flow. As expected, the aggressively turbulent flow caused by this separation causes a reduction in velocity along the flow path as the flow moves away from a laminar regime.
[image: ]Secondly, as can be seen in Figure 33 to the left, this increase in turbulence drives an increase in temperature as there is increased time for heat transfer into the air from the water system whilst the eddies/vortices sit in the vicinity of the pipes. 
[bookmark: _Toc39413640]Figure 33: Temperature colour plot (scale in image) displaying the effects of eddy/vortex formation due to boundary separation on air temperature using Solidworks Flow Simulation Add-in (Dassault Systemes, 2019) 

On the following pages in Figures 34 to 45 and Tables 9 to 14 there appears the colour plots (for temperature observed, scale in the bottom right of each figure) and results tables associated with each pressure change step seen during the virtual experiment. The steps shown are linked to the re-world experiment as seen previously in Tables 5,6 and 7. 
The reasoning for the timing steps included in the captions seen in the result is that they show the attempt to run the virtual experiment in a similar manner to the real-world experiment. The timing and method used for both the real-world event was as follows:
1. Initiate the experiment using 5 second timesteps between reporting results. 
2. Allow 600 seconds for the experiment to equalise at the flow rates for each fluid subdomain.
3. Take reading then allow 30 second for transition to next flow rate increments. 
4. Wait 300 seconds then repeat Step 3.
5. Continue repeating Steps 3 and 4 until all flow rates have been recorded. 
This totalled a 2,250 second study in the virtual experiment which, due to being broken into 5 second calculation intervals allowed for a transient animation of the results which could be paused and analysed as seen on the following pages.

[image: ]
[bookmark: _Toc39413641][bookmark: _Hlk39354327]Figure 34: Air Circuit Temperatures seen in CFD model (Solidworks Flow Simulation add-in (Dassault Systemes, 2019)) of TD1007 heat exchanger experiment at ΔP 249Pa (600 seconds run time)
[image: ]
[bookmark: _Toc39413642][bookmark: _Hlk39354904][image: ]Figure 35: Water Circuit Temperatures seen in CFD model (Solidworks Flow Simulation add-in (Dassault Systemes, 2019)) of TD1007 heat exchanger experiment at ΔP 249Pa (600 seconds run time)
[bookmark: _Toc39362764][bookmark: _Toc39413702]





Table 9: Results table of data seen in CFD model (Solidworks Flow Simulation add-in (Dassault Systemes, 2019)) of TD1007 heat exchanger experiment at ΔP 249Pa (600 seconds run time)

[image: ]
[bookmark: _Toc39413643]Figure 36: Air Circuit Temperatures seen in CFD model (Solidworks Flow Simulation add-in (Dassault Systemes, 2019)) of TD1007 heat exchanger experiment at ΔP 198Pa (930 seconds run time)
[image: ]
[bookmark: _Toc39413644][image: ]Figure 37: Water Circuit Temperatures seen in CFD model (Solidworks Flow Simulation add-in (Dassault Systemes, 2019)) of TD1007 heat exchanger experiment at ΔP 198Pa (930 seconds run time)
[bookmark: _Toc39362765][bookmark: _Toc39413703]




Table 10: Results table of data seen in CFD model (Solidworks Flow Simulation add-in (Dassault Systemes, 2019)) of TD1007 heat exchanger experiment at ΔP 198Pa (930 seconds run time)

[image: ]
[bookmark: _Toc39413645]Figure 38: Air Circuit Temperatures seen in CFD model (Solidworks Flow Simulation add-in (Dassault Systemes, 2019)) of TD1007 heat exchanger experiment at ΔP 151Pa (1260 seconds run time)
[image: ]
[bookmark: _Toc39413646][image: ]Figure 39: Water Circuit Temperatures seen in CFD model (Solidworks Flow Simulation add-in (Dassault Systemes, 2019)) of TD1007 heat exchanger experiment at ΔP 151Pa (1260 seconds run time)
[bookmark: _Toc39362766][bookmark: _Toc39413704]




Table 11: Results table of data seen in CFD model (Solidworks Flow Simulation add-in (Dassault Systemes, 2019)) of TD1007 heat exchanger experiment at ΔP 151Pa (1260 seconds run time)

[image: ]
[bookmark: _Toc39413647]Figure 40: Air Circuit Temperatures seen in CFD model (Solidworks Flow Simulation add-in (Dassault Systemes, 2019)) of TD1007 heat exchanger experiment at ΔP 99Pa (1590 seconds run time)
[image: ]
[bookmark: _Toc39413648][image: ]Figure 41: Water Circuit Temperatures seen in CFD model (Solidworks Flow Simulation add-in (Dassault Systemes, 2019)) of TD1007 heat exchanger experiment at ΔP 99Pa (1590 seconds run time)
[bookmark: _Toc39362767][bookmark: _Toc39413705]




Table 12: Results table of data seen in CFD model (Solidworks Flow Simulation add-in (Dassault Systemes, 2019)) of TD1007 heat exchanger experiment at ΔP 99Pa (1590 seconds run time)

[image: ]
[bookmark: _Toc39413649]Figure 42: Air Circuit Temperatures seen in CFD model (Solidworks Flow Simulation add-in (Dassault Systemes, 2019)) of TD1007 heat exchanger experiment at ΔP 50Pa (1920 seconds run time)
[image: ]
[bookmark: _Toc39413650]Figure 43: Water Circuit Temperatures seen in CFD model (Solidworks Flow Simulation add-in (Dassault Systemes, 2019)) of TD1007 heat exchanger experiment at ΔP 50Pa (1920 seconds run time)
[bookmark: _Toc39362768][bookmark: _Toc39413706][image: ]




Table 13: Results table of data seen in CFD model (Solidworks Flow Simulation add-in (Dassault Systemes, 2019)) of TD1007 heat exchanger experiment at ΔP 50Pa (1920 seconds run time)

[image: ]
[bookmark: _Toc39413651]Figure 44: Air Circuit Temperatures seen in CFD model (Solidworks Flow Simulation add-in (Dassault Systemes, 2019)) of TD1007 heat exchanger experiment at ΔP 25Pa (2250 seconds run time)
[image: ]
[bookmark: _Toc39413652]Figure 45: Water Circuit Temperatures seen in CFD model (Solidworks Flow Simulation add-in (Dassault Systemes, 2019)) of TD1007 heat exchanger experiment at ΔP 25Pa (2250 seconds run time)
[bookmark: _Toc39362769][bookmark: _Toc39413707][image: ]




Table 14: Results table of data seen in CFD model (Solidworks Flow Simulation add-in (Dassault Systemes, 2019)) of TD1007 heat exchanger experiment at ΔP 25Pa (2250 seconds run time)

[bookmark: _Toc39366647]Analysis and comparison/correlation to real-world data
[image: ]
[image: ]
[bookmark: _Toc39413653]Figure 46: Graphs displaying comparison of virtual (bottom) (CFD model) (Dassault Systemes, 2019) and physical (top) (TD1007 real-world experiment) (TecQuipment, 2014) relationship of data for water temperature against heat energy transfer rate. Blue curves representing TW1, Green curves representing TW2 and Grey curves representing Q̇W.
For the purposes of correlation and analysis the two systems (air and water) have been split into two separate areas of comparison to allow easier identification of issues driving the disparity between the real world data and the virtual experiment data. As can be seen above in Figure 46, the overall trends of temperature and heat transfer rate relationships seen in the water circuit of the virtual and real-world experiments are very similar. The TW1 curves are virtually identical due to them being a defined parameter in both tests (a percentage difference of -0.046% between the real and virtual tests[footnoteRef:24]). As can be seen, the overall trends are correct, but the values are out by an average of 6.146% for TW2 and -42.60% for Q̇W. Showing that heat transfer rate out of the water system is too slow meaning that the outlet temperature is not high enough. Essentially this shows that the change in temperature across the water system is not great enough in the CFD model. Mass flow rate of the water system can be eliminated as a cause using the graph shown below in Figure 47, Mass flow rates are exactly the same (the real-world results are completely obscured) due to their definition during the model setup and the temperature curves display a distinct difference.  [24:  In the representation of percentage difference for these results a negative value implies that the value seen in the virtual experiment was lesser than, colder or slower than the real-world experiment. ] 

