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PREFACE


			“You know”, admitted the Devil, “not even the best mathematicians on another planet, all much more advanced than yours, could solve it. There’s a guy on Saturn, he looks a mushroom on stilts, who solves partial differential equation mentally, and even he gave up”


			Arthur Poges in “The Devil and Simon Flagg”


			The book deals with engineering applications in the thermal sciences area and its main objective is to present the potential of analytical and numerical methods combined for solving practical problems. Another objective is to stimulate critical thinking in the field of thermal science researches, presenting a compilation of problems of engineering and the various solution in analytical and numerical methods used to solve them.


			The major emphasis is on solution methodology, focusing on analytical methods, but using numerical methods as auxiliary support to obtain results through computational methods. The chapters present a framework for problem solving: formulation, methodology, graphical and numerical implementation.


			The great digital capability of today’s computers has brought major changes to the engineering field and these are powerful tools for solving important applied engineering problems. The relative ease of application of numerical methods, even in complex problems, and the wide spread of computers are responsible for the great advance in this area. However, although complex problems can be solved almost automatically by pure numerical methods, they also allow hybrid solutions, that is, analytical methods combined with numerical methods, which have certain advantages.


			A vast amount of scientific works, with varying levels of sophistication, and applications of different mathematical and physical methods, are found in literature associated with heat transmission and fluid mechanics. With computational advancement numerical problem-solving schemes have become more important and are being used to solve increasingly complex and important problems in the engineering field. Despite of this great advance in purely numerical analysis, pure and hybrid analytical methods can be applied to solve problems of great practical importance.


			The purely analytic approach is not as accurate and does not always generate sufficient information for decision-making in some projects. Indeed, the analytical approach has the advantage of being fast and low cost, but the results obtained are conditioned to the precision of the hypotheses, approximations and idealizations made in the analysis.


			This compendium presents solutions where purely analytical aspects are predominant, as it has the advantage of providing a good insight into the meaning of the various system parameters that affect transport phenomena, as well as references for pure numerical approaches. In addition, the number and types of problems to be solved by analytical methods are still growing.


			I see this compendium as an opportunity to demonstrate the importance of analytical and numerical methods for solving complex problems. Students need to understand that these methods are not only pure and meaningless formalism, and that they are of practical use, not just tools for tedious exercise solutions. In fact, they sometimes wonder why apply so many differential equations during their formation. As they are still at the beginning of their formal education and professional career when they study such subjects, they see them only as extension of as differential and integral calculus. Besides this, they become aware that there are numerical and computational codes that solve practical problems almost automatically.


			The basic disciplines of Thermodynamics, Heat Transmission, Fluid Mechanics, and Mathematical Physics are, together, of great importance for understanding the problems presented in this compendium, because the problems deal with a variety of solution methods and fields of application. In fact, these topics are subjects of the knowledge basis and applies in all area of the engineering. However, as has been argued earlier, the vast majority of engineering students do not see the importance of such disciplines during undergraduate studies. If the application examples presented throughout the text arouse the interests of students and researchers, we will have achieved our main goal.


			The applications presented throughout the chapters are diverse and cover a significant number of topics: heat conduction, convection, compressible and incompressible flows, laminar and turbulent flows, hydrodynamic and thermal boundary layers, internal and external flows. In theory, the practical engineering problems that can be solved through the solution methodologies presented in the chapters are endless.


			One of the major challenges of engineering is to obtain, with precision, a modeling that describes the behavior of physical systems. Despite all the advances in mathematical and computational methods, it is still necessary to perform tests of all types to obtain conclusive information on the design of complex equipment. Due to the difficulties of properly modeling complex equipment, sometimes a purely experimental solution is used.


			The purely experimental approach has the advantage of dealing with the physical system itself and the desired quantity is determined by measuring within the limits of the experimental error. However, the purely experimental approach is expensive, time-consuming and often impractical.


			The solution, when a purely experimental approach is impractical, is to reproduce the conditions of the real phenomenon in scale simulations, based on the theory of dimensional analysis. In this way, it is possible to complement the theoretical analysis with experimental results. Good modeling can lead to admissible solutions without the need for exhaustive experimental studies.


			I hope that the material presented will contribute to the education of engineering students and that they can see through the solved problems the importance of mathematical and computational training, as well as the mastery of concepts related to the processes of heat and mass diffusion. From the didactic point of view, we consider solving such problems as an excellent practical exercise, where students can understand the importance of applications where many aspects of their formation are found together and where phenomena associated with heat transmission and fluid mechanics act in a coupled way.


