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The goal of this investigation is to carry out a comprehensive analysis of hydrodynamic forces, with particular attention being paid to the power-law fluid flow across cylinders and presence gap considerations. With the assistance of the Galerkin finite element method (GFEM), the discretization of the two-dimensional system of non-linear partial differential equations was successfully completed. The research is carried out with a significant variance of the flow behavior index [image: image] from .3 to 1.7, gap aspects [image: image] from 0 .0 to .3, and fixed Reynolds number [image: image] 20. To obtain an extremely accurate solution, first, a coarse hybrid computational mesh needs to be developed, and then, more refinement must take place. The selection of the best possible case can be determined by comparing flow patterns, coefficients of drag and lift, and cylinder gaps. The shear-thickening behavior of fluids has a substantially greater influence on the drag characteristics than either the Newtonian or the shear-thinning behavior of fluids do. In addition to this, the shear-thickening action causes the upstream obstacle’s drag coefficient to increase because the gap spacing becomes more widespread.
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1 INTRODUCTION
Non-linear fluids past over cylinders are being studied by many researchers over the years. Engineering applications are designed and later modified based on the study of hydrodynamic forces and flow configurations. Product qualities are being improved by deep and modified investigations over the years. Flow patterns and their impact are also being investigated around more than one bluff body. It is also significant to note that the arrangement/placement of obstacles in the cross-flow also plays an important role and has a practical use. Extensive work conducted on the non-Newtonian fluid flow around a single cylinder has been summarized in the previous work [1–7]. This work is aimed to increase the stage of complicatedness concerning the nature of fluid and the number of obstacles to investigate the influence of hydrodynamic forces like drag and lift while changing the gap spacing around the circular cylinders in the power-law fluid. Lesser work is available in the literature on the incompressible power-law fluid flowing over cylinders of circular nature in tandem arrangement. Regarding the positioning of the two cylinders, many investigations into non-Newtonian fluids are available [8–12].
The flow around two side-by-side circular cylinders and tandem arrangements of circular cylinders simulated the results for different Reynolds numbers. Using several modeling methodologies based on a computational fluid dynamics solver, the authors suggest that the impacts of flow patterns such as the frequency of primary vortex shedding and the frequency of the secondary cylinder interaction may be seen for flow around two rows of staggered cylinders. The behavior of Reynolds numbers and gap spacing for the flow that occurs between side-by-side cylinders can be found using a numerical study [13–16]. These researchers investigated not only the effects of different gap spacings and Reynolds numbers but also the distinct flow patterns. [17] investigated the characteristics of flow behaviors and the action of fluid forces on two cylinders with a range of staggered configurations.
A lot of computational work has been conducted to investigate drag and lift forces on obstacles in the Newtonian flow field, but analyzing the influence of non-linear viscosity functions on drag and lift is still in its embryonic stage. Because of the examination of a wake, recycling zone length, and drag and lift features, the flow of incompressible flows over cylinders of varied cross-sectional areas makes for an attractive field of study. [18] investigated numerically the effects of the drag component on a heated circular cylinder for Reynolds number [image: image].Determining solutions in the field of rheological fluid is a struggling mission for scientists because the study of flow behaviors around the obstacles with the influence of force parameters (drag and lift) has established the attention of scholars over an insufficient decade [19–21]. [22] analyzed numerically the influence of viscous fluid flows past confined cylinders using the LBM algorithm and also studied the effects of drag components of the cylinders. [23] offered an investigation of the laminar flow and heat transmission that was caused by a long circular cylinder that was either horizontal or vertical. The properties of MHD heat transport in a cavity were studied by [24, 25], who used the Galerkin finite element technique in their research. In addition, there is a general upward tendency in the average Nusselt number along the bottom wall of the tank and the right wall. There have been some interesting advancements in our understanding of the non-linear fluid flow recently, and they can be seen in [26–28].
The purpose of this investigation is to compute the fluid forces based on gap aspects that are exerted over an obstacle that is submerged in a power-law fluid flow. The CFD community has not previously conducted such an analysis of forces in this domain. In view of the numerous commercial uses of flow around dual cylinders, the scope of this work has been narrowed to include only some numerical results. The results of the circular cylinder are used as a point of comparison in this section. The following is the structure of this paper: the mathematical formulation is the topic of discussion in Section 2. In Sections 3 and 4, we will investigate the influence that the computing domain has and the effect that the grid points have. In Section 5, we talk about how the spacing ratio affects the aerodynamic forces, and in Section 6, we present our findings and draw some conclusions.
2 MATHEMATICAL FORMULATION
The continuity and momentum equations for the incompressible shear rate model are given in their compact form and are written as follows [31]:
[image: image]
[image: image]
[image: image]
where
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where [image: image] are the fluid consistency parameter, power law index, and shear rate, respectively. For [image: image] the model obtained effects of the shear-thinning fluid, and for [image: image] the model decline to Newtonian fluid with constant viscosity. Also, [image: image] represented the shear-thickening effects in the model.
The involved non-dimensionalized parameters are
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where [image: image] are the velocity and length reference, and [image: image] and [image: image] are the drag and lift coefficient with drag and lift forces denoted by [image: image] and [image: image] respectively.
3 PROBLEM DESCRIPTION
Consider a channel of dimensions [image: image] are defined. The circular obstacle [image: image] is located fixed at (.2, .2), and [image: image] is placed with various gap spacings. Both the top and bottom walls of the channel are positioned so that u = v = 0. The inlet of the channel is subjected to an inflow parabolic profile with a maximum u velocity at .3, and a do-nothing boundary condition is selected for the outlet.
