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Abstract

:

Fin efficiency, as a measure of the effectiveness of the heat transfer enhancement, is of great importance in studying the heat transfer performance of H-type finned tube banks. The fin efficiency of square fins is adopted by most researchers as an alternative to that of H-type fins, which can create certain errors in the fin efficiency of H-type fins. For this paper, the linear nomograms and fitting formulae of fin efficiency of H-type fins are obtained by the definition method of fin efficiency based on numerous numerical simulations, and the results calculated by this method are verified by experimental data. On this basis, the effects of three geometric parameters (slit width, fin height, and fin thickness) and two thermal parameters (surface heat transfer coefficient and fin thermal conductivity) on the fin efficiency of H-type fins are also investigated and compared to those of square fins. The results indicate that the fin efficiency of H-type fins increases with the increment of fin thickness and thermal conductivity, and decreases with the increase of slit width, fin height, and surface heat transfer coefficient. Accordingly, the linear nomograms and fitting formulae for the fin efficiency of H-type fins, which are well compatible with experimental data, can help to facilitate further theoretical research and engineering application.
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1. Introduction


The rational utilization of energy has become the great concern of the industry development all over the world, which puts forward the requirement of fortified heat exchange in the process of residual-heat utilization for the purpose of energy conservation and economic efficiency. Heat transfer enhancement is mainly realized by an “active method” and a “passive method” [1,2]. The “passive method” is independent of additional power from the external except for the power consumption in the transmission of the fluid medium. It mainly includes extended surfaces, flow manipulators, vortex generators, porous solids, and turbulators [3,4,5]. The extended surface by fins is one of the most widely used methods in theoretical research and engineering application, which aims to enhance the heat transfer by augmenting the heat-exchanging areas. Fins have been applied in the heat exchangers with thermoelectric cooling [6], condensation [7], latent heat energy storage [8], nanofluid [9], and other kinds of application. Finned tubes are basically classified into plain finned tubes, corrugated finned tubes, slotted finned tubes, and perforated finned tube with longitudinal vortex generator [10,11], among which the H-type finned tube is a relatively new type of the slotted finned tube. The advantages of H-type finned tubes can be summarized as high heat transfer efficiency, little flow resistance, low dust deposition, low wear, small size, and light weight [12,13,14,15]. Therefore, H-type finned tubes have great theoretical value and a huge range of prospects in applications.



The effectiveness of finned tubes to enhance heat transfer is generally measured by fin efficiency, which represents the heat dissipation performance of fins [16]; there is an iterative relationship between fin efficiency and the average surface heat transfer coefficient of finned tubes [3]. Therefore, before studying the heat transfer performance of H-type finned tubes, fin efficiency should be firstly considered as a crucial parameter. There are three main methods to calculate fin efficiency, namely the sector method [17], the equivalent circular fin method [3,18,19], and the method of definition of fin efficiency [20,21]. However, few methods have been applied in the calculation of the fin efficiency of H-type fins, and it is unfortunate that few authors have indicated how the fin efficiency was calculated in their papers [22,23,24,25]. Additionally, the fin efficiency of square fins calculated by the former Soviet linear nomogram has been adopted as an alternative to that of H-type fins [26,27,28], which creates a difference in the fin efficiency between H-type and square fins, especially in the circumstance of large slit width. It is of considerable inconvenience to employ the former Soviet linear nomogram of square fins in the iterations between the fin efficiency and the surface heat transfer coefficient, and the insufficiently detailed linear nomogram makes it difficult to ensure the accuracy of results. The former Soviet linear nomogram, considering the influence of exothermic inhomogeneity and the manufacturing process, is appropriate for the actual working conditions under long-term operation, which can create certain deviations from the results in experiments on newly invested fins or numerical simulations.



In addition, the method of definition of fin efficiency has been applied to the numerical simulations of H-type fins with trapezoidal, wedge configurations, and other novel modifications [20]. This method has also been employed in experimental investigations of H-type fins [14,21], where more accurate fin efficiency and surface heat transfer coefficient values were determined by iteration after the measurement of fin temperatures. The method of definition of fin efficiency provides a feasible way to the calculation in theoretical research and reference for the engineering application. Nevertheless, it is important to point out that the obtained correlations about fin efficiency of H-type fins from the experiments have some shortcomings. The surface heat transfer coefficient in the correlations obtained by Chen et al. [21] only relates to the air velocity and geometric parameters even though the thermal conductivity of fin materials and other variations also play important roles, and the scope of applicability of the correlations is limited to their own experimental setup.