[image: ]
[bookmark: _Toc39413654][bookmark: _Hlk39165475]Figure 47: Mass Flow Rate against change in Water Temperature comparison graph between physical experiment data (TecQuipment, 2014) and CFD model data (Dassault Systemes, 2019) using Excel (Microsoft, 2019)
This observation of reduced heat transfer being the issue can be further reinforced by viewing the average change in the water temperature across the model in comparison to the real world change in water temperature, -42.61%, which when viewed alongside the value of average percentage difference in heat transfer rate across the CFD model of -42.6% can be seen as a reasonable assumption that they are directly linked. Logically this assumption is further supported, as for a decrease or increase in temperature through the system to occur the rate of heat energy transfer in or out of the system must change. This can also be noted in the average mean temperature efficiency which, for the water circuit, is -42.56%. All of this presents a strong case that there is an issue in either the conduction element of the CFD model between the two systems or a problem with the output or uptake of heat energy into one or both of the systems. To further problem solve this issue the air circuit must be analysed. 
[image: ]
[bookmark: _Toc39413655]Figure 48: Mass Flow Rate against change in Air Temperature comparison graph between physical experiment data (TecQuipment, 2014) and CFD model data (Dassault Systemes, 2019) using Excel (Microsoft, 2019)
[image: ]
[bookmark: _Toc39413656]Figure 49: Air Temperature against Heat Energy Transfer Rate made using Excel (Microsoft, 2019) of physical experiment data (TecQuipment, 2014)
[image: ]
[bookmark: _Toc39413657]Figure 50: Air Temperature against Heat Energy Transfer Rate graph made using Excel (Microsoft, 2019) of virtual experiment data (Dassault Systemes, 2019)
If the air circuit is scrutinised in the same manner as the water circuit a similar trend can be seen to emerge. Whilst the mass flow shown in Figure 48 shows a direct, exact, match with the real-world data, due to its dependency, the change in temperature seen in relation to the real-world data is even further departed from the real-world data curve than the water circuit trends. Equally, if the average percentage difference of the change in water temperature (-29.57% difference), mean temperature efficiency (-29.51% difference) and heat transfer rate (-29.57% difference) are scrutinised as with the water system it can be observed that the three values display a direct link and are characteristically slower or lower than the real-world values, once again showing that there is an issue in the rate of energy transmission from one system to the other in the virtual model.  
Unfortunately, it was at this point during the process (20/03/2020) that the outbreak of SARS CoV-2 closed the university campus and physical experiments had to cease…
[bookmark: _Toc39366648]Further Work and The Impact of the SARS CoV-2 Pandemic
Despite the closure of the university campus putting an end to the ability to carry out physical, real-world testing on March 20th, efforts were still made to try and identify the cause of the reduced rate of heat transfer seen in the CFD in comparison to the real-world experiment and provide a plan to move forward. The main theory explored to try to explain this disparity in values was the effect of air humidity on heat transfer rate into the air flow system. The reasoning for this is that the thermal conductivities of water and dry air are 0.5674W•m-1•K-1 and 0.025W•m-1•K-1 (at 10°C at atmospheric pressure (Dincer & Zamfirescu, 2016)) respectively, and from these values common-sense would dictate that if there is liquid water in suspension in the air the thermal conductivity of the humid mixture as a whole would decrease, due to the water requiring a greater amount of energy to increase temperature than the dry air would alone. The setting used for the CFD model displayed in section 5.3 was an air humidity of 50% as this is Solidworks’ default setting for humidity in air. If the theory shown above proves correct, then re-running the CFD model at a lower humidity value should garner a much higher rate of heat transfer which should be instantly recognisable as an increase in the TA2 value observed. 
[image: ]
[bookmark: _Toc39413658]Figure 51: 0% Humidity Air Circuit Temperatures seen in CFD model (Solidworks Flow Simulation add-in (Dassault Systemes, 2019)) of TD1007 heat exchanger experiment at ΔP 25Pa (2250 seconds run time)

[image: ]
[bookmark: _Toc39413659]Figure 52: 50% Humidity Air Circuit Temperatures seen in CFD model (Solidworks Flow Simulation add-in (Dassault Systemes, 2019)) of TD1007 heat exchanger experiment at ΔP 25Pa (2250 seconds run time)
As can be seen above in Figures 51 and 53 an exact repeat of the CFD experiment at 0% air humidity demonstrated a much higher rate of heat transfer as expected. TA2 values seen were 27.75°C for the 50% humidity iteration and 30.20°C for the 0% humidity iteration.
Unfortunately, due to the inability to carry out the physical test again with a proper humidity reading the corroboration of data cannot progress further than this ‘identification of the problem” shown here. Any further work would be in the realm of purely making academic “guesses” at humidity values by trial and error using the CFD software. Due to the inaccuracy of the model in relation to the real-world data it was felt that it would not be a fair assumption to continue to base further work off  the information gather and the CFD model in its current state. As such, the future work from this point on would be to:
· Re-run the real-world experiment with an accurate humidity measurement.
· Re-evaluate the CFD model based on information gathered from this more accurate test.
· Apply this refined CFD model method to an intercooler geometry model as originally planned.
· Carry out multiple runs of this test based off data calculated in the first part of the work relating to the output temperatures seen in the M-series of superchargers.
· Based off the results of these tests specify adequate intercooler dimensions in relation to the geometry used for the Intercooler CFD model (20% larger, 50% smaller etc).  
[bookmark: _Toc39366649] Conclusion
To conclude, this work has proven to be an interesting learning experience in the world of “forced induction”, despite not being able to fully complete the heat exchanger portion of the work and provide the final summation of Roots supercharger paired to an Intercooler of correct efficiency and specification (due to the pandemic), several key areas were highlighted throughout the study process: 
The importance of humidity in heat transfer into air systems through forced convection (the often espoused rhetoric that “it’s negligible don’t worry about it” is incorrect), the stark contrast seen between turbo and Roots supercharging system trends in efficiency below pressure ratio values of Π2, the development of experimental method in the pursuit of correlation between a real-world and virtual experiment using multiple methods and finally the development of skills and knowledge surrounding  the subjects of thermo-fluid-dynamics, compressive work, supercharging methods, computational fluid dynamics and heat exchangers. 
The CFD methodology developed here was greatly streamlined in relation to initial work near the start of the project phase, in total well over 200GB of CFD work (around 100 hours of solve time) was carried out alone due to lack of dynamic refinement and setup attributes developed later in the project. Further work as proposed in section 6 would be much more efficient and show a greatly decreased timescale by comparison to previous work. 
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[bookmark: _Toc39366652]Appendix 1.1: Roots Outlet Port Geometry Comparison

[image: ][image: ][image: ]
[bookmark: _Toc39413660]Figure 53: Comparison of basic Roots outlet port design over time (Heisler, 1995)
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[bookmark: _Toc39413661]Figure 54: Comparison of outlet designs to reduce backflow compression noise (Uthoff & Yakimow, 1987)

 

[bookmark: _Toc39366653]Appendix 1.2: Example of spreadsheet relating to thermodynamic interactions of compressive work.
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[bookmark: _Toc39413662]Figure 55: Example of spreadsheet calculations for compressive work