			This compendium is the fruit of years of working together. I would like to thank all the people that given contribute to finally complete this project.


			I especially thank all my colleagues for their cooperation in all the necessary stages so that we have been made reached the publication of this text.


			The author believes that the problems analyzed in the book could be used in active methodology, such as “Problem Based Learning”. Unfortunately, we do not have enough space to delve into the various methods used in this book, but we have shown the ways to go and to solve the problems. We present a vast literature in the reference lists, so that all interested parties can delve into the most specific aspects of each method. We will be gratified if the book motivates researchers, undergraduate and graduate students to delve into the solution methods presented.


			Élcio Nogueira


			Adjunct Professor at FAT/UERJ – Resende – RJ


			August 30/08/19
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			INTRODUCTION


			Follow in this introductory chapter a brief review of each of the problems analyzed in this book.


			These are a synthesis of the works published by the authors during the year 2019. Applications refer to one-dimensional and two-dimensional radial fin models using Integral Transform Technique and Frobenius Method, heat transfer in finned electric motors, simulation of automotive radiators, flow and heat transfer on inclined surfaces, nanoparticle thermal performance, application of Hardy Cross Method to solve water supply networks and design a subsonic wind tunnel.


			The emphasis of each chapter is centered on the methodology, that is, on the mathematical and physical methods used to solve the described applications.


			The Chapter 2 is directly connected to the solution of extended surfaces, as a special topic related to heat conduction theory, which is extension of the classical heat conduction mathematical formulation.


			In Chapter 3, the emphasis applies to theoretical aspects related to the concept of similarity, but theoretical results were obtained in order to compare with empirical expressions and experimental results.


			In Chapter 4, a comparative study is performed on different models currently employed for turbulent Prandtl number in internal forced convection in ducts.


			In Chapter 5, an analysis of a compact heat exchanger, type finned flat tube, used in automotive radiators is performed in based-water nanofluids.


			Hardy Cross method is one of the most commonly used successive approximation methods for calculating and sizing water supply networks, and is presented in the Chapter 6.


			In Chapter 7, detailed design of the definition of the geometric profile of each component is presented for the construction of a subsonic suction wind tunnel, closed test chamber and open circuit for testing small-scale models.


			1.1 Finned Electric Motors


			The heat produced by the electric motor must be dissipated efficiently, thereby preventing overheating and burning. In fact, excessive heating of the electric motor finned and its consequent burning is a problem for maintenance crews and is caused due to the high temperatures of installation environment and inefficiency in heat dissipation generated by the difference of the net power provided by the engine and absorbed power on the line. This inefficiency is mainly caused by internal thermal resistance that exists between the base of the fins and the core engine and between the fins and the medium in which it is inserted. Theoretical models do not allow the internal resistance and therefore consider the temperature in the fin base, fixed to the motor casing, equal to the core temperature.


			Fins or the extended surfaces are extensively used in engineering applications to increase the heat transfer efficiency of surfaces, and are of vital importance in the design of heat exchange devices in different fields of applications in order to provide an enhanced heat transfer effect through an increase in the total heat exchange area. Once the temperature distribution through the fin is known, the heat transfer rate and the efficiency can be readily determined.


			In electric motors, it is common to use extended surfaces, called fins, which increase the exchange area as a mechanism for heat transfer optimization. In fact, an important industrial application of fins occurs in electric motors and are of vital importance in the industry as they are used in machines of all types, including, for example, computer ventilation and other electronic equipment. A well-dimensioned finned ventilation system can contribute to energy savings.


			The main objective in this case is to analyze the effect of internal and external convection coefficient in the performance of dissipating the heat generated by the engine, and characterize intervals of feasible values in practical terms, for these coefficients.


			To achieve the objectives were developed analytical solutions for temperature variations in fins, performance and electric motor efficiency, considering constant heat flow at the base of the fins and the possible variations in temperature of the electric motor core.


			In an analysis of any fin geometry, the constraints or assumptions are very important. Assumptions are employed to define and limit the problem and, of course, to simplify its solution. The most simplified constrains used are:


			

					The heat flow and temperature distribution throughout the fin are independent of time, i.e., the heat flow is steady.



					There are not heat sources in the fin itself.



					The heat flows to or the fin surface at any point is directly proportional to the temperature difference between the surface at that point and the surrounding fluid.



					The thermal conductivity of the fin is constant.



					The heat transfer coefficient is the same over the entire fin surface.



					The temperature of the surrounding fluid is uniform.



