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Abstract

:

In this work, three raised expanded metal meshes (EMMs) differing in mesh size were tested experimentally with regard to their flow and transport properties. Empirical equations for the Nusselt number and Fanning friction factor were developed. Alongside the experiments, simple computational fluid dynamics (CFD) models were used to simulate the pressure drop and heat transfer coefficients within EMMs. Finally, the Performance Efficiency Criterion (PEC) was applied to compare EMMs with other reactor packings.
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1. Introduction


The design and optimization of structured reactors’ performance are crucial for environmental catalytic processes such as the catalytic combustion of volatile organic compounds (VOCs) or the selective catalytic reduction (SCR) of nitrogen oxides (NOx). It is highly desirable to ensure a large surface-area-to-volume ratio and high heat and mass transfer rates to maximize the catalyst consumption and, at the same time, low flow resistance to reduce pumping costs [1,2]. Although significant progress in catalysis has been made, there is still a need to intensify the heat/mass transfer for catalytic reactors to ensure the overall process rate of faster reaction kinetics is not limited.



An effective technique to improve the rate of heat transfer to fluid flowing in a duct, as well as the rate of mass transfer of reagents to the catalyst surface, is the enhancement of fluid mixing. It can be obtained by applying a certain type of catalyst support, which provides some disarray in the flow. However, it would result in an increase in pressure drop. In order to keep the flow resistance at a minimum level, the mixing flow should exist in a region very close to the wall surface of the catalyst carrier.



Many different reactor fillings have been proposed to achieve the above phenomenon. Short-channel structures, which are short monoliths, are the simplest example due to the possibility of modifying their geometry (the ratio of the channel diameter to its length), as well as their arrangement in the reactor (alternating and/or with gaps) [3,4,5,6]. Solid foams ensure mixing flow, thus enhancing heat/mass transfer and low flow resistance, due to their stochastic structure [7,8,9,10,11,12,13]. The geometry of periodic open cellular structures is, in some sense, the combination of a foam matrix and a monolith structure, hence they are expected to enable fluid mixing [14,15].



Meshes, called also screens or grids, have been used for years to control fluid motion, thus it is possible to influence the direction, speed, or turbulence intensity of the flow [16,17]. Kołodziej et al. [18] investigated knitted and woven wire gauzes because of their wire arrangement. It was proven that gauzes enhance heat/mass transfer with a slight increase in flow resistance. In comparison with other available catalyst supports, gauze seems to be more efficient [7,19,20,21,22].



The expanded metal mesh (EMM) is a metal foil that is simultaneously slit and stretched longitudinally into a network of diamond- or hexagonal-shaped holes of uniform size, shape, and regularity [16,17,23]. It comes in four basic types: Raised (or standard), flattened, Gridwalk, and architectural (or decorative) meshes. EMM’s applications include energy absorption, construction, protection–decoration, flow control, filtration, biomechanics, and electrochemical applications [17,24]. Expanded metal meshes are produced from a solid sheet or a plate. Carbon, aluminum, or stainless steel and different alloys including copper, nickel, silver, titanium, etc., can be used as materials. No metal is lost in the expanding process. After the process of cutting and plastic deformation, the area of the EMM is up to 12 times larger and its weight is reduced by 80% per square meter in comparison with the original sheet or plate [17,25]. The final product is much stiffer and more durable and has solid joints and no seams or welds. Because it is made from a solid sheet of metal, it can never untangle. Even if cut at one or more points, the remaining strand intersections continue to hold.