[bookmark: _Toc39366654]Appendix 1.3: “Experiment 2” methodology used for the “real-world” portion of the intercooler work shown in section 4.3
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[bookmark: _Toc39413663][bookmark: _Hlk38887989]Figure 56: Page 1: Experiment methodology for "Experiment 2" taken from TD1007 Operators manual (TecQuipment, 2014)
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[bookmark: _Toc39413664]Figure 57: Page 2: Experiment methodology for "Experiment 2" taken from TD1007 Operators manual (TecQuipment, 2014)
[bookmark: _Toc39366655][bookmark: _Hlk38995119]Appendix 1.4: Full input settings used for generation of CFD model generated directly by Solidworks 2019 Flow Simulation software
INPUT DATA
Global Mesh Settings
Automatic initial mesh: Off
Basic Mesh Dimensions
	Number of cells in X
	100

	Number of cells in Y
	30

	Number of cells in Z
	15


Control Planes
Control planes in X direction
	Name
	Minimum
	Maximum
	Number of cells
	Ratio

	X1
	-0.469
	0.447
	-
	1.0000000


Control planes in Y direction
	Name
	Minimum
	Maximum
	Number of cells
	Ratio

	Y1
	-0.104
	0.106
	-
	1.0000000


Control planes in Z direction
	Name
	Minimum
	Maximum
	Number of cells
	Ratio

	Z1
	-0.099
	0.120
	-
	1.0000000


Solid/Fluid Interface
	Small Solid Feature Refinement Level
	0

	Curvature Level
	0

	Curvature Criterion
	0.318 rad

	Tolerance Level
	0

	Tolerance Criterion
	0.002 m


Refining cells
	Refine fluid cells
	Off

	Refine partial cells
	Off

	Refine solid cells
	Off







Local Mesh Settings
Local Mesh 1
	Components
	Water Tubes-18@Heat Exchanger Assembly Water Tubes-55@Heat Exchanger Assembly Water Tubes-45@Heat Exchanger Assembly Water Tubes-22@Heat Exchanger Assembly Water Tubes-37@Heat Exchanger Assembly Water Tubes-16@Heat Exchanger Assembly Water Tubes-35@Heat Exchanger Assembly Water Tubes-24@Heat Exchanger Assembly Water Tubes-39@Heat Exchanger Assembly Water Tubes-30@Heat Exchanger Assembly Water Tubes-47@Heat Exchanger Assembly Water Tubes-49@Heat Exchanger Assembly Water Tubes-1@Heat Exchanger Assembly Water Tubes-20@Heat Exchanger Assembly Water Tubes-28@Heat Exchanger Assembly Water Tubes-53@Heat Exchanger Assembly Water Tubes-43@Heat Exchanger Assembly Water Tubes-6@Heat Exchanger Assembly Water Tubes-8@Heat Exchanger Assembly Water Tubes-41@Heat Exchanger Assembly Water Tubes-12@Heat Exchanger Assembly Water Tubes-4@Heat Exchanger Assembly Water Tubes-26@Heat Exchanger Assembly Water Tubes-2@Heat Exchanger Assembly Water Tubes-65@Heat Exchanger Assembly Water Tubes-57@Heat Exchanger Assembly Water Tubes-61@Heat Exchanger Assembly Water Tubes-14@Heat Exchanger Assembly Water Tubes-63@Heat Exchanger Assembly Water Tubes-51@Heat Exchanger Assembly Water Tubes-59@Heat Exchanger Assembly Water Tubes-32@Heat Exchanger Assembly

	Solid/fluid interface
	Small Solid Feature Refinement Level: 0
Curvature Level: 0
Curvature Criterion: 0.318 rad
Tolerance Level: 0
Tolerance Criterion: 0.002 m

	Refining cells
	Refine fluid cells: Off
Refine solid cells: Off
Refine partial cells: Off

	Narrow channels
	Advanced narrow channel refinement: Off


Computational Domain
Size
	X min
	-0.469 m

	X max
	0.447 m

	Y min
	-0.104 m

	Y max
	0.106 m

	Z min
	-0.099 m

	Z max
	0.120 m

	X size
	0.916 m

	Y size
	0.210 m

	Z size
	0.219 m


Boundary Conditions
	2D plane flow
	None

	At X min
	Default

	At X max
	Default

	At Y min
	Default

	At Y max
	Default

	At Z min
	Default

	At Z max
	Default


Physical Features
Heat conduction in solids: On
Heat conduction in solids only: Off
Radiation: Off
Radiation in gases: Off
Time dependent: On
Gravitational effects: Off
Rotation: Off
Flow type: Laminar and turbulent
Cavitation: Off
High Mach number flow: Off
Free surface: Off
Default roughness: 0 micrometer
Default outer wall condition
Heat transfer coefficient: 0 W/m^2/K
External fluid temperature: 20.05 °C
Initial Conditions
	Thermodynamic parameters
	Static Pressure: 101367.00 Pa
Temperature: 19.00 °C

	Velocity parameters
	Velocity vector
Velocity in X direction: 0 m/s
Velocity in Y direction: 0 m/s
Velocity in Z direction: 0 m/s

	Solid parameters
	Default material:Steel (Mild)
Initial solid temperature: 19.00 °C





Material Settings
Fluids
Air, Water
Solids
Steel (Mild), Silicone, Acrylic (Medium-high impact), Plain Carbon Steel, AISI Type 316L stainless steel, Copper
Fluid Subdomains
WATER SUB-DOMAIN
	Fluids
	Water

	Faces
	Face<1>@Tube Joiners-1 Face<1>@Tube Joiners-30

	Coordinate system
	Global coordinate system

	Reference axis
	X

	Thermodynamic Parameters
	Static Pressure: 101367.00 Pa
Temperature: 19.00 °C

	Velocity Parameters
	Velocity in X direction: 0 m/s
Velocity in Y direction: 0 m/s
Velocity in Z direction: 0 m/s

	Turbulence parameters type:
	Turbulence intensity and length

	Intensity
	2.00 %

	Length
	4.800e-04 m

	Flow type
	Laminar and Turbulent

	Cavitation
	Off


AIR SUB-DOMAIN
	Default fluid type
	Gas/Steam/Real Gas

	Fluids
	Air

	Faces
	Face<1>@Heat Exchanger to Duct Taper-1

	Coordinate system
	Face Coordinate System

	Reference axis
	X

	Thermodynamic Parameters
	Static Pressure: 101367.00 Pa
Temperature: 19.00 °C

	Velocity Parameters
	Velocity in X direction: 0 m/s
Velocity in Y direction: 0 m/s
Velocity in Z direction: 0 m/s

	Turbulence parameters type:
	Turbulence intensity and length

	Intensity
	2.00 %

	Length
	4.800e-04 m

	Flow type
	Laminar and Turbulent

	Humidity
	On

	Relative humidity
	50.00 %


Solid Materials
Silicone
	Components
	Tube Holder to Frame Gasket-6@Heat Exchanger Assembly Tube Joiners-26@Heat Exchanger Assembly Tube Joiners-8@Heat Exchanger Assembly Feedside Tube Joiners-18@Heat Exchanger Assembly Tube Joiners-24@Heat Exchanger Assembly Tube Joiners-10@Heat Exchanger Assembly Feedside Tube Joiners-16@Heat Exchanger Assembly Tube Joiners-28@Heat Exchanger Assembly Tube Joiners-12@Heat Exchanger Assembly Tube Joiners-2@Heat Exchanger Assembly Feedside Tube Joiners-6@Heat Exchanger Assembly Heat Exchanger to Duct Taper Gasket-1@Heat Exchanger Assembly Heat Exchanger to Duct Taper Gasket-2@Heat Exchanger Assembly Tube Holder to Frame Gasket-4@Heat Exchanger Assembly Feedside Tube Joiners-1@Heat Exchanger Assembly Feedside Tube Joiners-28@Heat Exchanger Assembly Feedside Tube Joiners-4@Heat Exchanger Assembly Feedside Tube Joiners-24@Heat Exchanger Assembly Feedside Tube Joiners-12@Heat Exchanger Assembly Tube Joiners-30@Heat Exchanger Assembly Duct Taper to Duct Gasket-1@Heat Exchanger Assembly Duct Taper to Duct Gasket-2@Heat Exchanger Assembly Tube Holder to Frame Gasket-2@Heat Exchanger Assembly Feedside Tube Joiners-2@Heat Exchanger Assembly Tube Joiners-4@Heat Exchanger Assembly Tube Holder to Frame Gasket-1@Heat Exchanger Assembly Tube Joiners-22@Heat Exchanger Assembly Tube Joiners-18@Heat Exchanger Assembly Tube Joiners-20@Heat Exchanger Assembly Feedside Tube Joiners-14@Heat Exchanger Assembly Tube Joiners-16@Heat Exchanger Assembly Tube Joiners-1@Heat Exchanger Assembly Feedside Tube Joiners-10@Heat Exchanger Assembly Feedside Tube Joiners-8@Heat Exchanger Assembly Tube Joiners-14@Heat Exchanger Assembly Feedside Tube Joiners-22@Heat Exchanger Assembly Feedside Tube Joiners-20@Heat Exchanger Assembly Tube Joiners-6@Heat Exchanger Assembly