There are certain errors in calculating the fin efficiency of H-type fins using the linear nomograms of square fins provided by [28], and it is inconvenient for researchers to obtain fin efficiency when iterating over the surface heat transfer coefficient. Therefore, in order to obtain a more accurate and convenient calculation method of fin efficiency for H-type fins, the definition method is chosen to numerically calculate the fin efficiency of H-type fins in this paper. The linear nomograms and fitting formulae of fin efficiency of H-type fins at different non-dimensional slit widths G/do are summarized based on numerous performed numerical simulations. The effects of three geometric parameters (slit width, fin height, and fin thickness) and two thermal parameters (surface heat transfer coefficient and thermal conductivity) are examined. The differences in the fin efficiency between H-type and square fins are also discussed, and, accordingly, the fin efficiency of square fins is calculated by the former Soviet linear nomogram and the similar numerical simulations, respectively. The linear nomograms and fitting formulae of fin efficiency of H-type fins can satisfy the requirements for the effective calculation of the surface heat transfer coefficient. This method has been applied to our current investigations and the next paper on the heat transfer and flow performance of H-type finned tube banks.




2. Model Description and Numerical Method


2.1. Physical Model


The schematic diagram of an H-type finned tube is shown in Figure 1a. The top and side views of the H-type fin are presented in Figure 1b,c, respectively. In this regard, it is assumed that the fin edge is considered to be adiabatic in simulations. The geometric parameters of the basic H-type finned tube are listed in Table 1.



In order to facilitate mathematical processing and maintain the basic characteristics of practical problems, reasonable assumptions regarding the heat transfer model of H-type fin are proposed as follows:




	(1)

	
A heat dissipation model is applied to the H-type fin for this paper. The temperatures of fin base and the ambient fluid are constant as Tlj and Tf, respectively.




	(2)

	
The thermal conduction along the thickness direction is ignored, and the heat conduction inside the H-type fin is two-dimensional.




	(3)

	
The fin thermal conductivity is constant. The thermal contact resistance between the fin and the tube is not considered.










2.2. Governing Equations


Based on the simplified physical model obtained above, this can be described as a two-dimensional steady heat conduction problem, and the corresponding governing differential equation can be adopted [29]:


   ∂  ∂ x    (  λ   ∂ t   ∂ x    )  +  ∂  ∂ y    (  λ   ∂ t   ∂ y    )  + S = 0  



(1)







Due to the constant physical property of the fin material, λ is a constant and S = q = −h(t−tf). The governing equation can be transformed into:


  λ  (     ∂ 2  t   ∂  x 2    +    ∂ 2  t   ∂  y 2     )  + h (  t f  − t ) = 0  



(2)




where λ is the fin thermal conductivity, W/(m·K); t is the temperature on the fin surface, °C; h is the average surface heat transfer coefficient combining radiation and convection, W/(m2·K); and tf is the ambient fluid temperature, °C.



In the governing equation, the temperature of the fin base is constant, and the fin edges are under the Neumann boundary conditions.




2.3. Data Reduction


Numerical simulations are employed in this paper to compute the temperature distribution of the fins, and the fin efficiency of H-type fins is assessed with the definition of the fin efficiency. For heat dissipation, the fin efficiency is defined as the ratio of the actual heat loss from the fin to the heat loss, which assumes that the entire fin surface is at the temperature of the fin base [24]; this is defined as follows:


   η f  =    q 0     q  max      



(3)




where qmax is an ideal heat transfer given by


   q  max   = F h  (   t  fb   −  t f   )   



(4)




where F is the heat-exchanging area of the fin surface, m2; h is the average surface heat transfer coefficient combining radiation and convection, W/(m2·K); tfb is the temperature of the fin base, °C; and tf is the ambient temperature, °C.



q0 is the actual heat transfer. If the area of an element is set as Fij and the temperature of this element is set as tij, then q0 can be written as:


   q 0  =  ∑   F  i j   h (  t  i j   −  t f  )    



(5)







Therefore, it can be deduced that the numerical calculation formula of fin efficiency of H-type fins is expressed as:


   η f  =    ∑   F  i j   h  (   t  i j   −  t f   )      F h  (   t  fb   −  t f   )    =    ∑   F  i j    (   t  i j   −  t f   )      F  (   t  fb   −  t f   )     



(6)