The flow behavior and its impact on heat transfer and flow resistance around expanded meshes have been studied by several researchers. Saini and Saini [26] experimentally investigated the turbulent flow in an artificially roughened rectangular duct with a large aspect ratio with an expanded metal mesh as the roughness element. The authors concluded that the use of an expanded metal mesh on the absorber plate of a solar air-heater duct brings the enhancement of heat transfer, depending on the system and operating parameters. The correlations for the Nusselt number and friction factor for the system were also developed. Oshinowo and Kuhn [17] performed an experimental study of the turbulent flow in a low-turbulence wind tunnel with expanded metal screens. The characteristics of mean velocity, pressure drop, and turbulence of expanded metal sheets were shown. Mustaffar et al. [24] experimentally and numerically tested the melting of the phase-change material (PCM) via a raised aluminum expanded metal mesh. It was shown that the presence of expanded metal meshes increased the PCM’s effective thermal conductivity, resulting in a reduction in melting time. Mallick and Thombre [27] evaluated the performance of the passive direct methanol fuel cell (DMFC) and compared it with different combinations of supporting plates and an expanded metal mesh current collector (EMCC). It was found that better results were achieved for the passive DMFC with EMCC, which also facilitates a better distribution of the fuel on the anode catalyst layer and increases the operating temperature. Lafmejani et al. [25] experimentally and numerically studied the application of expanded metal meshes as flow plates in polymer electrolyte membrane (PEM) water electrolysis cells. It was shown, in particular, that the expanded metal grid behaves as a porous medium although there is a local flow of mixing. The authors measured the pressure loss under different orientations and velocities and found the dependence of measured parameters on the flow direction and size of the pores.



In this work, the internal fluid flow and heat transfer performance of raised expanded metal meshes differing in mesh openings was investigated experimentally and numerically. The effect of mesh geometry and dimensions on flow friction and heat-transfer characteristics in expanded metal grids was analyzed. New empirical equations of Fanning friction factors and Nusselt numbers were developed based on the experimental data. The results achieved for expanded metal screens were compared with packed bed, monolith, and woven wire gauzes in relation to the heat/mass transfer and flow resistance.




2. Materials and Methods


2.1. Expanded Meshes Characterization


Three types of expanded meshes made of stainless steel were tested. Figure 1 shows the structures of the expanded meshes, while Figure 2 and Table 1 present the mesh characterization. The specific surface area (Sv) and the void fraction (ε) were determined based on scans from microtomography, while the other parameters were measured.




2.2. Experimental Procedure


The experimental apparatus applied for the pressure difference (A) and heat convection (B) measurements is shown schematically in Figure 3. A square reactor (30 × 30 mm) was employed to carry out the flow resistance experiments. Sheets of expanded meshes were placed inside the reactor without separating gaps. Table 1 shows the bed length L of the sheets. The pressure drop was measured using the Recknagel micromanometer and water U-tube manometer. The flow resistance experiments were performed for gas velocities u0 of 0.07 ÷ 4 m/s at room temperature and ambient pressure.



A test reactor with a rectangular cross-section (45 × 30 mm) was used to perform the heat transfer experiments. A single expanded mesh was placed inside the reactor and heated by an electric current flowing directly through it. The inlet and outlet temperatures of the flowing air and mesh surface were measured with K-type thermocouples: Three thermocouples each at the reactor’s inlet and outlet and four on the mesh surface on the inlet and outlet sides. Special composite glue that secured good heat conduction and no electric conduction was used to attach the thermocouples to the wire surface. The setup was connected to a computer data-acquisition system. Experiments were conducted with various superficial velocities of air u0 entering the test section (0.2 ÷ 3 m/s).




2.3. Numerical Simulation


2.3.1. Computational Domain and Mesh Generation


The commercial code ANSYS FLUENT 21.2, based on the finite volume method, was employed as a CFD tool. The geometry models were created to simplify the meshing procedure. The domain was discretized with a high-quality mesh and tetrahedral cells in the core of the domain, while 5 prism layers were implemented near the mesh surface to collect the heat exchange between the mesh wall and the fluid. The detailed computational domain for mesh type B is shown in Figure 4.



The sensitivity analysis of the base size of the cells applied in the core of the domain, as well as on the heated wall, was carried out for each mesh type. Table 2 shows the variation of the unit pressure drop ΔP/L and Nusselt number Nu for u0 = 1 m/s with respect to the number of elements for mesh type B. Finally, the fine grid was chosen for mesh type B, as well as for other meshes.




2.3.2. Governing Equations


The continuity, momentum, and energy equations for the fluid phase are as follows:


    ∂  (  ρ  u i   )    ∂  x i    = 0 ,  



(1)




where ρ is the density, xi is the Cartesian coordinates, and ui is the velocity components.


    ∂  (  ρ  u i   u j   )    ∂  x j    = −   ∂ p   ∂  x i    +   ∂  τ  i j     ∂  x j    ,  



(2)




where p is the static pressure and τij is the stress tensor.