	Solid substance
	Silicone


Plain Carbon Steel
	Components
	Heat Exchanger to Duct Taper-1,2, Fan Side Duct-1, Atmos Side Duct-1, Heat Exchanger Frame-1, 

	Solid substance
	
Plain Carbon Steel


AISI Type 316L stainless steel
	Components
	Probe Simulation-1, Probe Simulation-6

	Solid substance
	
AISI Type 316L stainless steel




Acrylic (Medium-high impact)
	Components
	Perspex Tube Mounts-1

	Solid substance
	
Acrylic (Medium-high impact)


Acrylic (Medium-high impact) 2
	Components
	Perspex Tube Mounts-2

	Solid substance
	
Acrylic (Medium-high impact)


Copper
	Components
	Water Tubes-1 to 32

	Solid substance
	
Copper


Boundary Conditions
AIR IN
	Type
	Inlet Mass Flow

	Faces
	LID28-1/Imported1//Face

	Coordinate system
	Face Coordinate System

	Reference axis
	X

	Flow parameters
	Flow vectors direction: Normal to face
Mass flow rateTable #1
Fully developed flow: Yes

	Thermodynamic parameters
	Approximate pressure: 101367.00 Pa
Temperature type: Temperature of initial components
TemperatureTable #2


AIR OUT
	Type
	Environment Pressure

	Faces
	LID37-1/Imported1//Face

	Coordinate system
	Face Coordinate System

	Reference axis
	X

	Thermodynamic parameters
	Environment pressure: 101367.00 Pa
Temperature type: Temperature of initial components
TemperatureTable #3

	Turbulence parameters
	Boundary layer parameters

	Boundary layer type: Turbulent


WATER IN
	Type
	Inlet Mass Flow

	Faces
	LID30-1/Imported1//Face LID32-1/Imported1//Face

	Coordinate system
	Global coordinate system

	Reference axis
	X

	Flow parameters
	Flow vectors direction: Normal to face
Mass flow rateTable #4
Fully developed flow: Yes

	Thermodynamic parameters
	Temperature type: Temperature of initial components
TemperatureTable #5


WATER OUT
	Type
	Outlet Mass Flow

	Faces
	LID29-1/Imported1//Face LID31-1/Imported1//Face

	Coordinate system
	Global coordinate system

	Reference axis
	X

	Flow parameters
	Flow vectors direction: Normal to face
Mass flow rateTable #6


Calculation Control Options
Finish Conditions
	Finish Conditions
	If one is satisfied

	Maximum physical time
	2250.000 s


Solver Refinement
	Refinement level
	3

	Approximate maximum cells
	1500000

	Refinement strategy
	Tabular refinement

	Units
	Travels

	Relaxation interval
	0.200

	Refinements
	1, 2


Results Saving
	Save before refinement
	On

	Periodic Saving
	Units: Iterations
Period: 5


Advanced Control Options
Manual time step (Freezing): Off         Manual time step: 5.000 s
Engineering Database
Solids
[bookmark: F9D710FDF05648F4BDA50E2208C3EE8A]Steel (Mild)
Path: Solids Pre-Defined\Alloys
Density: 7870.00 kg/m^3
Specific heat: 472.0 J/(kg*K)
Conductivity type: Isotropic
Thermal conductivity: 51.9000 W/(m*K)
Electrical conductivity: Conductor
Resistivity: 1.7400e-07 Ohm*m
Radiation properties: No
Melting temperature: Yes
Temperature: 1400.00 °C
[bookmark: 49EE73C9ECE34DF0B28FF4E227AD8451]Silicone
Path: Solids Pre-Defined\Building Materials\Insulating Materials
Density: 700.00 kg/m^3
Specific heat: 1004.0 J/(kg*K)
Conductivity type: Isotropic
Thermal conductivity: 0.1800 W/(m*K)
Electrical conductivity: Dielectric
Radiation properties: No
Melting temperature: Yes
Temperature: 726.85 °C
[bookmark: 60ADE1C45D8B44F79A7B2F1631EA0D26]Acrylic (Medium-high impact)
Path: Solids User Defined\SOLIDWORKS Material
Density: 1200.00 kg/m^3
Specific heat: 1500.0 J/(kg*K)
Conductivity type: Isotropic
Thermal conductivity: 0.2100 W/(m*K)
Electrical conductivity: Dielectric
Radiation properties: No
Melting temperature: No
[bookmark: F857385C1A754F429E40452F54D8392A]
Plain Carbon Steel
Path: Solids User Defined\SOLIDWORKS Material
Density: 7800.00 kg/m^3
Specific heat: 440.0 J/(kg*K)
Conductivity type: Isotropic
Thermal conductivity: 43.0000 W/(m*K)
Electrical conductivity: Dielectric
Radiation properties: No
Melting temperature: No
[bookmark: 43DC0E7D94EB4E2B82343E184163101B]AISI Type 316L stainless steel
Path: Solids User Defined\SOLIDWORKS Material
Density: 8027.00 kg/m^3
Specific heat: 450.0 J/(kg*K)
Conductivity type: Isotropic
Thermal conductivity: 14.6000 W/(m*K)
Electrical conductivity: Dielectric
Radiation properties: No
Melting temperature: No
[bookmark: DB15609271054F6197C7CC4B48781BC0]Copper
Path: Solids User Defined\SOLIDWORKS Material
Density: 8900.00 kg/m^3
Specific heat: 390.0 J/(kg*K)
Conductivity type: Isotropic
Thermal conductivity: 390.0000 W/(m*K)
Electrical conductivity: Dielectric
Radiation properties: No
Melting temperature: No





Gases
[bookmark: CF8F47561E794564A6F2BD5EF2DCD01B]Air



Path: Gases Pre-Defined
Gases
Air
Path: Gases Pre-Defined
Specific heat ratio (Cp/Cv): 1.399
Molecular mass: 0.0290 kg/mol


Liquids
[bookmark: 7E67641AAEB84EB78FFAA168EC2D0090]Water
Path: Liquids Pre-Defined



Cavitation effect: Yes
Temperature: -273.15 °C
Saturation pressure: 0 Pa
Radiation properties: No