2.4. Grid Independency


Pdetool in MATLAB (Producer: Beijing TianyanRongzhi; Location: Beijing, China) provides a powerful and flexible environment for the solution to the partial differential equations of two-dimensional finite elements. It mainly consists of three steps. The first step is defining a PDE problem, which includes the determinations of two-dimensional computational regions, boundary conditions, and PDE coefficients. The types of partial differential equations that can be solved by pdetool include elliptic, parabolic, hyperbolic, and eigenvalue types. In this paper, the PDE coefficients are determined by comparing the form of governing Equation (2) with the chosen elliptic type of PDE. The second step is solving differential equations, which includes meshing, discretizing the equation, and obtaining the numerical solution. The third step is graphically displaying results and exporting the data of each mesh. A specific case is demonstrated as having the same calculation procedures. The relevant parameters are shown in Table 2, and Figure 2 displays the mesh division and the simulated temperature contour in this case. As a result, the calculated value of fin efficiency is 0.777.



Additionally, in order to reduce mesh-dependency, the temperature difference of the upper right corner mesh (with the lowest temperature) is taken as the mesh dependence criterion. When the temperature difference is less than 0.01 °C through fining mesh, it is considered that the temperature distribution has no mesh-dependency. As shown in Table 3, when the number of grids reaches 2390, refining the grids does not make a significant change in the minimum temperature. Therefore, it is most appropriate to adopt the number of grids of 2390.




2.5. Validation of the Method


In order to validate the reliability of the numerical method, numerical calculations of the fin efficiency of H-type fins are carried out based on the geometric parameters and experimental data for bank D from [21]. The results are compared with the calculated data from the former Soviet linear nomogram [28] and the experimental results presented by Chen et al. [21]. The comparisons presented in Figure 3 reveal that the maximum deviation between the results from the former Soviet linear nomogram and the experiment is more than 10%, with the average deviation being around 6%. Since the former Soviet linear nomogram is more suitable to calculate the fin efficiency of square fins, its results are larger than both the experimental results and the numerical results of H-type fins. In addition, the different flow states at different points greatly affect the measured temperatures and surface heat transfer coefficient in the experiment, and the measured temperature cannot be completely symmetrical along the flow direction. All these factors can lead to the certain difference of the results between the experiments and simulations, but the numerical results from the method of definition of fin efficiency in this paper are roughly consistent with the experimental results and the absolute value of the relative error first decreases and then gradually increases within 0–6%. It is fully demonstrated that the numerical method of the fin efficiency of H-type fins in this paper is more accurate and credible than the other tested methods.





3. Results and Discussion


3.1. Linear Nomograms and Fitting Formulae of Fin Efficiency of H-Type Fins


In view of two-dimensional heat conduction model, it can be observed that the factors affecting the fin efficiency of H-type fins include the geometric parameters (slit width G, fin height H, and fin thickness δ), the fin thermal conductivity λ, and the surface heat transfer coefficient h. Numerous numerical calculations are carried out in this paper by varying these parameters via the method of controlled variates. Accordingly, the linear nomograms and fitting formulae of fin efficiency of H-type fins are summarized by fitting the data. The comprehensive influence of diverse parameters is considered in the linear nomograms of fin efficiency of H-type fins, which is similar to that of square fins. For the purpose of facilitating the calculation, ml is taken as the comprehensive variable of fin efficiency of H-type fins on the premise of equal fin height and fin width, i.e., H = A, where   m =   2 h /  (  λ δ  )      and l = (H − do)/2.



In order to obtain more precise and careful linear nomograms, the effects of different tube diameters do and different non-dimensional slit widths G/do are investigated. The results shown in Figure 4 indicate that the fin efficiency of H-type fins hardly varies with tube diameters. When obtaining the linear nomograms and fitting formulae, the calculated data for fin efficiency of H-type fins under three diameters (32, 38, and 42 mm) is used in the fitting process. Figure 5 demonstrates the inverse relationship between the fin efficiency and ml at different ratios of G/do. Since the slit width of H-type fins hardly varies in a wide range in practice, the values of slit widths presented in this paper meet requirements of the general engineering application. The difference in the fin efficiency between the H-type fins with different ratios of G/do tends to first augment and then steadily maintain. Accordingly, it is necessary to make a valid distinction of the fin efficiency at different non-dimensional slit widths.



