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Abstract

:

Metal foams have gained attention due to their heat transfer augmenting capabilities. In the literature, correlations describing relations among their morphological characteristics have successfully been established and well discussed. However, collective expressions that categorize stacked wire mesh based on their morphology and thermo-hydraulic expressions required for numerical modeling are less explored in the literature. In the present study, cross relations among the morphological characteristics of stacked wire-mesh were arrived at based on mesh-size, wire diameter and stacking type, which are essential for describing the medium and determining key input parameters required for numerical modeling. Furthermore, correlation for specific surface area, a vital parameter that plays a major role in interstitial heat transfer, is provided. With the arrived correlations, properties of stacked wire-mesh samples of orderly varied mesh-size and porosity are obtained for various stacking scenarios, and corresponding thermo-hydraulic parameters appearing in the governing equations are evaluated. A vertical channel housing the categorized wire-mesh porous media is numerically modeled to analyze thermal and flow characteristics of such a medium. The proposed correlations can be used in confidence to evaluate thermo-hydraulic parameters appearing in governing equations in order to numerically model various samples of stacked wire-mesh types of porous media in a variety of heat transfer applications.
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1. Introduction


Metal based porous media have been extensively researched for their ability to enhance heat transfer that benefits the function of many heat exchanging devices. Numerical modeling methodology, developed in order to mimic thermal and flow phenomena through such media has been a reason for abundant research on a variety of heat exchanging applications. In regard to the same, metal foams have been widely analyzed for their thermo-hydraulic behavior [1]. Some of the major applications include compact heat exchangers [2], fuel cells [3], thermal storage [4], geothermal applications [5], solar receivers [6], and heat sinks [7]. In a previous study [8] using the method of porous modeling, such metal foams have been analyzed for their varying behavior in maximizing heat transfer and minimizing flow resistance based on their structural aspects (porosity and pore density). Key thermo-hydraulic parameters such as the specific surface area and the interstitial heat transfer coefficient of the sample highly depend on the combination of porosity and pore density of the considered samples. However, in a porous medium such as metal foams, it is highly difficult to obtain the desired porosity and pore density combinations, as changing cell size and maintaining a desired fiber diameter in order to achieve a sample of desired porosity is not easy. However, porous media formed by stacking of woven wire mesh screens make it possible to achieve the desired porosity and specific surface area by obtaining screens of the desired pore density (dependent on mesh/cell size) and fiber diameter with most ease.



Stacked woven wire-mesh has been known to aid the thermo-hydraulic performance in many prominent engineering applications and has been used as the conventional heat transfer medium in regenerators of Stirling engines [9]. Recently, Zhao et al. [10] reviewed forced convection in porous structures emphasizing expressions describing morphological characteristics such as porosity, fiber diameter, pore diameter and surface area density and correlations depicting thermo-hydraulic behaviors of porous media of various types such as metal foam, lattice frame, packed bed and woven wire-mesh. The scarcity of comprehensive expressions (cross relations) for describing the morphological characteristics of woven wire-mesh types of porous media can be observed compared to the widely discussed and established cross relations for other kinds of porous media (especially open-celled type of porous media). Elaborate reviews of metallic woven wire structures can be found in [11], emphasizing mechanical, topological and thermal properties of various types of woven-wire porous structures.



Among the plethora of existing and possible metallic woven wire-mesh structures, textile-core, a multi-layered woven wire mesh proposed by Sypeck and Wadley [12], where the porous block of woven wire-mesh is formed by node to node (inline) stacking of the weaved wire mesh screens has received attention as variations in cell size, porosity, pore density can easily be achieved. Tian et al. [13] experimentally investigated heat transfer and flow resistance in textile-core woven wire-mesh porous structures. The study demonstrated the effect of porosity and cell topology on flow resistance. Heat transfer was attributed to surface area density, porosity and solid conductivity. The study highlighted that, at a given flow rate, surface area density that depends on pore density and porosity in turn depends on fiber diameter and cell size plays a major role in heat transfer augmentation. However, the thermo-hydraulic behavior of such porous samples of orderly varying pore density and porosity combinations was not addressed in the study.



Stacking of the woven wire-mesh screen can be accomplished in two major ways: aligned (inline), where there is node-to-node arrangement of the screens, and misaligned (staggered type), where there is misalignment in stacking that accommodates more void spaces with wire material. Costa et al. investigated pressure drop [14] and heat transfer [15] in stacked woven wire structures as an application to Stirling engine regenerators. Exact three dimensional geometries were modelled that considered aligned and misaligned stacking [14], and parallel and cross stacking [15]. Flow through the wire-mesh porous block was accomplished numerically and respective correlations for the pressure drop and Nusselt number were obtained in the study. Since the study involved exact geometry simulations, discussion related to parameters that are essential for obtaining heat transfer and flow models of such porous media was not emphasized, without which numerical modeling cannot be accomplished. Bussiere et al. [16] made an experimental analysis on flow resistance in stacked woven wire-mesh used in electrical safety. This study emphasized assessment of the drag coefficient and pressure drop of woven wire-mesh screens and their stacked arrangement in order to increase the efficiency of circuit breakers.



As a result of well-established and well-debated correlations pertaining to metal foams that provide expressions for describing/categorizing their thermo-hydraulic and morphological parameters, enormous numerical investigations [17,18,19] have been performed on porous media of metal foam type to evaluate and/or obtain optimum performance of metal foams involving thermal exchange phenomena. However, expressions for evaluating thermo-hydraulic and morphological parameters of wire-mesh type porous media have not been well established or debated in the open literature. Without this knowledge, it becomes difficult to perform a comprehensive numerical study using porous media modeling methodologies, considering that this type of porous media is subjected to variation in its morphological properties and stacking manner. Armour and Cannon [20] elaborately studied flow through woven wire-mesh layers of five various weave patterns. Expressions for screen thickness, specific area, porosity and pore diameter were provided for the considered woven wire-mesh screen layers. However, it has to be noted that these expressions are exclusive to single mesh screen layers and not for porous media formed from the stacks of wire-mesh screens, which is the conventional way of incorporating them in heat exchange applications.