Dependencies






[bookmark: _Toc39366656]Appendix 1.5: Raw Performance Maps for Eaton M-series superchargers 
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[bookmark: _Toc39413665]Figure 58: M45 Performance Map
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[bookmark: _Toc39413666]Figure 59: M62 Performance Map
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[bookmark: _Toc39413667]Figure 60: M90 Performance Map
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[bookmark: _Toc39413668]Figure 61: M112 Performance Map
[bookmark: _Toc39366657]Appendix 1.6: Raw Performance Maps for MHI TD Series turbo-superchargers
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[bookmark: _Toc39413669]Figure 62: MHI TD-series Turbo Performance Maps
[bookmark: _Toc39366658]Appendix 1.7: M-series comparison at differing pressure ratios
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[bookmark: _Toc39413670]Figure 63: M-Series Performance Comparison at 1.2Π
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[bookmark: _Toc39413671]Figure 64: M-Series Performance Comparison at 1.3Π
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[bookmark: _Toc39413672]Figure 65: M-Series Performance Comparison at 1.4Π
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[bookmark: _Toc39413673]Figure 66: M-Series Performance Comparison at 1.5Π
[image: ]
[bookmark: _Toc39413674]Figure 67: M-Series Performance Comparison at 1.6Π
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[bookmark: _Toc39413675]Figure 68: M-Series Performance Comparison at 1.7Π
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[bookmark: _Toc39413676]Figure 69: M-Series Performance Comparison at 1.8Π
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[bookmark: _Toc39413677]Figure 70: M-Series Performance Comparison at 1.9Π
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[bookmark: _Toc39413678]Figure 71: M-Series Performance Comparison at 2.0Π











[bookmark: _Toc39366659]Appendix 1.8: The London Taxi Company TX4 Intercooler Spec Sheet
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[bookmark: _Toc39413679]Figure 72: The London Taxi Company TX4 Intercooler Spec Sheet]
0.01	5.01	10.01	15.01	20.010000000000002	25.01	30.01	35.01	40.01	45.01	50.01	55.01	60.01	65.010000000000005	70.010000000000005	75.010000000000005	80.010000000000005	85.01	90.01	95.01	100.01	105.01	110.01	115.01	120.01	125.01	130.01	135.01	140.01	145.01	150.01	155.01	160.01	165.01	170.01	175.01	180.01	185.01	190.01	195.01	200.01	205.01	210.01	215.01	220.01	225.01	230.01	235.01	240.01	245.01	1.7912E-3	1.5177999999999999E-3	1.3056000000000001E-3	1.1372999999999999E-3	1.0013999999999999E-3	8.899E-4	7.9719000000000003E-4	7.1916999999999999E-4	6.5284999999999996E-4	5.9595000000000004E-4	5.4673999999999999E-4	5.0387999999999995E-4	4.6631E-4	4.3318000000000002E-4	4.0381999999999999E-4	3.7766999999999998E-4	3.5429E-4	3.3328999999999998E-4	3.1436000000000002E-4	2.9724999999999999E-4	2.8171000000000001E-4	2.6758000000000001E-4	2.5467000000000003E-4	2.4287000000000001E-4	2.3203000000000001E-4	2.2206999999999999E-4	2.1288000000000001E-4	2.0439000000000001E-4	1.9652999999999999E-4	1.8923E-4	1.8244999999999999E-4	1.7613000000000001E-4	1.7023E-4	1.6470999999999999E-4	1.5954000000000001E-4	1.5469E-4	1.5013E-4	1.4583E-4	1.4176999999999999E-4	1.3794E-4	1.3431000000000001E-4	1.3087E-4	1.2760000000000001E-4	1.2448E-4	1.2150999999999999E-4	1.1867E-4	1.1595999999999999E-4	1.1335E-4	1.1085E-4	1.0844E-4	Temperature[°C]

Dynamic viscosity[Pa*s]

0.01	5.01	10.01	15.01	20.010000000000002	25.01	30.01	35.01	40.01	45.01	50.01	55.01	60.01	65.010000000000005	70.010000000000005	75.010000000000005	80.010000000000005	85.01	90.01	95.01	100.01	105.01	110.01	115.01	120.01	125.01	130.01	135.01	140.01	145.01	150.01	155.01	160.01	165.01	170.01	175.01	180.01	185.01	190.01	195.01	200.01	205.01	210.01	215.01	220.01	225.01	230.01	235.01	240.01	245.01	4219.8999999999996	4205.3999999999996	4195.5	4188.8	4184.3999999999996	4181.6000000000004	4180.1000000000004	4179.5	4179.6000000000004	4180.3999999999996	4181.6000000000004	4183.2	4185.1000000000004	4187.5	4190.2	4193.3	4196.8999999999996	4200.8	4205.3	4210.2	4215.7	4221.7	4228.3	4235.6000000000004	4243.5	4252.2	4261.5	4271.7	4282.6000000000004	4294.3999999999996	4307.1000000000004	4320.7	4335.3999999999996	4351.1000000000004	4367.8999999999996	4385.8	4405	4425.5	4447.3999999999996	4470.8999999999996	4495.8999999999996	4522.6000000000004	4551.3	4581.8999999999996	4614.7	4649.8999999999996	4687.6000000000004	4728.3	4772	4819.2	Temperature[°C]

Specific heat (Cp)[J/(kg*K)]

0.01	5.01	10.01	15.01	20.010000000000002	25.01	30.01	35.01	40.01	45.01	50.01	55.01	60.01	65.010000000000005	70.010000000000005	75.010000000000005	80.010000000000005	85.01	90.01	95.01	100.01	105.01	110.01	115.01	120.01	125.01	130.01	135.01	140.01	145.01	150.01	155.01	160.01	165.01	170.01	175.01	180.01	185.01	190.01	195.01	200.01	205.01	210.01	215.01	220.01	225.01	230.01	235.01	240.01	245.01	0.56103999999999998	0.57054000000000005	0.58001999999999998	0.58935000000000004	0.59843000000000002	0.60716999999999999	0.61546999999999996	0.62329999999999997	0.63060000000000005	0.63736000000000004	0.64356000000000002	0.64922999999999997	0.65436000000000005	0.65896999999999994	0.66310000000000002	0.66676000000000002	0.66998999999999997	0.67281999999999997	0.67525999999999997	0.67734000000000005	0.67910000000000004	0.68054000000000003	0.68169000000000002	0.68257000000000001	0.68318999999999996	0.68355999999999995	0.68369999999999997	0.68361000000000005	0.68330000000000002	0.68276999999999999	0.68203999999999998	0.68110000000000004	0.67995000000000005	0.67859999999999998	0.67705000000000004	0.67528999999999995	0.67332000000000003	0.67113999999999996	0.66874999999999996	0.66613999999999995	0.66330999999999996	0.66025	0.65695999999999999	0.65342999999999996	0.64964	0.64559999999999995	0.64129999999999998	0.63671	0.63183999999999996	0.62666999999999995	Temperature[°C]

Thermal conductivity[W/(m*K)]

Table #1
300	600	630	930	960	1260	1290	1590	1620	1920	1950	2250	0.1152325	0.1152325	0.10269540000000001	0.10269540000000001	8.9682289999999998E-2	8.9682289999999998E-2	7.2567519999999996E-2	7.2567519999999996E-2	5.1523670000000001E-2	5.1523670000000001E-2	3.6380660000000002E-2	3.6380660000000002E-2	Time[s]

Mass flow rate[kg/s]

Table #2
300	600	630	930	960	1260	1290	1590	1620	1920	1950	2250	19.600000000000001	19.600000000000001	19.899999999999999	19.899999999999999	19.7	19.7	19.8	19.8	19.899999999999999	19.899999999999999	20.2	20.2	Time[s]

Temperature[°C]

Table #3
300	600	630	930	960	1260	1290	1590	1620	1920	1950	2250	19	19	19.100000000000001	19.100000000000001	18.8	18.8	19.3	19.3	18.7	18.7	18.7	18.7	Time[s]

Temperature[°C]

Table #4
300	600	630	930	960	1260	1290	1590	1620	1920	1950	2250	1.8718599999999998E-2	1.8718599999999998E-2	1.87177E-2	1.87177E-2	1.87149E-2	1.87149E-2	1.87107E-2	1.87107E-2	1.87026E-2	1.87026E-2	1.8697399999999999E-2	1.8697399999999999E-2	Time[s]

Mass flow rate[kg/s]

Table #5
300	600	630	930	960	1260	1290	1590	1620	1920	1950	2250	60.5	60.5	60.4	60.4	60.5	60.5	60.7	60.7	61.1	61.1	61.3	61.3	Time[s]