					The temperature of the base of the fin is uniform. The joint between the fin and the casing of the motor is assumed no offer thermal resistance.



			


			Besides the analyses based on the simplify assumptions above are not real-world analyses, design of heat transfer equipment utilizing extended surfaces is still based on the simplified constraints that employ the limiting assumptions and the classical one-dimensional radial fin or rectangular one-dimensional fin.


			In section 2.1 was developed a generalized one-dimensional radial fin model, where the expansion in modified power series, the Frobenius Method, is applied for a particular geometry, and the two-dimensional straight radial fin model was used as a reference for comparison.


			Analytical solution of two-dimensional steady-state heat conduction extended rectangular surface is presented in section 2.2, and in addition, the improved classical one-dimensional model is examined for these kinds of profile. The influence of governing parameters, Biot number and aspect ratio, are investigated and comparisons are made with results of literature. The problems analyzed here are particular cases of general solution presented by Cotta and Mikhailov (1977).


			An application for an Electric Motor finned is presented, where the efficiency and efficacy are critically examined, and the obtained results for the inner and outer heat transfer coefficients defined a range of values. The limits that guarantee the lowest value for the heat transfer rate required for an efficient heat removal.


			Because the practical importance of the extend surfaces, widely works in this subject is yet developed, and the applications in compact heat exchanger increase the interest in easy and applicable models for fins systems.


			1.2 The Finned Tube Heat Exchanger Applied in Automotive Radiator


			The growing need for technological advances in automotive vehicles demands research that can increase heat exchange efficiency in many of its components. Thermal control of vehicle engines is achieved through finned radiators, classified as Compact Heat Exchangers. In fact, the requirement of increasingly technologically advanced automotive vehicles leads to the search for more efficient, lightweight and compact engines. The thermal control of the motors of these vehicles is obtained through automotive radiators, a class of compact heat exchangers.


			Heat exchanger of low-weight and high-efficiency, flat plate type, has been used in automotive and aerospace applications. The heat transfer and the pressure drop in a compact heat exchanger are characterized in terms of the non-dimensional coefficients of Colburn, J, and Friction, f, as a function of the Reynolds number of the air for different types of heat exchange surfaces. Direct analytical determination of dimensionless parameters associated with heat transfer rate and pressure drop are extremely complex. The difficulty in this case is associated with the fact that the heat transfer coefficient and the friction factor are strongly dependent on geometric parameters such as fin height, fin spacing, fin thickness, and each type of heat exchanger needs to be characterized separately.


			Research involving compact heat exchangers of all types, mainly car radiators, has been developed over the years and automotive companies invest high resources in all sort of techniques that can optimize energy performance.


			An analysis is performed on compact heat exchangers in section 2.4, with the ultimate goal of comparing the theoretical and experimental results of the finned tube heat exchanger (Automotive Radiator), and to establish comparisons between the theoretical results obtained by the theory of effectiveness (ε-NUT) and experimental results from the literature, with emphasis on heat transfer rate and pressure drop.


			1.3 Similarity Method Applied to the Boundary Layer on Inclined Surfaces


			The boundary-layer concept has made a possible rapidly advance theory of fluid mechanics and its application to airfoils. The boundary layer theory has also brought advances in the solution of problems associated with the heat transfer around bodies. The classical mathematical method chosen to solve this class of problems is called the “Similarity Method”.


			The main objective in section 3.1 is to develop an analysis and to review and discuss the principles of the similarity method applied to the boundary layer on inclined surfaces, in laminar regime, and that can be extended to turbulent regime.


			The emphasis applies to theoretical aspects related to the concept of similarity, but theoretical results have been obtained in order to compare with empirical expressions and experimental results. Results are obtained for the hydrodynamic and thermal fields, such as coefficient of friction and Stanton number, as a function of the pressure gradient parameter and the Prandtl number.


			The similarity method makes it possible to transform a nonlinear third order partial differential equation into an ordinary differential equation. It is now considered that the main aspects of the similarity theory have already been clarified. However, due to the complexity of the turbulent flows, a complete theory, based on the principle of similarity, still does not exist and research continues to be carried out in this area. Extensions of the theory were applied to the turbulent regime, and the boundary layer concept associated with the similarity method continues to be used as a basis for more complex problems than those analyzed by Blasius and Falkner and Scan.


			The fourth order Runge-Kutta method is applied, starting from the expansion in power series as the first approximation for the mathematical solution of hydrodynamic and thermal problems, in laminar regime. Results are obtained for the hydrodynamic and thermal fields, such as coefficient of friction and Stanton number, as a function of the pressure gradient parameter and the Prandtl number.