In a recent study, Garg et al. [21] performed a numerical study of regenerators for Stirling cryocoolers using porous media modeling techniques to simulate flow and heat transfer through a stack of stainless steel wire-mesh screens. The part containing the stack of wire-mesh screens was modelled as a porous medium. The porosity, interstitial area density (specific area) and interstitial heat transfer coefficient were determined based on expressions following the works of [22] for porosity and [23] for the other two parameters. However, proper justifications for the use of expressions to obtain the mentioned parameters are not provided by the authors in the study and relevant discussion pertaining to the suitability of the used expressions are missing in the open literature. Recently [24] made a numerical analysis of the thermo-hydraulic behavior in woven wire mesh screens. They used expressions provided by [20] to describe the specific surface area and porosity of the mesh screens. Correlations for heat transfer and pressure drop were provided in this study; however, they were restricted to single mesh screen layers of various porosities and specific surface areas. Wang et al. [25] recently obtained an analytical model for the friction factor as an exclusive function of pore structure and quantified pressure drop using the wire mesh’s morphological parameters. The study also defined the mesh screen’s properties, such as porosity and specific surface area, using expressions provided by [20].



Of relevance to the current study, Xu et al. [26] made an effort to provide expressions for porosity and specific surface area of textile-core type stacked wire mesh porous media for heat exchange applications. However, the study simplified the expression by assuming the curved wires woven over the shute wires to be straight. Through this assumption, the authors were able to arrive at a simple expression to calculate the mentioned parameters. However, the possibility of incurring large errors with an increased number of screens in the stack or with increased fiber diameters of the screen wires is inevitable. Zhao et al. [27] provided new expressions to calculate these parameters by considering the stacking manner, fiber diameter, compactness factor, etc.; however, the complexity of the expressions and difficulty in appropriately obtaining the compactness factor defined in the study was high. All these factors make necessary simple and comprehensive expressions that can describe/classify such types of porous media with the help of information on only a few easily available parameters such as mesh-size/pore-density and fiber (wire) diameter that can differentiate a given stacked woven wire-mesh type of porous medium corresponding to various stacking scenarios. Kurian et al. [28] conducted an experimental study on the thermodynamic performance of brass woven wire-mesh of textile-core type that was observed to be misaligned in stacking in a vertical channel. This study showed that the overall performance factor could be achieved at wire-mesh porous samples of higher porosity; though the analysis was made for wire-mesh porous samples of three different porosities, no discussion relevant to pore density that affects interstitial area density was considered in the study. Similar analysis was performed in another study by the same authors [29], but for a stainless steel wire-mesh porous block. Kotresha and Gnanasekaran [30] made a numerical analysis by considering porous media modeling techniques for investigating fluid flow and heat transfer through stacked wire-mesh porous media. However, for modeling, expressions provided by [13,26] were used to obtain the specific surface area (one of the parameters that highly affects heat transfer) of a wire-mesh stack with the same characteristics as in [28]. Though the study successfully demonstrated modeling techniques for the stacked wire-mesh type of porous media, it did not emphasize the suitability of the used expressions.



It is quite evident that the discussion related to expressions required for modeling of the stacked wire-mesh type of porous medium is limited in the open literature, but it plays a major role in providing authenticity to the flow and heat transfer characteristics obtained from numerical studies carried out for this type of porous medium. In the present study, expressions that describe morphological characteristics of stacked woven wire-mesh types of porous media are arrived at that can categorize various samples of this type of porous medium by various characteristics such as porosity and specific surface area as a result of variation in parameters such as fiber diameter of the woven wires, pore-density/mesh-size and type of stacking. Furthermore, with the use of the obtained expressions, the categorized stacked wire-mesh porous samples of orderly varying porosity and mesh size are investigated for their performance in enhancing heat transfer in a vertical channel subjected to constant heat flux and laminar air flow. The flowchart of the present work methodology is shown in Figure 1.




2. Problem Statement


With knowledge of the significance of morphological parameters of porous media in the numerical modeling of flow and heat transfer, cross relations for evaluating morphological parameters such as porosity, specific surface area of stacked brass wire-mesh porous media are arrived at for various stacking types with the help of easily available information such as fiber diameter (df) and pitch (dp) of the woven mesh screen. Generalized expressions for screen spacing (h) for the closely packed scenario under various stacking scenarios are obtained and identified. With the aid of the arrived expressions, such stacked wire-mesh samples are categorized based on orderly varying porosity and pore- density/mesh-size combinations, and the respective heat transfer and flow influencing parameters are evaluated, thereby allowing the numerical modeling of the categorized porous samples for analyzing their thermal performance.



With the aid of the arrived expressions, stacked wire-mesh samples of 0.8, 0.85, 0.9 and 0.95 porosity each with pore densities 5, 10, 15, 20, 30, 40 and 45 PPI (of woven wire-mesh screens) are categorized under three different stacking scenarios, namely, staggered, inline type-a and inline type-b. Such categorized porous samples are evaluated for thermal performance in a vertical channel subjected to a constant heat input of 20 W under laminar flow achieved with 0.25 m/s air velocity under steady state conditions. The thermal phenomena identified by the wall heat transfer coefficient are analyzed for the categorized wire-mesh porous samples. Temperature information is numerically obtained; the excess temperature of the vertical plate is calculated using Equation (2) and is then used to compute the wall heat transfer coefficient using Equation (1).



The heat transfer coefficient is given by:


   h  w a l l   =  Q  A ∆  T w     



(1)




where,


  ∆  T w  =     T −  T ∞      a v g    



(2)








3. Modeling and Arriving at Expressions for Stacked Woven Wire-Mesh Porous Samples


A cube of size ∆X × ∆ × ∆ is adopted within which the whole fluid saturated woven wire-mesh samples are geometrically modelled. The straight cylindrical wires are drawn in the Y direction and the curved woven wires are woven in the X direction along the length of the straight cylindrical wires. Woven wire mesh screens thus obtained are arranged in the Z direction to obtain a block of stacked woven wire mesh screens forming a fluid (empty spaces) saturated wire-mesh porous medium. Various views of the obtained geometry of the considering wire-mesh blocks are shown in Figure 2a–d. The front view of wire mesh layers of staggered, inline type-a and inline type-b stacking under the closely packed scenario are shown in Figure 3, Figure 4 and Figure 5.