Temperature[°C]

Table #6
300	600	630	930	960	1260	1290	1590	1620	1920	1950	2250	1.8718599999999998E-2	1.8718599999999998E-2	1.87177E-2	1.87177E-2	1.87149E-2	1.87149E-2	1.87107E-2	1.87107E-2	1.87026E-2	1.87026E-2	1.8697399999999999E-2	1.8697399999999999E-2	Time[s]

Mass flow rate[kg/s]

-188.15	-173.15	-73.150000000000006	26.85	126.85	226.85	526.85	726.85	1226.8499999999999	1726.85	2026.85	2226.85	2726.85	6.0399999999999998E-6	7.1099999999999997E-6	1.33E-5	1.8499999999999999E-5	2.3E-5	2.6999999999999999E-5	3.6999999999999998E-5	4.2400000000000001E-5	5.5699999999999999E-5	6.8899999999999994E-5	7.6600000000000005E-5	8.1799999999999996E-5	9.5500000000000004E-5	Temperature[°C]

Dynamic viscosity[Pa*s]

-173.15	-163.15	-153.15	-143.15	-133.15	-123.15	-113.15	-103.15	-93.15	-83.15	-73.150000000000006	-63.15	-53.15	-43.15	-33.15	-23.15	-13.15	-3.15	6.85	16.850000000000001	26.85	76.849999999999994	126.85	176.85	226.85	276.85000000000002	326.85000000000002	376.85	426.85	476.85	526.85	576.85	626.85	676.85	726.85	776.85	826.85	876.85	926.85	976.85	1026.8499999999999	1076.8499999999999	1126.8499999999999	1176.8499999999999	1226.8499999999999	1276.8499999999999	1326.85	1376.85	1426.85	1476.85	1526.85	1576.85	1626.85	1676.85	1726.85	1826.85	1926.85	2026.85	2126.85	2226.85	2326.85	2426.85	2526.85	2626.85	2726.85	1029.115	1022.4160000000001	1018.229	1014.88	1012.7859999999999	1011.112	1009.856	1009.018	1008.181	1007.3440000000001	1006.506	1006.506	1006.506	1006.088	1006.088	1006.088	1006.088	1006.088	1006.506	1006.506	1006.925	1009.856	1014.88	1021.997	1030.3710000000001	1040.838	1052.1420000000001	1063.865	1075.8399999999999	1087.8140000000001	1099.453	1111.1759999999999	1122.0619999999999	1132.9480000000001	1142.9960000000001	1152.626	1162.2550000000001	1171.4659999999999	1180.258	1189.0509999999999	1197.8430000000001	1206.635	1215.009	1223.3820000000001	1231.7560000000001	1240.9670000000001	1250.1780000000001	1259.3889999999999	1269.019	1278.6479999999999	1288.6959999999999	1299.5820000000001	1311.3050000000001	1324.2840000000001	1338.9380000000001	1373.27	1420.999	1487.569	1575.0730000000001	1689.373	1838.423	2027.6659999999999	2260.4520000000002	2544.7359999999999	2860.8389999999999	Temperature[°C]

Specific heat (Cp)[J/(kg*K)]

-190	-180	-170	-160	-150	-100	-50	0	100	200	300	400	500	600	700	800	1226.8499999999999	1726.85	2226.85	2726.85	7.7922920000000001E-3	8.699455E-3	9.5949869999999993E-3	1.050215E-2	1.1420939999999999E-2	1.586371E-2	2.0166920000000001E-2	2.43073E-2	3.1866989999999998E-2	3.8728859999999997E-2	4.47766E-2	5.0475449999999998E-2	5.6174290000000002E-2	6.1524219999999998E-2	6.6641539999999999E-2	7.1991479999999997E-2	0.1	0.13700000000000001	0.222	0.48599999999999999	Temperature[°C]

Thermal conductivity[W/(m*K)]

0.01	5.01	10.01	15.01	20.010000000000002	25.01	30.01	35.01	40.01	45.01	50.01	55.01	60.01	65.010000000000005	70.010000000000005	75.010000000000005	80.010000000000005	85.01	90.01	95.01	100.01	105.01	110.01	115.01	120.01	125.01	130.01	135.01	140.01	145.01	150.01	155.01	160.01	165.01	170.01	175.01	180.01	185.01	190.01	195.01	200.01	205.01	210.01	215.01	220.01	225.01	230.01	235.01	240.01	245.01	999.79	999.92	999.65	999.05	998.16	997	995.6	993.99	992.17	990.17	987.99	985.65	983.16	980.51	977.73	974.81	971.76	968.59	965.29	961.87	958.34	954.7	950.94	947.07	943.1	939.02	934.83	930.53	926.13	921.62	917	912.27	907.44	902.5	897.44	892.27	886.99	881.59	876.06	870.42	864.65	858.74	852.71	846.53	840.21	833.73	827.11	820.31	813.35	806.21	Temperature[°C]

Density[kg/m^3]
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image53.emf
REAL SW DIFF % DIFF

Change in Pressure  Pa 249 249 0 0.00%

Volumetric Flow Rate Water l.min⁻¹ 1.14 1.14 0 0.00%

Mass Flow Rate Water kg.s⁻¹ 0.018719 0.018719 0 0.00%

Mass Flow Rate Air kg.s⁻¹ 0.115233 0.115233 0 0.00%

Velocity of Airflow at Inlet m.s⁻¹ 12.24621 12.18775 -0.05845 -0.48%

Velocity of Airflow at Inlet mph 27.39403 27.26328 -0.13076 -0.48%

Temp Water 1  °C 60.5 60.44 -0.06 -0.10%

Temp Water 2  °C 51.5 54.935 3.435 6.67%

Change in Temp Water  °C -9 -5.505 3.495 -38.83%

Average Temp Water °C 56 57.6875 1.6875 3.01%

Temp Air 1  °C 19.6 19.6 0 0.00%

Temp Air 2 °C 25.2 22.38 -2.82 -11.19%

Change in Temp Air  °C 5.6 2.78 -2.82 -50.36%

Average Temp Air  °C 22.4 20.99 -1.41 -6.29%

Temp Air 3  °C 19 19 0 0.00%

Mean Temp Efficiency Water  % 22.00489 13.47943 -8.52546 -38.74%

Mean Temp Efficiency Air % 13.69193 6.807052 -6.88488 -50.28%

Overall Efficiency % 17.84841 10.14324 -7.70517 -43.17%

Average Density of Water kg.m⁻³ 985.1917 984.3553 -0.83638 -0.08%

Average Density of Air  kg.m⁻³ 1.195442 1.201176 0.005733 0.48%

Specific Heat Capacity of Water J.kg⁻¹K⁻¹ 4182.458 4183.126 0.667643 0.02%

Specific Heat Capacity of Air J.kg⁻¹K⁻¹ 1005.5 1005.5 0 0.00%

Heat Energy Transfer Rate Water  W 704.6095 431.0549 -273.555 -38.82%

Heat Energy Transfer Rate Air  W 648.8512 322.1083 -326.743 -50.36%

Energy Loss to Environment W 55.75828 108.9467 53.18838 95.39%

Energy Loss Percentage % 0.079134 0.252744 0.173611 219.39%

Energy Balance Coefficient  - 0.920866 0.747256 -0.17361 -18.85%

Logarithmic Mean Temp Difference  - 33.06451 36.5411 3.47659 10.51%

Heat Transfer Coefficient W.m⁻²K⁻¹ 136.7789 75.71529 -61.0636 -44.64%
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image56.emf
REAL SW DIFF % DIFF