			The Integral Method is applied to obtain an approximate solution for the flow in turbulent regime, by similarity variable methods.


			Numerical and graphical results are presented in sufficient numbers to emphasize the consistency of the model developed in the determination of parameters related to thermal and hydrodynamic boundary layers on smooth and rough surfaces.


			In this work, the aspects related to laminar regime are associated, mainly, with the works of Harry L. Evans (1968) and the aspects associated to the turbulent regime, smooth and rough surface, are related to the works of Kays W. M. and associates (1969). The results obtained enable simplifications to be used in numerous practical situations, such as modeling for determination of micro meteorological parameters, as recommended in Monin-Obukov’s theory of similarity Stull, R. B. (1988).


			1.4 Turbulent Prandtl Number in Internal Forced Convection in Ducts


			A comparative study is performed on different models currently employed for turbulent Prandtl number. The analytic nature of the solution methodology here utilized the integral transform technique, associated to two-distinct solution procedure for fully developed turbulent flow, allowed to isolate the turbulent Prandtl number as main source of discrepancies between measured and calculated values for the Nusselt number. This is therefore a theoretical-experimental evaluation for the turbulent Prandtl number in internal forced convection in ducts.


			The analytic nature of the solution methodology here utilized, the integral transform technique, associated to two-distinct solution procedure for fully developed turbulent flow, allowed to isolate the turbulent Prandtl number as mains source of discrepancies between measured and calculated values for the Nusselt number.


			This study permits the establishment, within a compatible error criterion with those inherent to experimental correlations, of those models that present best performance in simulations of different fluids of interest in engineering practice.


			The correlations evaluated are the result of experimental data, and the theoretical models were developed for compatible situations.


			1.5 Nanoparticle Thermal Performance


			Researchers conclude that nanofluids increase the thermal performance of an automotive radiator and state that the main aspect for air and oil cooling in an automotive vehicle is radiator design. They claim that nanofluids are being used for effective cooling.


			In this work, theoretical thermohydraulic performance analysis of a compact heat exchanger, type finned flat tube, used in automotive radiators is performed in based-water nanofluids. The theory of effectiveness (ε-NTU), and experimental data for water flow, are used for comparison. The oxides used in the research are CuO (copper oxide) and Al2O3 (aluminum oxide). Results were obtained for air and water outlet temperatures, heat transfer rate, the pressure drop in finned channels and tubes, as a function of the volume fraction of the oxides. It has been shown that there is an effective improvement in heat exchange and little influence on total pressure drop when using oxides in volume fractions ranging from 0.01 to 0.05, and when Newtonian fluid flow is allowed in theoretical analysis. It can be observed from the data obtained that the performance of copper oxide is significantly superior to aluminum oxide. The laminarization effect of the flow was observed in the analysis, and it is more significant with increasing the volume fraction of oxide.


			1.6 Hardy Cross Method for Water Supply Networks


			A water distribution system is a network formed by a set of pipes, fittings (connections), reservoir, hydraulic pumps, and whose purpose is to meet, under sanitary conditions, suitable flow and pressure, to each one of the several points of consumption of a city or consumer sector.


			The analysis of the hydraulic equilibrium of water distribution systems is based on the two fundamental laws of fluid mechanics, Mass Conservation Law and Energy Conservation Law and, in addition, on a relation between flow (or velocity) and the pressure loss, established by the equations of Darcy - Weisbach (universal formula) or Hazen - Williams.


			The method developed in the section allows the development and transformation of the complex nonlinear equations system, often with a high number of unknowns obtained from the analysis of a pipe network, into a simple system of algebraic equations, which maintains the physical meaning and facilitates the analysis of intermediate results obtained.


			Depending on the size of the system, the supply becomes quite complex, not only in terms of sizing but also in maintenance and operation. This is generally the costliest part of the overall supply project, requiring considerable attention to system parameters and the assumed assumptions and methodologies in order to achieve an efficient design.


			Hardy Cross, presented the first approximate solution method for this type of problem (flow corrections individually operated for each mesh) in the year 1936, being the oldest and probably the one with the greatest dissemination so far. Indeed, the Hardy Cross method is the most used among the methods of successive approximations for the computation of mesh nets, because it allows the development of the calculations, in simple systems, besides being a method provided with physical meaning, which facilitates the analysis of the intermediate results obtained.