3.1. Determination of Interstitial Area Density or Specific Area


By definition [31], the interstitial area density or specific area (asf) is determined as follows:


   a  s f   =   T o t a l   s u r f a c e   a r e a   o f   w i r e − m e s h   a l   v o l u m e   o f   t h e   w h o l e   b l o c k     e n t i r e   f l u i d   s a t u r a t e d   w i r e − m e s h   b l o c k      



(3)




where, the dimension of the cube comprising fluid saturated woven wire-mesh porous media is represented as, ∆X × ∆ × ∆.



Referring to Figure 2a, the number of woven wire-mesh screens (n) can be expressed as shown in Equation (4), where ‘h’ is the distance between two consecutive mesh layers measured from center to center of straight running,


  n =   ∆ Z  h   



(4)







It can be observed from Figure 2a that each layer of the wire-mesh block is formed by weaving cylindrical wires onto those cylindrical wires passing straight in the perpendicular direction. Therefore, the total surface area of the wires forming each layer of the wire-mesh block can be put in the following form.



The total surface area of each mesh layer (a1) is the sum of the product of (a) the area of straight running cylindrical wire (as) and the total number of straight running cylindrical wires (Ns) and (b) the area of the weaving cylindrical wire (aw) and the total number of weaving cylindrical wires (Nw), which can be expressed as:


   a 1  =    a s  ×  N s    +    a w  ×  N w     



(5)







Observing Equations (4) and (5), the total area of the solid cylindrical wires forming the whole mesh block (Asm) can be expressed as:


   A  s m   =      a s  ×  N s    +    a w  ×  N w      ×   ∆ Z  h   



(6)







Now, the parameters appearing in Equation (6) can individually be expressed as follows:


   N s  =   ∆ X    d p     



(7)






   N w  =   ∆ Y    d p     



(8)






   a s  = π  d f  ∆ Y +  π 2       d f     2   



(9)






   a w  = π  d f  L +  π 2       d f     2   



(10)







The parameter ‘L’ appearing in Equation (10) is the length of the weaving wire, where its value can be expressed from observing Figure 6a,b as:


  L = O D × n u m b e r   o f   p o r e s     a s   t h e r e   e x i s t s   a   c u r v e    ‘  O D  ’    i n   e v e r y   p o r e    



(11)




OD: as shown in Figure 6b.



The expression for the number of pores can be approximated as


   N p  =  N s  =   ∆ X    d p     



(12)







In Equation (11), in order to find the expression for length ‘L’, the expression for ‘OD’ is derived and multiplied by the number of pores. For that, observing Figure 6a, angle AO’B can be expressed as:


  C o s θ =    O ′  A    O ′  B   =   2  d f     d p     



(13)






  θ = c o  s  − 1       2  d f     d p       



(14)







Therefore, angle


  A  O ′  O =  π 2  − θ  



(15)







Length of arc


  O A =  d f     π 2  − θ    



(16)







Considering   ∆ A  O ′  B ,  


      A B    2  =      O ′  B    2  −     A  O ′     2   



(17)







Therefore,


  A B =        d p    2   4  −  d f    2       



(18)







However, the length OD = OA + AB + BC + CD, but OA = CD, which yields,


  O D = 2   O A + A B    



(19)







Therefore the above equation for the length ‘OD’ can be rewritten, from expressions for ‘OA’ and ‘AB’ as given in Equations (16) and (18) as,


  O D = 2    d f     π 2  − θ   +      d p    2   4  −  d f    2       



(20)







Inserting expression for   ‘ θ ’   as given in Equation (14), we get,


  O D = π  d f  − 2  d f  c o  s  − 1       2  d f     d p      + 2      d p    2   4  −  d f    2     



(21)







From Equations (12) and (21) length of each woven wire can be obtained as,


  L =   ∆ X    d p      π  d f  − 2  d f  c o  s  − 1       2  d f     d p      + 2        d p    2   4  −  d f    2         



(22)







Therefore, the obtained expression for ‘L’ can be used in Equation (10). Now, the expression for total area of solid cylindrical wires both straight passing as well as weaving ones as expressed in Equation (6), can be rewritten by referring to Equations (4) and (8)–(10) as


   A  s m   =     π  d f  ∆ Y +  π 2   d f    2      ∆ X    d p    +   π  d f      ∆ X    d p      π  d f  − 2  d f  c o  s  − 1       2  d f     d p      + 2        d p    2   4  −  d f    2          +  π 2   d f    2      ∆ Y    d p        ∆ Z  h   



(23)







Interstitial area density or specific surface area is expressed as,


   a  s f   =    A  s m     ∆ X ∆ Y ∆ Z    



(24)







Therefore, from Equation (23), the expression for ‘asf’ (for a woven-mesh block of spacing “h”) can be deduced by simplification as


   a  s f   =    A  s m     ∆ X ∆ Y ∆ Z   =   π  d f    h  d p      1 +    d f     d p      π − 2 C o  s  − 1       2  d f     d p        +   1 −       2  d f     d p       2    +    d f   2     1  Δ X   +  1  Δ Y        



(25)







Since term      d f   2     1  Δ X   +  1  Δ Y       yields are of very negligible value, the above expressions can be simplified by neglecting this term as


   α  s f   =   π  d f    h  d p      1 +    d f     d p      π − 2 C o  s  − 1       2  d f     d p        +   1 −       2  d f     d p       2       



(26)







By taking      d f     d p    = k  , the above equation can be rewritten as


   α  s f   =   π k  h    1 + k π − 2 k C o  s  − 1     2 k   +   1 − 4  k 2       



(27)







Stacking of the wire-mesh layers can be made in three different ways that include staggered stacking as shown in Figure 3, inline type-a as shown in Figure 4 and inline type-b as shown in Figure 5. For the closely packed scenario, the value of ‘hmin’ varies with type of stacking. For the staggered type, it is difficult to be interpreted by mere observation and the same is expressed mathematically in the following way. The upper layer of the woven mesh screen rests on the lower layer as shown in Figure 7. It can be observed in Figure 7 that the length of ‘OC’ is the minimum spacing ‘hmin’ for the closely packed wire-mesh block scenario for staggered type of stacking. The expression for ‘hmin’ with reference to the Figure 7 can be obtained as follows:



Let   O C = A  C ′  =  h  m i n    ; thenb, we know that from   ∆ A O B  


  c o s ∅ =   2  d f     d p     



(28)







In addition, from   ∆ O B C ,  


  s i n ∅ =    d f     h  m i n      



(29)







From the trigonometric relation   c o  s 2  ∅ + s i  n 2  ∅ = 1 ,    the above equations can be written as


    4  d f    2     d p    2    +    d f    2     h  m i n     2    = 1  



(30)






   h  m i n   =    d p   d f       d p    2  − 4  d f    2       



(31)







Hence, for the closely packed woven wire-mesh scenario for the staggered stacking type, the expression for   ‘  h  m i n   ’   as given in Equation (31) can be used in Equation (25) for obtaining the corresponding value of the specific surface area. A detailed sketch of the inline type-a and type-b stacking scenarios is shown in Figure 8 and Figure 9 following which expressions   ‘  h  m i n  ’  = 2  d f    and   ‘  h  m i n  ’  = 3  d f    can be used in Equation (25) for obtaining the specific surface area of the wire-mesh porous medium of inline type-a and inline type-b stacking, respectively.