Three non-dimensional slit widths and several fin heights, which are usually applied in heat exchangers of power plants, are selected in the calculations to cover most of common conditions. Then, the corresponding values of fin efficiency of H-type fins are acquired by means of numerical simulations when ml ranges from 0 to 2.5. The linear nomograms and corresponding fitting polynomials derived from simulated data under three diameters (32, 38, and 42 mm) are shown in Figure 6, Figure 7 and Figure 8, where H = A and is uniformly expressed by H. The fin efficiency of H-type fins in the fitting formulae is expressed by y, and ml is expressed by x. The fin efficiency of H-type fins can be directly calculated according to the fitting formula without repeatedly querying the linear nomograms in the iterative process. Considering the heat transfer at the edge of H-type fins, the dimension in the direction of fin thickness needs to be extended to the dimension in the two-dimensional fin plane, so (H − do + 2δ)/2 is assigned to l when calculating the fin efficiency of H-type fins by means of the fitting formulae. These values adapt to the general structures of H-type fins and meet the requirements of common calculations. While H/do or G/do are not the given values in these linear nomograms, the interpolation method is recommended.



For the following section, the obtained linear nomograms and fitting formulae are employed to calculate the fin efficiency of H-type fins in the analysis of the effects of slit width G, fin height H, fin thickness δ, fin thermal conductivity λ, and surface heat transfer coefficient h. For the purpose of drawing distinctions between the fin efficiency of H-type and square fins with the corresponding sizes, the fin efficiency of square fins is calculated by the similar numerical simulation and the linear nomogram from the former U.S.S.R.




3.2. The Effect of Slit Width


For examining the effect of slit width on the fin efficiency of H-type and square fins, the slit width varies from 6 to 14 mm during the calculation. The effect of slit width on the fin efficiency of H-type and square fins is presented in Figure 9. It can be seen that when the non-dimensional slit width G/do is in the range of 0.158–0.368, the fin efficiency of H-type fins presents a persistent negative correlation with slit width. At the same time, whether or not the fin efficiency of square fins is calculated from the numerical simulations or from the former Soviet linear nomogram, the larger the slit width, the greater the difference in the fin efficiency between H-type and square fins is, which results from the reduction in surface area of H-type fins. Therefore, in the circumstance of larger slit width, the replacement of fin efficiency of square fins for that of H-type fins can create more obvious deviation.




3.3. The Effect of Fin Height


Figure 10 displays the relation between fin efficiency and fin height within a variation range of the non-dimensional fin height H/do from 1.579 to 3 during a calculation in which the fin width is equal to the fin height. It can be seen that the fin efficiency of both H-type and square fins presents similar declines with increasing fin height due to the higher thickness of the thermal boundary layer. Furthermore, the increment of the fin height results in the increasing difference in the fin efficiency between the H-type and square fins. Compared with the fin efficiency of H-type fins, the deviations of the fin efficiency of square fins calculated from the former Soviet linear nomogram and numerical simulations are 2.3–8.9% and 0.5–3.4%, respectively.




3.4. The Effect of Fin Thickness


The correlation between the fin efficiency and the fin thickness is presented in Figure 11. When the fin thickness increases from 0.25 to 5 mm, the fin efficiency of square and H-type fins increases with basically the same trend. The results calculated from the numerical simulation and the former Soviet linear nomogram are 1.22–5.79% and 2.87–16.49%, respectively, higher than the fin efficiency of H-type fins. The difference in the fin efficiency between the H-type and square fins tends to gradually diminish with the increasing fin thickness.




3.5. The Effect of Fin Thermal Conductivity


For examining the effect of fin thermal conductivity on the fin efficiency, calculations and simulations are conducted for the fin thermal conductivity from 10 to 100 W/(m·K), which is consistent with diverse materials. The results shown in Figure 12 reveal that the increment of the fin thermal conductivity contributes to the increase in the fin efficiency and the decline in the difference in the fin efficiency between the H-type and square fins regardless of whether the fin efficiency of square fins is calculated from the former Soviet linear nomogram or the numerical simulations. Thus, when conditions permit, a fin material with large thermal conductivity can be an appropriate option.




3.6. The Effect of Surface Heat Transfer Coefficient


Figure 13 presents the correlation between the fin efficiency and surface heat transfer coefficient within a variation range of 10–120 W/(m2·K). The increase in surface heat transfer coefficient not only decreases the fin efficiency but also augments the difference in the fin efficiency of H-type and square fins. It can be seen that compared to the fin efficiency of H-type fins, the average deviations of the fin efficiency of the square fins calculated from the former Soviet linear nomogram and numerical simulations are more than 4% and less than 2%, respectively. Accordingly, when replacing the fin efficiency of the square fins calculated by the linear nomogram for that of H-type fins, the deviation in surface heat transfer coefficient may be obvious.