			In the present section, the “Hardy Cross Method” was applied through the computer program REDEM.EXE developed by the School of Engineering of São Carlos (EESC-USP, São Carlos, SP). This application allows the sizing of a distribution network with up to one hundred (100) stretches with one or more feed tanks. The program accepts as resistance equations the Hazen-Williams equation, or the universal formula. The distribution system is considered to be solved when the piezo metric dimensions at the nodes and the flows in all pipe sections are known, with the precision defined by the user.


			The obtained results are presented in table forms, and are consistent with the physical conditions imposed to determine the individual flows of each section of the mesh analyzed.


			The analysis presents and discusses the application of a feasible and refined execution methodology for mesh systems of medium and large.


			1.7 Sizing a Subsonic Wind Tunnel for Automotive Testing


			The project was developed considering as initial conditions the reproduction of the parameters of the flow generated in a medium sized car moving at a speed of 14.4 m / s.


			The industry is living a constant search for sustainability. The current automobile market demands rigor in compliance with legislation and standards, and one of the key points for the adequacy of its product is the emission rate of pollutants. Another crucial factor for the success of automakers is the consumption rate of the vehicle produced, as this is a criterion for the car’s acceptance by the customer. To meet these law and customer requirements, automakers are looking for a number of alternatives, such as: reducing vehicle weight, searching for clean energy sources with hybrid and electric motors, reducing friction between tire and ground through the evolution of materials, among others. Among these alternatives is the optimization of the vehicle’s aerodynamics. This feature provides a reduction in aerodynamic drag and, consequently, reduction of fuel consumption and emission of pollutants caused by combustion.


			In this context, at the end of the 19th century wind tunnels, carefully designed equipment, began to be used in order to perform tests on objects subjected to the action of airflow generated by a propeller element.


			Tests of aerodynamics in wind tunnels is of extreme importance in the development of new and more efficient vehicle models. However, they are very expensive tests when applied in real-scale models, since they require expenditures with many resources, such as: functional prototype, running time, fuel, pilot, component wear, etc. and are at risk of inefficiency, which would result in more modifications and would require more time in the execution of the project. In addition, the computational resources do not yet present a great reliability in their results, which can also hinder the development process of the vehicle.


			A feasible alternative in many physical situations is to replicate the real phenomena in small-scale simulations. In this way, it is possible to complement the analysis with experimental results. In fact, using a wind tunnel developed for vehicular aerodynamic tests it is possible to integrate two universes, physical and computational, and to present reliable results, with less expense and in the time allowed. The advantages of small-scale testing are that the models are easy to manipulate and can be quickly modified.


			In the two geometrically similar flows, but at different scales (model and prototype), the dimensionless equations would only give the same mathematical results if the two flows had the same relative importance of gravity, viscosity and inertial forces. Flows are identical if they are geometrically and dynamically similar. Fortunately, dimensional analysis made it possible to solve this dilemma using dimensionless quantities.


			The use of the equations in the dimensionless form can then help in solving problems, understanding the fundamentals of physical phenomena and identifying the preponderant aspects.


			Wind tunnels are widely used equipment in various fields for research and development in the field of fluid mechanics, and the tunnels are often the fastest, most economical and accurate means for conducting aerodynamic surveys and obtaining aerodynamic data to support design decisions.


			The project was developed considering as initial conditions the reproduction of the parameters of the flow generated in a medium sized car moving at a speed of 14.4 m / s, and the scale determined for the model for the test is 3/8. The scale and velocity were defined taking into account the feasibility of the dimensions of the tunnel and its propeller element.


			Energy requirements were established and presented in detail by means of the pressure drops in each component of the circuit and the total pressure drop of the wind tunnel. The calculations made make it possible to define the appropriate propulsion element for the wind tunnel under consideration.


			The designed wind tunnel has a section of tests of 2.25 m² of cross section and 5 m of length, where any model that does not exceed 20% of block of that cross-sectional area can be tested. The maximum velocity reached in the test section should be 50 m/s, with the speed of 37.333 m/s being determined for the proposed test, so that the rules of similarity between model and prototype are respected.


			The results obtained in wind tunnels do not have to be equal to the real one, because, the equipment costs would be very high, leaving the tests unviable. However, it is important to have an acceptable precision for the incremental analysis to be performed.


			1.8 References


			The references associated with the sections are in the final of each chapter. They are separated by sections, that is, by published article, and are complete as presented in the original papers for providing the reader with additional information. These are books and articles published by internationally renowned authors and journals and can be very helpful in delving into the topics presented in this book.
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