3.2. Cross-Relations between Porosity, Fiber Diameter and Pore Width


Cross-relationships between morphological characteristic of wire-mesh layers such as fiber diameter and pore width and characteristics of stacked wire-mesh porous structures such as porosity would serve a great purpose by making it easier to avail information on unknown parameters that are difficult to evaluate (for instance, porosity and specific surface area that depend on several other parameters such as stacking manner, fiber diameter and pitch) with information on easily distinguishable parameters. The procedure for arriving at such cross-relations is mentioned below.



The volume of the solid woven mesh layer can be written analogously to Equation (5) as


   v 1  = (  v s  ×  N s  ) +    v w  ×  N w     



(32)







The total volume of the solid cylindrical wires (both woven as well as straight running) forming the mesh block can therefore be written as


   V  s m   = n   (  v s  ×  N s    +    v w  ×  N w    )  



(33)







The volume of a single straight running cylindrical wire can be expressed as


   v s  =   π  d f    2  ∆ Y  4   



(34)







Similarly, the volume of the weaving cylindrical wire can be expressed as


   v w  =   π  d f    2  L  4   



(35)







Porosity is defined as [31]:


  P o r o s i t y =   T o t a l   v o l u m e   o f   t h e   v o i d   s p a c e     f l u i d   r e g i o n       T o t a l   v o l u m e   o f   t h e   w h o l e   b l o c k   c o m p r i s i n g   o f   t h e   f l u i d   s a t u r a t e d   p o r o u s   m e d i u m      



(36)




which in this case can be written as


  ε =   V −  V  s m    V   



(37)






  1 − ε =    V  s m    V   



(38)




where, ‘V’ is total volume of the whole fluid saturated porous mesh block expressed as ΔXΔY ΔZ.



From, Equations (4), (22) and (33)–(35), Vsm/V can be expressed as,


     V  s m    V  =   π  d f    2    4 h  d p      1 +  1   d p      π  d f  − 2  d f  C o  s  − 1       2  d f     d p      +    d p    2  − 4  d f    2         



(39)







Comparing Equations (38) and (39), the expression for porosity for a woven wire-mesh block with spacing ‘h’ between the mesh layers can be written as


  ε = 1 −   π  d f    2    4 h  d p      1 +  1   d p      π  d f  − 2  d f  C o  s  − 1       2  d f     d p      +    d p    2  − 4  d f    2         



(40)







For closely packed woven wire-mesh blocks of staggered type, the expression for porosity can be obtained by incorporating the expression for ‘hmin’ given in Equation (31) in Equation (40) as


   ε  s t a g g e r e d   = 1 −   π  d f     d p    2  − 4  d f    2      4  d p    2      1 +  1   d p      π  d f  − 2  d f  C o  s  − 1       2  d f     d p      +    d p    2  − 4  d f    2         



(41)







Taking


     d f     d p    = k  



(42)







Equation (41) can be rewritten as


   ε  s t a g g e r e d   = 1 −   k π  4    1 − 4  k 2        1 + k π − 2 k C o  s  − 1     2 k   +   1 − 4  k 2       



(43)




valid for   0 ≤ k ≤ 0.5  .



For the closely packed woven wire-mesh blocks of inline type-a and inline type-b stacking scenarios, the expression for porosity can be obtained by incorporating expression for ‘hmin’ equal to 2df in Equation (40), which for inline stacking of type-a becomes


   ε  I n l i n e − t y p e − a   = 1 −   π  d f    2    4   2  d f     d p      1 +  1   d p      π  d f  − 2  d f  C o  s  − 1       2  d f     d p      +    d p    2  − 4  d f    2         



(44)






   ε  I n l i n e − t y p e − a   = 1 −   π  d f    8  d p      1 +   π    d f     d p    − 2    d f     d p    C o  s  − 1       2  d f     d p      +   1 −       2  d f     d p       2         



(45)






   ε  I n l i n e − t y p e − a   = 1 −   k π  8      1 + k π − 2 k C o  s  − 1     2 k   +   1 − 4  k 2       



(46)







Similarly, for the stacking of inline type-b, the incorporating expression for ‘hmin’ equal to 3df generalized expression for porosity becomes


   ε  I n l i n e − t y p e − b   = 1 −   π  d f    2    4   3  d f     d p      1 +  1   d p      π  d f  − 2  d f  C o  s  − 1       2  d f     d p      +    d p    2  − 4  d f    2         



(47)






   ε  I n l i n e − t y p e − b   = 1 −   π  d f    12  d p      1 +   π    d f     d p    − 2    d f     d p    C o  s  − 1       2  d f     d p      +   1 −       2  d f     d p       2         



(48)






   ε  I n l i n e − t y p e − b   = 1 −   k π   12       1 + k π − 2 k C o  s  − 1     2 k   +   1 − 4  k 2       



(49)







For various values of ‘k’ in the range of   0 ≤ k ≤ 0.5  , fitting a polynomial curve with   R 2   value 0.99866, 0.99963 and 0.99933 for staggered, inline type-a and inline type-b stacking scenarios and considering 501 data points obtained from the above equation provides a compact equation expressing the porosity of woven wire-mesh for the mentioned stacking types as a function of only two morphological properties (fiber diameter and pore-density/mesh-size) of the wire-mesh, which can be obtained as


   ε  s t a g g e r e d   = 1.01051 − 1.87112  k  + 1.60829    k 2     



(50)






   ε  I n l i n e − t y p e − a   = 0.99358 − 0.63809  k  − 0.68232    k 2     



(51)