    ∂  (  ρ  c p   u i  T  )    ∂  x j    = k    ∂ 2  T   ∂  x j 2    ,  



(3)




where cp is the specific heat, k is the thermal conductivity, and T is the temperature.




2.3.3. Boundary Conditions


All simulations were performed for the following boundary conditions:




	
Velocity-inlet condition with a uniform value and a static temperature equal to 300 K was defined at the inlet.



	
Pressure-outlet condition with zero-gauge pressure was defined at the outlet.



	
Constant heat flux and no-slip conditions were imposed on the mesh surface.



	
Symmetry condition on the four side boundaries of the computational domain.









2.3.4. Numerical Assumptions


The operation conditions for the simulation are as follows:




	
The air is defined as an ideal gas.



	
The flow is in the steady state and laminar due to the maximum value of the Reynolds number, which is nearly 1100 for the arrangement with mesh type B.



	
The physical properties of the fluid phase are temperature dependent because of its variations in the simulations.



	
The radiative effects were not considered.









2.3.5. Computational Methodology


	
A commercially available CFD code, ANSYS FLUENT 21.2, was employed to simulate the fluid flow and heat transfer. The simulation procedure was:



	
The pressure–velocity coupling formulation was handled with a coupled algorithm.



	
The second-order upwind schemes of discretization were adopted for the momentum and energy equations.



	
The residual limit was set to 1 × 10−3 for the continuity and momentum equations and 1 × 10−6 for the energy equation.









3. Results and Discussion


3.1. Flow Resistance


According to Saini and Saini [26], the Fanning friction factor f is calculated based on the pressure loss across the channel and air velocity, defined by the Darcy–Weisbach equation:


  f =   Δ P  L     ε 2   D h    2 ρ  u 0 2    ,  



(4)




and presented as a function of the Reynolds number Re defined with the hydraulic diameter Dh = 4ε/Sv and the interstitial fluid velocity u0 = u/ε:


  Re =   ρ  u 0   D h    ε μ   ,  



(5)







Figure 5 shows the flow resistance characteristics derived from experiments and numerical modeling for all three expanded meshes tested. It is noticeable for all EMMs that the higher the superficial gas velocity, the greater the unit pressure drop (Figure 5 left). The discrepancies in the unit pressure drop between different EMMs also increased. It should be noted that mesh type B indicates the lowest flow resistance, while mesh type C has the highest one. The comparison of experimental and numerical results indicates good agreement; the average relative error ey is approximately 17.4%, 5.7%, and 18.2% for mesh types A, B, and C, respectively. The Fanning friction factor (Figure 5 right) for all meshes studied decreases when the Reynolds number increases, becoming flatter and flatter. However, the lower the Reynolds number, the smaller the discrepancies between meshes types. Computational simulations confirm this trend.



The available literature relating to the expanded mesh does not propose correlations describing the flow resistance. Therefore, new formulae were developed (see Table 3) in the form of the Ergun [28] model:


  f =  A  Re   + B ,  



(6)




where A and B differ for meshes. The fit of the developed equations to the experimental data is shown in Figure 6.




3.2. Heat Transfer


The Nusselt number Nu calculated from the heat transfer coefficient h is used to evaluate the heat transfer characteristic:


  N u =   h  D h   k  ,  



(7)






  h =  q  F Δ T   ,  



(8)




where ΔT is the logarithmic mean temperature difference between the mesh wall and the air at the inlet and outlet sides. The Nusselt number Nu is presented as a function of the Reynolds number Re.



Figure 7 presents the heat transfer results derived from experimental data and computational simulations for all EMMs tested. It is visible for all meshes that the higher the superficial gas velocity, the greater the heat transfer coefficients (Figure 7 left). It should be noted that mesh type B indicates the most intense heat transfer, while the heat transfer characteristics for mesh types A and C are located close together. Similar results were achieved using CFD modeling. The comparison of experimental and numerical results indicates that CFD modelling is able to predict the heat transfer of expanded metal meshes with reasonable accuracy (the average relative error ey is approximately 10.1%, 22.3%, and 14.7 for mesh types A, B, and C, respectively).