4. Conclusions


For the sake of more accurate investigations into the heat transfer performance of H-type finned tube banks in the future, the definition method of fin efficiency is employed in this paper to obtain linear nomograms and fitting formulae under different geometric parameters. The former Soviet linear nomogram and the similar numerical simulations are applied to calculate the fin efficiency of square fins, and comparisons of fin efficiency between H-type and square fins are carried out. The numerical calculation is realized by the pdetool function of MATLAB. The following conclusions are obtained.



	(1)

	
The linear nomograms and fitting formulae of fin efficiency of H-type fins obtained in different non-dimensional slit widths (G/do = 0.158, 0.263, and 0.368) and various non-dimensional fin heights (H/do = 1.5, 1.79, 2, 2.32, 2.53, 2.74, and 3) are presented, which are in good agreement with the experimental results. This method offers an accurate and reliable reference for theoretical research and engineering application.




	(2)

	
An increasing slit width is found to decrease the fin efficiency of H-type fins. The larger the slit width, the greater the discrepancy in the fin efficiency between H-type and square fins is.




	(3)

	
The increase in the fin thickness and fin thermal conductivity results in an increment of fin efficiency and a decline in the difference in the fin efficiency between H-type and square fins.




	(4)

	
With increasing fin height and surface heat transfer coefficient, the fin efficiency of the H-type and square fins decreases while the difference in the fin efficiency between these two kinds of fins increases.







The method proposed in this paper is more convenient and accurate for calculating the fin efficiency of H-type fins, and it also facilitates the iteration between fin efficiency and surface heat transfer coefficient, which can be applied in most engineering cases. However, it is not applicable in some specific situations, such as the circumstance with large temperature difference between the fluid inside and outside the tube, which need to be further studied.
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Nomenclature




	A
	fin width, m



	do
	outer diameter of the tube, m



	F
	heat-exchanging area of the fin surface, m2



	Fij
	area of an element, m2



	G
	slit width, m



	h
	average surface heat transfer coefficient combining radiation and convection, W⋅m−2⋅K−1



	H
	fin height, m



	p
	tube wall thickness, m



	q0
	actual heat transfer rate, W



	qmax
	ideal heat transfer rate, W



	t
	fin temperature, °C



	tf
	ambient fluid temperature, °C



	tfb
	temperature of the fin base, °C



	tij
	temperature of an element, °C



	δ
	fin thickness, m



	λ
	fin thermal conductivity, W⋅m−1⋅K−1
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Figure 1. Schematic diagram of the H-type finned tube: (a) physical model; (b) top view of the H-type fin; (c) side view of the H-type fin. 
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Figure 2. Illustration of the H-type fin: (a) mesh in computational domain; (b) temperature contour. 
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Figure 3. Comparison of fin efficiency ηf for method validation. 
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Figure 4. Influence of three diameters do on the fin efficiency of H-type fins when G/do = 0.263 and H/do = 2.21. 
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Figure 5. Influence of different G/do on the fin efficiency of H-type fins when H/do = 2.21. 
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Figure 6. Linear nomograms and fitting formulae of fin efficiency at G/do = 0.158. 
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Figure 7. Linear nomograms and fitting formulae of fin efficiency at G/do = 0.263. 
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Figure 8. Linear nomograms and fitting formulae of fin efficiency at G/do = 0.368. 
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Figure 9. Influence of the slit width of fins on the fin efficiency of H-type and square fins. 
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Figure 10. Influence of the fin height on the fin efficiency of H-type and square fins. 
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Figure 11. Influence of the fin thickness on the fin efficiency of H-type and square fins. 
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Figure 12. Influence of fin thermal conductivity on the fin efficiency of H-type and square fins. 
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Figure 13. Influence of the surface heat transfer coefficient on the fin efficiency of H-type and square fins. 
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Table 1. Geometric parameters of the basic H-type finned tube in physical model.
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	H/mm
	A/mm
	G/mm
	δ/mm
	do/mm
	p/mm





	84
	84
	10
	3
	38
	5
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Table 2. Parameters of H-type fins in the case.
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	Geometric Parameters
	do/mm
	H and A/mm
	G/mm
	δ/mm



	Values
	38
	84
	10
	3



	Thermal parameters
	tfb/°C
	tf/°C
	λ/(W/(m·K))
	h/(W/(m2·K))



	Values
	70
	25
	43.2
	40
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Table 3. Grid independence test.






Table 3. Grid independence test.





	Grid number
	1111
	1736
	2390
	2998



	The lowest temperature
	55.478 °C
	55.449 °C
	55.433 °C
	55.437 °C



	Temperature difference
	--
	0.029 °C
	0.016 °C
	0.004 °C
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