   ε  s t a g g e r e d   = 0.99572 − 0.42539  k  + 0.45488    k 2     



(52)








3.3. Interstitial Heat Transfer and Flow Resistance Coefficients


In modeling any type of porous media with the LTNE approach, as can be seen in Equation (61), information on interstitial heat transfer coefficient hsf is crucial in solving the energy equation. An effort to identify suitable correlations for the interstitial heat transfer coefficient can be witnessed in a study by Kotresha and Gnanasekaran [30]; the study was focused on determining the interstitial heat transfer coefficient based on correlations that were available in the literature for the packed- bed scenario [32], cross-flow through cylinders [33] and for the situation with metal foam. The study showed that the thermal phenomenon assessed (the wall heat transfer co-efficient of vertical channel) was relatively in good argument with experimental data when the interstitial heat transfer coefficient as provided by Calmidi and Mahajan [34] was used in numerical modeling. The suitability of the correlation was upheld on relative deviation of the thermal phenomenon expressed based on results obtained when the interstitial heat transfer coefficient was evaluated with respective to the correlation considered. However, in a recent study, Garg et al. [21] successfully modeled a regenerator with the wire-mesh porous modeling method by using the interstitial heat transfer coefficient obtained from relation provided by [23]. In the present study, the same relation provided by [9] as given in Equation (53) is used to the evaluate interstitial heat transfer coefficient and the thermal phenomenon expressed through numerical modeling using this relation is compared with that of experimental data in order to emphasize the suitability of this correlation. Figure 10 shows the comparison of the thermal phenomenon characterized by wall heat transfer co-efficient of the vertical channel of present numerical work to that of experimental work of Kurian et al. [28]. Good agreement in the thermal phenomenon can be witnessed here as a result of the incorporation of the interstitial heat transfer co-efficient evaluated from the relation provided by [23] to solve the energy equation. Thus, for further analysis, evaluation of the interstitial heat transfer co-efficient is carried out based on the relation provided by [23], as emphasized by [21].



The inertial and viscous resistance co-coefficients are another set of important parameters that are vital in modeling wire-mesh porous media using the Darcy-Forchheimer model. For the steady state case, Xiao et al. [9] provided the expressions for calculating these parameters by referring to friction factor expressions provided by Tanaka et al. [35] and the modified-Ergun equation provided by Gedeon and Wood [36]. The obtained relations were compared with the pressure drop as described by the Darcy-Forchheimer law and expressions for the viscous and inertial resistance coefficients were provided as given in Equations (54) and (55) respectively. It can be observed that these flow parameters are functions of both porosity as well as fiber diameter and rightly predicts flow resistance in the considered wire-mesh type of porous medium. Hence, these expressions are used for evaluating viscous and inertial resistance coefficients required for modeling the flow phenomenon in the considered wire-mesh porous media.


   h  s f   =    λ f    1 + 0.99     R  e  d h   P r     0.66      ε  1.79      d h     



(53)






   1 K  =   134   2 ε  d h    2     



(54)






  C =   5.44    ε 2   d h  R  e  d h      0.188      



(55)









4. Numerical Simulation, Boundary Conditions, Computational Scheme and Governing Equations


For this purpose, the experimental set-up of Kurian et al. [28] to investigate stacked wire-mesh porous media is numerically modelled using commercial ANSYS FLUENT software. The sketch of the experimental set up used by Kurian et al. [28] is shown in Figure 11. However, for numerical modeling, due to the symmetric nature of the experimental domain, only one of the symmetric portions is considered for numerical modeling with the help of the symmetry boundary conditions. A sketch of the numerical domain of the present study with boundary conditions is shown in Figure 12.



Appropriate boundary conditions are incorporated in the present numerical domain as shown in Figure 12. Channel walls are given by adiabatic boundary conditions with no slip conditions established at the fluid-wall interface. Continuity in energy and momentum is considered at dissimilar contact regions among solid, fluid and porous zone interfaces. The velocity inlet boundary condition at inlet and pressure outlet boundary condition at outlet are specified. The heat flux boundary condition is specified in the heater region.



Momentum and continuity equations are solved in a coupled fashion by employing a pressure based coupled algorithm (COUPLED scheme) available in ANSYS FLUENT [37]. A second order upwind scheme is used for spatial discretization. As it is known, using the upwind discretization scheme, the values at upstream are used to compute the value on the faces of the cell and then used to evaluate the value at the center of the cell. The first order upwind scheme uses one point at the upstream to compute the values at cell faces and cell center whereas, the second order uses two points at the upstream for computation. Though the first order upwind scheme is most commonly used as it is easier to converge in complex domains, the second order upwind scheme is more accurate than the first order scheme; however, this could present difficulty in convergence in complex problems. Since the present study involves a less complicated 2D flow and heat transfer domain, the second order upwind scheme is used to provide more accurate results (in comparison with the first order upwind scheme) with no difficulty in convergence. Gradients are obtained through the Green-Gauss node-based method. To help ease the convergence, implicit relaxation with the pseudo-transient method is implemented. Convergence criteria are set to 10−5 for momentum and continuity equations and for the energy equation, it is set to 10−10 for higher accuracy. The outcome of the mesh independence study is shown in Table 1. A mesh with 56,700 cells resulted in the least percentage deviation in pressure drop and excess temperature values. Therefore, further numerical simulations are carried out by adopting the developed numerical domain with 56,700 cells.



The governing equations solved to obtain flow and heat transfer parameters in the wire-mesh-free region are given by Equations (56)–(58).



Continuity equation:


    ∂    ρ f   u i      ∂  x i    = 0  



(56)







Momentum equation:


     ∂    ρ f   u i   u j      ∂  x j      = −   ∂ p   ∂  x j      +  ∂  ∂  x j       μ f        ∂  u i    ∂  x j    +   ∂  u j    ∂  x i        



(57)







Energy equation for fluid:


     ∂    ρ f   C  p f    u j  T     ∂  x j      =  ∂  ∂  x j      (  λ f    ∂  T f    ∂  x j    )   



(58)







In the aluminum plate region, λs(∇2T) = 0 is solved for heat transfer through conduction to take place. Furthermore, the governing equations pertaining to the wire-mesh-filled region are given in Equations (59)–(62). Flow and heat transfer influencing parameters of stacked wire-mesh porous media such as porosity, specific surface area, thermal conductivity, etc. can be observed to be well considered in the governing equations. The source term in the momentum equation given in Equation (60) can be seen to incorporate terms representing viscous and inertial effects fluid experiences while passing through the considered wire-mesh porous medium.