The available literature relating to the expanded mesh does not propose correlations describing the heat transfer. Therefore, new formulae were developed (see Table 4) in the form:


  N u = A   Re  B    Pr   1 / 3   ,  



(9)




where A and B differ for meshes. The fit of the developed equations to the experimental data is presented in Figure 8.




3.3. Comparison of Different Catalyst Supports


The comparison of expanded metal meshes with other reactors’ internals, such as the monolith, packed bed, or woven-wire gauze, is presented in Figure 9. The data on the specific surface area and void fraction of the compared packings are collated in Table 5.



As can be seen from Figure 9, expanded meshes display higher flow resistance than the packed bed, but also more intense heat transfer, especially EMM type B. The lowest values of Fanning friction factors and Nusselt numbers are achieved for the monolith. However, it is not clear which reactor’s internal structure is the most efficient as a catalyst support. One of the meaningful ways to find the best solution for a given catalytic process is to use the Performance Efficiency Criterion (PEC) (Figure 10), which expresses the trade-off of the mass transfer intensity vs. the flow resistance [8,13]:


  P E C =    D h   S v  S h   2 f Re S c ε   ,  



(10)







The air–methane mixture was the tested reaction [13]. The Chilton–Colburn analogy [30] was applied to calculate the mass transfer coefficients:


    S h   S  c  1 / 3     =   N u     Pr   1 / 3     ,  



(11)







Due to the highest PEC values, the monolith is the most beneficial catalyst support for the reaction mentioned. Although mesh type B indicates the highest flow resistance, its PEC values are comparable with that of wire gauzes because of the much more intense heat transfer. Mesh types A and C are not suitable for methane combustion due to their high flow resistance and, hence, low PEC values.





4. Conclusions


New formulae to evaluate the heat transfer and flow resistance characteristics of expanded metal meshes were developed. Fanning friction factors and Nusselt numbers were described by three equations dependent on the mesh type. The dimensions of meshes have an impact on the flow and transport characteristics; mesh type B seems to have the most desirable geometry.



Simple CFD models of expanded metal meshes were used to simulate the pressure drop and heat transfer coefficients. Numerical results agree well with experimental data. CFD modelling could be employed as a rapid and effective tool to predict the flow and transport properties of EMMs.



The comparison of expanded metal meshes with the monolith, packed bed, and woven-wire gauzes showed that their flow and transport characteristics are higher than other reactor internals. The Performance Efficiency Criterion (PEC) indicated that EMM type B and wire gauzes can be applied as catalyst carriers for methane oxidation.
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Nomenclature