Change in Pressure  Pa 198 198 0 0.00%

Volumetric Flow Rate Water l.min⁻¹ 1.14 1.14 0 0.00%

Mass Flow Rate Water kg.s⁻¹ 0.018718 0.018718 0 0.00%

Mass Flow Rate Air kg.s⁻¹ 0.102695 0.102695 0 0.00%

Velocity of Airflow at Inlet m.s⁻¹ 10.92677 10.86433 -0.062 -0.57%

Velocity of Airflow at Inlet mph 24.44252 24.30285 -0.14 -0.57%

Temp Water 1  °C 60.4 60.36 -0.04 -0.07%

Temp Water 2  °C 51.8 55.535 3.735 7.21%

Change in Temp Water  °C -8.6 -4.825 3.775 -43.90%

Average Temp Water °C 56.1 57.9475 1.8475 3.29%

Temp Air 1  °C 19.9 19.87 -0.03 -0.15%

Temp Air 2 °C 25.6 22.25 -3.35 -13.09%

Change in Temp Air  °C 5.7 2.38 -3.32 -58.25%

Average Temp Air  °C 22.75 21.06 -1.69 -7.43%

Temp Air 3  °C 19.1 19.1 0 0.00%

Mean Temp Efficiency Water  % 21.23457 11.91652 -9.318 -43.88%

Mean Temp Efficiency Air % 14.07407 5.877995 -8.196 -58.24%

Overall Efficiency % 17.65432 8.897259 -8.757 -49.60%

Average Density of Water kg.m⁻³ 985.1426 984.2249 -0.918 -0.09%

Average Density of Air  kg.m⁻³ 1.194027 1.20089 0.0069 0.57%

Specific Heat Capacity of Water J.kg⁻¹K⁻¹ 4182.497 4183.233 0.7358 0.02%

Specific Heat Capacity of Air J.kg⁻¹K⁻¹ 1005.5 1005.5 0 0.00%

Heat Energy Transfer Rate Water  W 673.2661 377.8001 -295.5 -43.89%

Heat Energy Transfer Rate Air  W 588.583 245.7592 -342.8 -58.25%

Energy Loss to Environment W 84.68312 132.0408 47.358 55.92%

Energy Loss Percentage % 0.12578 0.349499 0.2237 177.87%

Energy Balance Coefficient  - 0.87422 0.650501 -0.224 -25.59%

Logarithmic Mean Temp Difference  - 32.83261 36.76992 3.9373 11.99%

Heat Transfer Coefficient W.m⁻²K⁻¹ 131.6176 65.94803 -65.67 -49.89%


image57.png
[Temperature[ 2353 °C

——

1260.0005

_—m—m—
a

19.00 2067 2233 2400 2567 27.33 20.00
Temperature ['C]

CutPlat 1: cantours
Cut Plot 2’ cantours




image58.png
et —

Temperature ['C]

CutPlat 1: cantours
Cut Plot 2’ cantours




image59.emf
REAL SW DIFF % DIFF

Change in Pressure  Pa 151 151 0 0.00%

Volumetric Flow Rate Water l.min⁻¹ 1.14 1.14 0 0.00%

Mass Flow Rate Water kg.s⁻¹ 0.0187149 0.018715 0 0.00%

Mass Flow Rate Air kg.s⁻¹ 0.0896823 0.089682 0 0.00%

Velocity of Airflow at Inlet m.s⁻¹ 9.5421794 9.506689 -0.03549 -0.37%

Velocity of Airflow at Inlet mph 21.345283 21.26589 -0.07939 -0.37%

Temp Water 1  °C 60.5 60.47 -0.03 -0.05%

Temp Water 2  °C 52.3 55.51 3.21 6.14%

Change in Temp Water  °C -8.2 -4.96 3.24 -39.51%

Average Temp Water °C 56.4 57.99 1.59 2.82%

Temp Air 1  °C 19.7 19.72 0.02 0.10%

Temp Air 2 °C 25.8 23.58 -2.22 -8.60%

Change in Temp Air  °C 6.1 3.86 -2.24 -36.72%

Average Temp Air  °C 22.75 21.65 -1.1 -4.84%

Temp Air 3  °C 18.8 18.8 0 0.00%

Mean Temp Efficiency Water  % 20.098039 12.17178 -7.92626 -39.44%

Mean Temp Efficiency Air % 14.95098 9.472393 -5.47859 -36.64%

Overall Efficiency % 17.52451 10.82209 -6.70242 -38.25%

Average Density of Water kg.m⁻³ 984.995 984.2035 -0.79146 -0.08%

Average Density of Air  kg.m⁻³ 1.1940274 1.198485 0.004458 0.37%

Specific Heat Capacity of Water J.kg⁻¹K⁻¹ 4182.6129 4183.25 0.63721 0.02%

Specific Heat Capacity of Air J.kg⁻¹K⁻¹ 1005.5 1005.5 0 0.00%

Heat Energy Transfer Rate Water  W 641.87306 388.3141 -253.559 -39.50%

Heat Energy Transfer Rate Air  W 550.07079 348.0776 -201.993 -36.72%

Energy Loss to Environment W 91.802272 40.23649 -51.5658 -56.17%

Energy Loss Percentage % 0.1430225 0.103618 -0.0394 -27.55%

Energy Balance Coefficient  - 0.8569775 0.896382 0.039404 4.60%

Logarithmic Mean Temp Difference  - 33.13734 36.1609 3.023563 9.12%

Heat Transfer Coefficient W.m⁻²K⁻¹ 124.3266 68.92494 -55.4017 -44.56%
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REAL SW DIFF % DIFF

Change in Pressure  Pa 99 99 0 0.00%

Volumetric Flow Rate Water l.min⁻¹ 1.14 1.14 0 0.00%

Mass Flow Rate Water kg.s⁻¹ 0.018711 0.018711 0 0.00%

Mass Flow Rate Air kg.s⁻¹ 0.072568 0.072568 0 0.00%

Velocity of Airflow at Inlet m.s⁻¹ 7.731615 7.70603 -0.02558 -0.33%

Velocity of Airflow at Inlet mph 17.29516 17.23793 -0.05723 -0.33%

Temp Water 1  °C 60.7 60.71 0.01 0.02%

Temp Water 2  °C 53 56.51 3.51 6.62%

Change in Temp Water  °C -7.7 -4.2 3.5 -45.45%

Average Temp Water °C 56.85 58.61 1.76 3.10%

Temp Air 1  °C 19.8 19.81 0.01 0.05%

Temp Air 2 °C 26.5 24.53 -1.97 -7.43%

Change in Temp Air  °C 6.7 4.72 -1.98 -29.55%

Average Temp Air  °C 23.15 22.17 -0.98 -4.23%

Temp Air 3  °C 19.3 19.3 0 0.00%

Mean Temp Efficiency Water  % 18.82641 10.26895 -8.55746 -45.45%

Mean Temp Efficiency Air % 16.38142 11.54034 -4.84108 -29.55%

Overall Efficiency % 17.60391 10.90465 -6.69927 -38.06%

Average Density of Water kg.m⁻³ 984.7726 983.8908 -0.88178 -0.09%

Average Density of Air  kg.m⁻³ 1.192415 1.196374 0.003959 0.33%

Specific Heat Capacity of Water J.kg⁻¹K⁻¹ 4182.789 4183.509 0.719073 0.02%

Specific Heat Capacity of Air J.kg⁻¹K⁻¹ 1005.5 1005.5 0 0.00%

Heat Energy Transfer Rate Water  W 602.6238 328.7604 -273.863 -45.45%

Heat Energy Transfer Rate Air  W 488.8765 344.4026 -144.474 -29.55%

Energy Loss to Environment W 113.7473 -15.6422 -129.389-113.75%

Energy Loss Percentage % 0.188753 -0.04758 -0.23633-125.21%

Energy Balance Coefficient  - 0.811247 1.047579 0.236333 29.13%

Logarithmic Mean Temp Difference  - 33.18085 36.25731 3.076465 9.27%

Heat Transfer Coefficient W.m⁻²K⁻¹116.5712 58.19913 -58.3721 -50.07%
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REAL SW DIFF % DIFF