Continuity equation:


    ∂    ρ f  ε  u i      ∂  x i    = 0  



(59)







Momentum equation:


     ∂    ρ f   u i   u j      ∂  x j      = − ε   ∂ p   ∂  x j           ∂  ∂  x j       μ f      ∂  u i    ∂  x i    +   ∂  u j    ∂  x j        − ε (    μ  e f f    K   u i  +  ρ f  C  u   u i  )   



(60)







LTNE equation for fluid,


   ε     ∂    ρ f   C  p f    u j  T     ∂  x j      =  λ  f e   ε  ∂  ∂  x j      (   ∂  T f    ∂  x j     )  +  h  s f    a  s f     (  T s  −  T f  )   



(61)




for solid,


    λ  s e     1 − ε    ∂  ∂  x j      (   ∂  T s    ∂  x j     )  =  h  s f    a  s f     (  T s  −  T f  )   



(62)




where


   λ  f e   =  λ f  .   ε   and    λ  s e   =  λ s    .     1 − ε    



(63)







Validation of the Numerical Solution


The simulated results from the modeled numerical domain are compared with that of experimental data of Kurian et al. [28] for validation of the followed modeling methodology. From Figure 10, a good agreement between the average wall heat transfer coefficient and average wall temperature obtained through present numerical simulation and experimental results reported in the literature can be observed. An average difference of 4.2 W/m2 K with a maximum and minimum difference of 5.13 W/m2 K and 0.973 W/m2 K, respectively, is observed between wall heat transfer coefficients. In terms of deviation between experimentally measured temperature and numerically simulated temperature data, an average percentage deviation of less than 0.79 percent is observed, with highest and lowest deviations of 1.65 percent and 0.09 percent, respectively. This demonstrates the correctness and suitability of the followed methodology in order to mimic heat transfer in the considered type of porous medium. In terms of flow phenomenon, variation of experimentally measured and numerically obtained pressure drop with velocity is shown in Figure 13. A good agreement between present numerically obtained data and experimentally reported data is observed with 6 percent and 8 percent average percentage deviations for the 0.71 and 0.81 porosity wire-mesh stack, respectively. Thus, the followed methodology for mimicking flow and heat transfer numerically can be seen to be appropriate for further analysis.





5. Results and Discussion


5.1. Interpretation of Results from the Expressions Arrived


The expressions arrived at in the present study that enable the obtaining of vital morphological properties that play a key role in the thermo-hydraulic performance of stacked woven wire-mesh porous media are interpreted in this section. The present study provides cross relations between important parameters such as pore density/mesh size of the wire-mesh screen (mesh per inch/PPI) used in stacking, fiber diameter (df) of the wires used to weave the mesh screen, porosity and specific surface area of the stacked wire-mesh blocks corresponding to the three various kinds of stacking such as staggered, inline type-a and inline type-b. It can be noted that from the expressions provided in the present study, porosity and specific surface area, which play a prominent role in momentum and energy equations, can be evaluated with the knowledge of only fiber diameter (df) and pitch (dp) of wire-mesh screens used for various stacking conditions. Thus, porous media of various characteristics that can be obtained by changing the fiber diameter and pitch of the woven screens for various stacking conditions can easily be studied using porous media formulation in a variety of applications in order to arrive at the optimum thermo-hydraulic behavior of such types of porous media.



The variation of porosity of the stacked wire-mesh porous blocks with respect to change in fiber diameter for various type of stacking and pore-density/mesh size is shown in Figure 14; for better visual observation, the variation of porosity and fiber diameter of only 15 PPI and 5 PPI randomly chosen mesh-size samples. However, the respective changes for other pore densities are also observed to follow a similar trend. It can be observed that for any type of stacking of wire-mesh screens of given mesh size (PPI/mesh per inch), porosity decreases with increase in fiber diameter as expected. The magnitude of variation in porosity with change in fiber diameter is relatively high for staggered stacking, followed by inline stacking type-a and type-b. For a given fiber diameter, a stacked block of high porosity can be achieved with inline stacking type-a, followed by inline stacking type-b and staggered stacking. In addition, it can be observed that with increase in fiber diameter, a fixed porosity can be achieved by decreasing the mesh size (MPI) or pore density (PPI). The present study enables numerical study of various stacked wire-mesh porous samples subjected to change in its morphological parameters and stacking condition by providing information on the hydro-dynamic parameters of corresponding stacked wire-mesh porous samples.



The variation of specific surface area of stacked wire-mesh porous media for various stacking conditions is shown in Figure 15; the variations are discussed by depicting randomly chosen 0.95 porosity foam samples. However, the variations show a similar trend for any other porosity case. It can be observed that for a given porosity, specific surface area increases with increase in mesh size or pore density of the stacked screens for all type of stacking; however, it is dominated by the staggered type of stacking, followed by inline type-a and type-b kinds of stacking. In addition, it has to be noted that a fixed porosity can be achieved for the considered different kinds of stacking with a compromise in the fiber diameter of weaved wires. Staggered type of stacking provides the required porosity for a given mesh size (PPI/MPI) at lesser fiber diameter compared to inline stacking of type-b and type-a scenarios for same porosity at a given mesh size or pore density condition.