	A, B
	constants



	cp
	specific heat, J·kg−1·K−1



	Dp
	grain diameter, mm



	Dh
	hydraulic diameter, mm



	d
	wire diameter, mm



	ey
	average relative error, %



	F
	surface area, m2



	f
	Fanning friction factor,



	h
	heat transfer coefficient, W∙m−2∙K−1



	k
	thermal conductivity, W∙m−1∙K−1



	L
	bed length, m



	Nu
	Nusselt number



	ΔP
	pressure drop, Pa



	Pr
	Prandtl number



	p
	static pressure, Pa



	q
	heat flux, W·m−2



	Re
	Reynolds number



	S
	sheet thickness, mm



	Sc
	Schmidt number



	Sh
	Sherwood number



	Sv
	specific surface area, m2∙m−3



	T
	temperature, K



	T
	strand thickness, mm



	ui, uj
	velocity component



	u0
	superficial (approach) velocity, m∙s−1



	W
	strand width, mm



	xi, xj
	Cartesian coordinate



	ε
	porosity



	µ
	viscosity, Pa∙s



	ρ
	density, kg∙m−3



	τij
	stress tensor
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Figure 1. Photos of single expanded meshes (A–C). 
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Figure 2. Mesh characterization. 
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Figure 3. Experimental apparatus for pressure drop (A) and heat transfer (B) measurements: 1—blower; 2—flowmeter; 3—wire gauze; 4—test reactor; 5—manometer; 6—thermocouples; 7—electric current. 
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Figure 4. Computational domain for mesh type B with boundary conditions (left) and numerical grid (right). 
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Figure 5. Flow resistance characteristics derived from experiments (points) and modeling (lines): (left)—unit pressure drop vs. superficial gas velocity; (right)—Fanning friction factor vs. Reynolds number. 
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Figure 6. Comparison of Fanning friction factor derived from experiments (points) and calculated by correlations from Table 3 (lines). 
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Figure 7. Heat transfer characteristics derived from experiments (points) and modeling (lines): left—heat transfer coefficient vs. superficial gas velocity; right—Nusselt number vs. Reynolds number. 
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Figure 8. Comparison of Nusselt number derived from experiments (points) and calculated by correlations from Table 4 (lines). 
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Figure 9. Comparison of flow resistance (left) and heat transfer (right) of different reactor packings. 
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Figure 10. Comparison of Performance Efficiency Criterion of different reactor packings. 
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Table 1. Geometrical parameters of expanded meshes.






Table 1. Geometrical parameters of expanded meshes.





	Mesh Characterization
	A
	B
	C





	Length of mesh, LWM [mm]
	6 (6 *)
	6 (5 *)
	4 (4 *)



	Width of mesh, SWM [mm]
	3.4 (3.4 *)
	3.5 (3.5 *)
	2.5 (2 *)



	Length of opening, LWO [mm]
	4 (4 *)
	4.5 (3 *)
	2 (2 *)



	Width of opening, SWO [mm]
	2 (2 *)
	2.5 (2 *)
	1.5 (1.5 *)



	Strand thickness, T [mm]
	0.5 (0.5 *)
	0.4 (0.5 *)
	0.3 (0.5 *)



	Strand width, W [mm]
	0.6 (0.6 *)
	0.5 (0.5 *)
	0.4 (0.6 *)



	Sheet thickness, S [mm]
	1.1
	1
	0.65



	Specific surface area, Sv [m2/m3]
	1100
	900
	1700



	Void fraction, ε
	0.84
	0.9
	0.84



	Bed length, L [m]
	0.0295
	0.031
	0.0181



	Supplier
	Ann-Filters Poland
	Ann-Filters Poland
	NETex-POL







* According to the supplier.
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Table 2. Grid independency results for mesh type B.
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	Grid Size
	No. of Elements
	ΔP/L [Pa/m]
	Difference [%]
	Nu
	Difference [%]





	Coarse
	520,239
	1952.06
	2.5
	58.3
	0.87



	Medium
	766,915
	1928.66
	1.3
	58.0
	0.35



	Fine
	1,038,352
	1903.90
	-
	57.8
	-
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Table 3. Correlations for Fanning friction factors of expanded metal meshes.
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	EMM
	Correlation
	Correlation Factor R2
	Difference [%]
	No of Exp. Points





	A
	   f =   131.82   R e   + 2.4   
	0.9988
	3.07
	30



	B
	   f =   138.05   R e   + 1.7   
	0.9983
	3.35
	30



	C
	   f =   144.56   R e   + 3.1   
	0.9987
	3.95
	30
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Table 4. Correlations for Nusselt numbers of expanded metal meshes.
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	EMM
	Correlation
	Correlation Factor R2
	Difference [%]
	No of Exp. Points





	A
	   Nu = 1.2  Re 0.6   Pr  1 / 3     
	0.9956
	4.06
	32



	B
	   Nu = 1.7  Re 0.68   Pr  1 / 3     
	0.9913
	3.55
	24



	C
	   Nu = 0.77  Re 0.67   Pr  1 / 3     
	0.9802
	4.76
	28
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Table 5. Comparison of expanded meshes with other catalyst carriers.
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Support Type

	
Sv [m2/m3]

	
ε

	
Dh [mm]






	
EMM

	
A

	
1100

	
0.84

	
3.05




	
B

	
900

	
0.9

	
4




	
C

	
1700

	
0.84

	
1.98




	
WWM [29]

	
No. 1 (d = 5 mm)

	
1025

	
0.786

	
2.93




	
No. 2 (d = 1.13 mm)

	
1252

	
0.754

	
2.52




	
Monolith (L = 0.2 m)

	

	
1339

	
0.72

	
2.15




	
Packed bed (Dp = 3 mm)

	

	
1220

	
0.39

	
1.28
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