Change in Pressure  Pa 50 50 0 0.00%

Volumetric Flow Rate Water l.min⁻¹ 1.14 1.14 0 0.00%

Mass Flow Rate Water kg.s⁻¹ 0.018703 0.018703 0 0.00%

Mass Flow Rate Air kg.s⁻¹ 0.051524 0.051524 0 0.00%

Velocity of Airflow at Inlet m.s⁻¹ 5.499719 5.507226 0.007507 0.14%

Velocity of Airflow at Inlet mph 12.30254 12.31933 0.016793 0.14%

Temp Water 1  °C 61.1 61.08 -0.02 -0.03%

Temp Water 2  °C 54.3 57.095 2.795 5.15%

Change in Temp Water  °C -6.8 -3.985 2.815 -41.40%

Average Temp Water °C 57.7 59.0875 1.3875 2.40%

Temp Air 1  °C 19.9 19.92 0.02 0.10%

Temp Air 2 °C 27.5 28.29 0.79 2.87%

Change in Temp Air  °C 7.6 8.37 0.77 10.13%

Average Temp Air  °C 23.7 24.105 0.405 1.71%

Temp Air 3  °C 18.7 18.7 0 0.00%

Mean Temp Efficiency Water  % 16.50485 9.68173 -6.82312 -41.34%

Mean Temp Efficiency Air % 18.4466 20.33528 1.888675 10.24%

Overall Efficiency % 17.47573 15.0085 -2.46722 -14.12%

Average Density of Water kg.m⁻³ 984.349 983.6483 -0.7007 -0.07%

Average Density of Air  kg.m⁻³ 1.190204 1.188582 -0.00162 -0.14%

Specific Heat Capacity of Water J.kg⁻¹K⁻¹ 4183.131 4183.711 0.580327 0.01%

Specific Heat Capacity of Air J.kg⁻¹K⁻¹ 1005.5 1005.5 0 0.00%

Heat Energy Transfer Rate Water  W 532.0018 311.812 -220.19 -41.39%

Heat Energy Transfer Rate Air  W 393.7336 433.625 39.89143 10.13%

Energy Loss to Environment W 138.2682 -121.813 -260.081-188.10%

Energy Loss Percentage % 0.259902 -0.39066 -0.65056-250.31%

Energy Balance Coefficient  - 0.740098 1.390662 0.650564 87.90%

Logarithmic Mean Temp Difference  - 33.48554 34.6158 1.130261 3.38%

Heat Transfer Coefficient W.m⁻²K⁻¹ 101.9737 57.81638 -44.1574 -43.30%
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REAL SW DIFF % DIFF

Change in Pressure  Pa 25 25 0 0.00%

Volumetric Flow Rate Water l.min⁻¹ 1.14 1.14 0 0.00%

Mass Flow Rate Water kg.s⁻¹ 0.018697 0.018697 0 0.00%

Mass Flow Rate Air kg.s⁻¹ 0.036381 0.036381 0 0.00%

Velocity of Airflow at Inlet m.s⁻¹ 3.894455 3.887257 -0.0072 -0.18%

Velocity of Airflow at Inlet mph 8.711663 8.69556 -0.0161 -0.18%

Temp Water 1  °C 61.3 61.27 -0.03 -0.05%

Temp Water 2  °C 55.2 58.01 2.81 5.09%

Change in Temp Water  °C -6.1 -3.26 2.84 -46.56%

Average Temp Water °C 58.25 59.64 1.39 2.39%

Temp Air 1  °C 20.2 20.2 0 0.00%

Temp Air 2 °C 28.9 27.8 -1.1 -3.81%

Change in Temp Air  °C 8.7 7.6 -1.1 -12.64%

Average Temp Air  °C 24.55 24 -0.55 -2.24%

Temp Air 3  °C 18.7 18.7 0 0.00%

Mean Temp Efficiency Water  % 14.84185 7.937667 -6.90418 -46.52%

Mean Temp Efficiency Air % 21.16788 18.50499 -2.66289 -12.58%

Overall Efficiency % 18.00487 13.22133 -4.78354 -26.57%

Average Density of Water kg.m⁻³ 984.0727 983.3661 -0.70654 -0.07%

Average Density of Air  kg.m⁻³ 1.186804 1.189002 0.002198 0.19%

Specific Heat Capacity of Water J.kg⁻¹K⁻¹ 4183.358 4183.95 0.592576 0.01%

Specific Heat Capacity of Air J.kg⁻¹K⁻¹ 1005.5 1005.5 0 0.00%

Heat Energy Transfer Rate Water  W 477.1288 255.0263 -222.103 -46.55%

Heat Energy Transfer Rate Air  W 318.2526 278.0137 -40.2388 -12.64%

Energy Loss to Environment W 158.8762 -22.9875 -181.864-114.47%

Energy Loss Percentage % 0.332984 -0.09014 -0.42312-127.07%

Energy Balance Coefficient  - 0.667016 1.090138 0.423122 63.43%

Logarithmic Mean Temp Difference  - 33.15121 35.36251 2.211294 6.67%

Heat Transfer Coefficient W.m⁻²K⁻¹ 92.37804 46.28864 -46.0894 -49.89%
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Figure 9. Outlet Port Designs
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TOHO07 Wt A et Exhanger

Experiment 2 - The Effect of Varying Air Flow Rate

Nore t“% i xperment gves best resuts wth he sandard heat exchanger

Aim

To show how different ai flow rates affec the performance of the heat exchanger for  given ixed water
flow and temperature.

Procedure

1. Connect and set up the standard 32 tube heat exchanger as shown in To Chango a Heat
Exchanger on page 35. Connect as for parallel flow and set 2 healer tank temperature of 60°C.
Water entersthe bottom of the heat exchanger and exlts from the top

T

T,
|

Tl

Figure 36 Heat Exchanger Connections.
2. Creata a blank results table,similr o Table 3. I you have VDAS, select the correct hat exchanger
and experiment. The software wil ceate a table for you automatically when you start taking
readings
3. Note the ambient ar pressure.
4. Inspect the oriice and check ts diameter - thisis stamped on the surface of the orfice

5. Switch on the fan and use the ide valv to s the aiflow 1o give an orfice pressure drop of
250 Pa (+/- 5 Pa). Note thatthe pressure drop becomes more stable a ar flow decreases.

6. Switch on the pump and use the hand operated water supply valv to set the water flow to.
025 Uminute (+/-0.01 Lminute).

Tectuipren it “ U Guite
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7. Alow at least five minuts for the heat exchanger temperaturesto stablize, then record all readings.

Your water and i flows may change sighty asyou do the experiment 0
NoTE egularl check and readust them i necssary
5. Ropeat the procedure orower air flow rates 35 shown i the tble.
9. Switch of the hater, st ai nd wate flw 10 maximum and allow the fan o coo the heat
axchanger fo oughly ive minutes befors switching o,
Results Analysis
Find the change intemperaturs (A7) fo each it and the average temperaurefo each it

Use the charts or the equations in the theory section to calculate the water and air densites at each
temperature.

Calculate your alr mass flowrate and convert your water flow o mass flow:
Find the specifc heat capaclty for each crcul at each flow rae.
Calculatethe heat emitted, heat absorbed, and men temperature effciencis. ind the LMTD and use:
this to caculate the heat transfe coeffcient (L) for each flow. from your resuls, comment on how the.
flow rateaffects the heat exchanger performance.
‘Create three chart, each with a horizontal axi of a mass flow (kgs™)
= On chart 1, plot the heat emited by the heat exchanger and the power absorbed nto the.
al (Wats). Note that one seres gives negative numbers, 50 plot absolute values of use a
second verical axis to compare results.

= On chart 2, plot the air water and mean temperature effciencies (%)

= On chart 3, plotthe heat trarsfor coefficent. Nota that becausa thesa values ar based on a
negative vlle, you may plot the absolute values (gnore the negativ) for neatness

“ TesCuiprer Lig
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