5.2. Thermo-Hydraulic Analysis


As explained in Section 2, with the aid of the arrived expressions, stacks of woven wire-mesh samples of orderly varying porosity (0.8, 0.85, 0.9 and 0.95) for each stack of woven wire-mesh screens of 5, 10, 15, 20, and 25 PPI pore-densities/mesh-sizes were obtained. It can be noted that for a given pore density of wire-mesh screens, stacks of various porosity can be achieved by changing the fiber diameter of the wires that form the mesh screens. For the categorized stacks of woven wire mesh screens, specific area (asf) and porosity (s) are evaluated based on expressions arrived at in the present study as given by Equations (27) and (50)–(52) for considered stacking scenarios. The vertical channel numerical domain as described in Section 2 is modelled with these categorized stacked wire-mesh porous samples. With the subjected heat flux and flow velocities, the thermal performance of the categorized porous samples (based on changes in mesh-size/pore-density and porosity) is shown in Figure 16a and Figure 17b (Figure 18 and Figure 19) in terms of wall heat transfer coefficients for all stacking scenarios. The variation of this thermal phenomenon is demonstrated with the variation in porosity for a constant pore-density/mesh-size (PPI/MPI), as shown in Figure 16a (for 5 PPI/MPI) and Figure 16b (for 25 PPI/MPI). Similarly, variation of the same phenomenon with change in pore-density/mesh-size for a constant porosity can be seen in Figure 17a (for 0.8 porosity) and 17b (for 0.95 porosity). It can be observed that the wall heat transfer co-efficient increases with increase in both pore density as well as porosity. However, for a stack of given porosity, heat transfer greatly increases with pore density compared to the increase of the same parameter with an increase in porosity for a stack of given pore density. In LTNE modeling, the total heat transfer is accounted for by heat transfer due to fluid (this increases with porosity) and interstitial heat transfer (this increases with increase in the product asf × hsf) [8]. As a result, for a given pore density, the wall heat transfer coefficient increases with porosity due to enhanced availability of fluid to carry the subjected heat. Enhanced heat transfer is also witnessed with increase in pore density for a stack of given porosity, as a result of increased interstitial heat transfer (contributed by the product asf × hsf). The variation in the wall heat transfer coefficient is observed to be similar, corresponding to changes in porosity and mesh size for all types of stacking. However, for the same porosity and mesh size conditions, the relative deviation of the wall heat transfer of wire-mesh porous media formed by various stacking types is observed to show significant variation. This is mainly due to the increased specific surface area of staggered type for a given porosity, enabling higher heat transfer, followed by inline type-a and inline type-b, which have relatively lesser specific surface area for a given mesh-size/pore-density and porosity condition. As a result, interstitial heat transfer is increased for the staggered type compared to wire-mesh porous samples formed as a result of inline stacking of type-a and type-b conditions. In Figure 16a,b, the thermal performance is depicted for varying porosity condition for 5 PPI/MPI and 25 PPI/MPI mesh-size/pore-density situation only. However, the relative trend is observed to be the same for other 10 PPI/MPI and 15 PPI/MPI mesh-size/pore- densities of the considered wire mesh porous samples of various stacking scenarios. Similarly, in Figure 17a,b, though the variation of the thermal phenomenon is shown with reference to only 0.8 and 0.95 porosity samples, the relative deviation for other porosity conditions such as 0.85 and 0.9 porosity is observed to follow a similar trend. This implies that domination of heat transfer follows a similar trend for any other porosity and pore-density/mesh-size combinations for the considered different stacking scenarios, agreeing well with the explained reasons.



Flow resistance, characterized by the pressure drop phenomenon in the considered wire-mesh type of porous medium corresponding to mesh size and porosity of samples under various stacking scenarios, is shown in Figure 18a and Figure 19b. Variation of this phenomenon for wire mesh samples of various stacking conditions under varying porosities at constant mesh-size/pore-density is shown in Figure 18a,b. Similarly, variation of pressure drop for wire mesh samples of various stacking types under varying pore-densities/mesh-sizes at a constant porosity is depicted in Figure 19a,b. It can be observed that, for a given stacking scenario, the pressure drop decreases with increase in porosity for a given mesh size, as shown in Figure 18a,b. This is due to increased permeability of the fluid through the wire mesh structures with an increase in porosity. However, for a given porosity with an increase in mesh size, the pressure drop can be observed to be increasing due to increased obstruction to the flow with an increase in mesh-size/pore-density, as shown in Figure 19a,b. In terms of the stacking scenario, staggered stacking that offers low permeability to the fluid flow shows an increased pressure drop for a given porosity and mesh size, followed by inline stacking type-a and type-b. In addition, an increase in pressure drop is observed to be relatively more significant at higher mesh size than at lower mesh sizes. Though variation of flow resistance, characterized by the pressure drop for various stacking scenarios with changes in porosity is shown with reference to only 5 PPI/MPI pore-densities/mesh-sizes, the relative deviation is also observed to follow similar trends for 10 and 15 PPI/MPI wire-mesh samples. The argument is the same with reference to deviations of pressure drop with respect to change in pore-density/mesh-size. That is, though these deviations are shown with reference to only 0.8 and 0.85 porosity samples, the relative deviation is also observed to follow a similar trend for other 0.85 and 0.9 porosity wire-mesh samples, agreeing well with the given reasons. Unlike heat transfer at higher mesh sizes, a relative increase in pressure drop is observed to be higher for the staggered stacking type compared to the other two types of stacking. In the present study, it is also observed that with variation in stacking scenario, the variation in flow phenomena is larger compared to the variation in heat transfer. It is quite evident from this study that heat transfer enhancement with change in porosity and mesh size for various stacking types of wire-mesh porous media is accompanied by individually varying flow resistance phenomena; hence, optimum selection of such types of porous media with respect to mesh size, porosity and stacking types has to be the prime aspect for achieving their desired thermo-hydraulic performance in any heat exchange applications.





6. Conclusions


In the present work, a set of cross-relations that can describe/classify a given stacked wire-mesh porous medium is arrived at based on the mesh-size, fiber (wire) diameter and type of stacking involved. Expressions presented from this study enable evaluation of heat transfer and flow influencing morphological properties such as porosity and specific surface area that are unique to wire-mesh porous types of given mesh-size/pore-density, fiber diameter and stacking condition. Such thermo-hydraulic properties of stacked woven wire-mesh samples of orderly varying mesh-size/pore density and porosity are categorized corresponding to each type of various stacking scenario, namely staggered, inline type-a and type-b. The mentioned key parameters that highly influence thermo-hydraulic performance of the categorized porous medium are evaluated using the expressions provided in the present study and are incorporated in momentum equations (Darcy-Forchheimer model) and energy equations (LTNE model) for evaluation of the thermal and hydraulic performance of this type of porous media in a vertical channel subjected to constant heat flux and flow conditions. Heat transfer, characterized by a wall heat transfer coefficient, is observed to increase with porosity as well as mesh-size/pore-density for stacked wire mesh of all stacking types. However, due to the relative increase in specific surface area for a given porosity and mesh size, the wall heat transfer coefficient is observed to be dominant in the staggered type followed by inline stacking of type-a and type-b. In terms of flow resistance characterized by pressure drop, the staggered type of stacking showed the highest pressure drop for a given porosity and mesh size condition due to highly restricted flow path as a result of high compactness in stacking of the wire-mesh screens in this type of stacking, followed by inline type-a and type-b stacking scenarios. In addition, for any given type of stacking, it is observed that the pressure drop increases with increase in mesh-size/pore-density for a given porosity scenario due to increased flow obstruction and contrarily, with increase in porosity for a given mesh size, the pressure drop is observed to be decreasing as a result of reduced flow obstruction. Required changes in porosity and specific surface area that highly influence flow and heat transfer through porous media can be achieved with most ease in stacked wire-mesh type of porous media compared to other types of porous media such as metal foams. The expressions arrived at in the present study are intended to be useful in numerical modeling of flow and heat transfer through such types of porous media of various morphological characteristics such as porosity and mesh size in a variety of applications.
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Nomenclature




	
A

	
Surface area of Aluminum plate (m2)




	
Asm

	
Total area of the solid mesh in the whole porous block




	
a1

	
Area of total solid fibers constituting an individual mesh layer




	
as

	
Area of straight running wire fiber (m2)




	
aw

	
Area of weaving wire fiber (m2)




	
asf

	
Area density (m−1)




	
C

	
Inertial resistance coefficient (m−1)




	
Cp

	
Specific heat (J/kgK)




	
dp

	
Pore diameter (m)




	
df

	
Fiber diameter (m)




	
dh

	
Hydraulic diameter




	
hwall

	
Wall heat transfer coefficient (W/m2 K)




	
hsf

	
Interstitial heat transfer coefficient (W/m2 K)




	
h

	
Spacing (distance) between individual mesh layers.




	
Hmin

	
Minimum possible distance measured from centre to centre of straight running fibres of consecutive mesh layers for closely packed condition




	
K

	
Permeability (m2)




	
1/K

	
Viscous resistance coefficient (inverse of permeability)




	
k

	
Dimensionless ratio (df/dp)




	
Nu

	
Nusselt number




	
MPI

	
Mesh per inch




	
Ns

	
Number of straight running wire fibers




	
Nw

	
Number of weaving wire fibers




	
P

	
Pressure (N/m2)




	
Pr

	
Prandtl number of fluid




	
Q

	
Heat input (W)




	
Redh

	
Reynolds number based on hydraulic diameter




	
T

	
Temperature (K)




	
T∞

	
Ambient temperature (K)




	
w

	
Pore width




	
Greek symbols




	
ε

	
Porosity




	
ω

	
pore density




	
λ

	
Thermal conductivity (W/mK)




	
μ

	
Dynamic viscosity (N-s/m2)




	
v

	
Kinematic viscosity (m2/s)




	
ρ

	
Density (kg/m3)




	
Subscript




	
f

	
Fluid




	
fe

	
Fluid effective




	
s

	
Solid




	
se

	
Solid effective
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Figure 1. Chart describing the flow of the present work. 
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Figure 2. Corresponding to woven wire-mesh geometry with spacing between screens: (a) Isometric view. (b) top view. (c) front view and (d) side view. 
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Figure 3. Front view of staggered stacking for closely packed scenario (with hmin spacing). 
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Figure 4. Front view of inline stacking type-a for closely packed scenario (with hmin spacing). 
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Figure 5. Front view of inline stacking type-b for closely packed scenario (with hmin spacing). 
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Figure 6. (a) Sketch of single cylindrical wire woven over straight cylindrical wires. (b) Description of parameters involving in expressing lengths of each woven cylindrical wire. 
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Figure 7. Description of parameters for closely packed wire-mesh layers in staggered type of stacking. 
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Figure 8. Description of parameters for closely packed wire-mesh layers in stacking of inline type-a. 
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Figure 9. Description of parameters for closely packed wire-mesh layers in stacking of inline type-b. 
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Figure 10. Comparison of wall heat transfer coefficient obtained from present numerical work to that of experimental work of [28]. 
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Figure 11. Sketch of experimental domain used by Kurian et al. [28]: (1) heater, (2) aluminum plate, (3) stacked wire-mesh porous media, (4) insulating material, (5) channel passage and (6) channel wall. 
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Figure 12. Sketch of numerical domain adopted in the current study. 
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Figure 13. Comparison of pressure drop of present simulations with that of experimental work reported in literature. 
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Figure 14. Variation of porosity with respect to change in fiber diameter for various stacking of wire-mesh screens of given pore density or mesh size (pores per inch/mesh per inch). 
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Figure 15. Variation of specific surface area of stacked wire-mesh porous media comprising of wire-mesh screens of various mesh size or pore density (pores per inch/mesh per inch). 
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Figure 16. (a) Variation of average wall heat transfer coefficient for 5 PPI (pore- density/mesh-size) wire mesh samples of different porosity for all three stacking scenarios. (b) Variation of average wall heat transfer coefficient for 25 PPI (pore-density/mesh-size) wire mesh samples of different porosity for all three stacking scenarios. 
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Figure 17. (a) Variation of average wall heat transfer coefficient for 0.8 porosity wire mesh samples of different pore-density/mesh-size for all three stacking scenarios. (b) Variation of average wall heat transfer coefficient for 0.95 porosity wire mesh samples of different pore-density/mesh-size for all three stacking scenarios. 
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Figure 18. (a) Variation of pressure drop for 5 PPI (pore-density/mesh-size) wire mesh samples of different porosity for all three stacking scenarios. (b) Variation of pressure drop for 25 PPI (pore-density/mesh-size) wire mesh samples of different porosity for all three stacking scenarios. 
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Figure 19. (a) Variation of pressure drop for 0.8 porosity wire mesh samples of different pore-density/mesh-size for all three stacking scenarios. (b) Variation of pressure drop for 0.95 porosity wire mesh samples of different pore-density/mesh-size for all three stacking scenarios. 
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Table 1. Grid independence study.
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S. No.

	
No. of Elements

	
Pressure Drop

ΔP, N/m2

	
Temperature Difference

ΔT °C

	
Deviations




	
ΔP, %

	
ΔT, %






	
1

	
26,130

	
20

	
9.75

	
2.30

	
1.10




	
2

	
56,700

	
19.59

	
9.69

	
0.21

	
0.43




	
3

	
88,400

	
19.55

	
9.65

	
Baseline
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