Let [image: image] be the diameter of the obstacles [image: image], and also, [image: image] is a confined space between the obstacles, as shown in Figure 1. This simulation was performed by using [image: image] and [image: image] where [image: image] are upstream and downstream distances from the centers of the obstacles to the inflow and outflow edge, respectively. To accurately reflect the hydrodynamic forces acting on the cylinder, additional components surrounding the obstruction are taken into consideration.
[image: Figure 1]FIGURE 1 | Schematic representation of the problem.
4 NUMERICAL APPROACH
At a constant Reynolds number Re = 20, it is well established that viscous fluid flows are laminar, two-dimensional, and characterized by symmetrical vortices and that these flows have a relatively constant shear rate. The numerical technique has been tested to identify the convergency, accuracy, and consistency of the outputs by evaluating the present study with the literature for viscous fluids. This was conducted in order to determine whether or not the results are convergent, accurate, and reliable.
Table 1 shows the comparison between the past literature and current values for the Newtonian scenario, which is useful for code validation. The quantities of the drag coefficient for a single cylinder are maintained at a constant level of [image: image]. Meshing is a crucial stage initial to set the boundary conditions for simulation because of the influence of convergence, accuracy, and outcome speed. It is fundamental to have a maximum number of cells. The term “meshing” refers to the process of discretizing a boundary with the intention that it enables the creation of well-shaped pieces. The size of the cell has an enormous impact on how accurately iterations are performed. Whenever the size of the cell is reduced, the accuracy rate increases, but this also considerably leads to the maximum amount of time spent computing. It only aids in the process of breaking down a physical domain into a small discrete volume in which sets of equations can be calculated.
TABLE 1 | Code validation test compared to Majeed et al. [30–36].
[image: Table 1]The computational coarse level grid for various gap spacings of obstacles is shown in Figure 2. For higher levels of optimization, convert one element into four narrow-size elements. The refinement mechanism is described in Figure 3.
[image: Figure 2]FIGURE 2 | Computational grid at the coarse level.
[image: Figure 3]FIGURE 3 | Sequence of grids on the space mesh level: 1, 2, and 3 (from left to right).
The number of elements and degrees of freedom at various stages of refinement are shown in Table 2, which was created under this method of refinement.
TABLE 2 | Data on meshes of varying refinement levels.
[image: Table 2]Table 2 contains several different depictions of the domain discretization of a channel that has a couple of cylinders arranged in a tandem configuration. These representations are facilitated at multiple levels of refinement. Based on the data that were examined on the degree of freedom at various [image: image] [image: image] [image: image] and [image: image], it is concluded that for the high-refinement levels, the degree of freedom is 192414 at [image: image] whereas 190551 at [image: image] also 190941 at [image: image] and 218349 at [image: image] with fixed [image: image] According to Table 2, when the gap spacing is exceeded, not only does the number of domain elements but also the number of boundary elements grow from [image: image] to [image: image], which is a computed conclusion. The numerical scheme (FEM) for the numerous approximations of the Navier stokes equation with the hybrid grid was generated on a very high refinement level and also criteria of convergence for non-linear iteration, which is already described in [29–36]. Table 3 provides specifics on a number of different meshing levels that can occur in a flow pattern that includes a circular cylinder.
TABLE 3 | Grid convergence tests.
[image: Table 3]5 RESULTS AND DISCUSSIONS

(a) Impact on velocity and pressure:
In the present work, the computations of incompressible flow have been carried out for the various quantities of the dimensionless parameters: the power law index, [image: image] thereby covering all the cases for [image: image], and [image: image] while several gaps with fixed Reynolds number [image: image] Taking into account, the gap spacing ratio in the direction of the flow has an effect on the development of gap flow, which is the flow that happens between the two stationary cylinders in combination with a range of gap ratios. This flow can be affected by changing the gap ratios. Characteristics of the fluid flow can be determined inside the domain by conducting an analysis on the velocity profile, pressure field, force components, and the drag and lift coefficients. Figures 4, 5 reveal the impacts of velocity profile and pressure around the surface of confined tandem cylinders for the fluid value of Re and [image: image] with the several ratios of gap spacing [image: image] respectively. There is no pressure on the downstream cylinder at [image: image], but pressure increases downstream due to increasing the gaps between the cylinders. Similarly, the flow pattern inside the cylinders increases for all cases of power law index due to variation of the spacing factor. Figures 6, 7 show the effects of [image: image] fluid with different gap ratios on velocity and pressure field, while in all cases [image: image], the pressure is steady at the downstream region, but continuously the steadiness decreases in the downstream region for increasing the gap ratios of the obstacles.
[image: Figure 4]FIGURE 4 | Influence on velocity for various gap spacings of a cylinder with [image: image] and [image: image]
[image: Figure 5]FIGURE 5 | Influence on pressure for various gap spacings of cylinders with [image: image] and [image: image]
[image: Figure 6]FIGURE 6 | Influence on velocity for various gap spacings of a cylinder with [image: image] and [image: image]
[image: Figure 7]FIGURE 7 | Influence on pressure for various gap spacings of cylinders with [image: image] and [image: image]
Figures 8, 9 reveal the impact of [image: image] on flow patterns for various gap levels with fixed lower Reynolds numbers. Both the velocity field and the pressure field exhibit a considerable flow interaction between the two cylinders in shear-thinning and shear-thickening flow, according to a qualitative analysis of the data. In the case of extremely shear-thinning flow, flow separation did not take place, regardless of the gap spacing values that were used. In the shear-thickening instance, at the lower values of the gap ratios, the wake distraction hypothesis can be seen, as shown in Figures 3–9, when the wake of the upstream cylinder is being stifled as a result of the downstream barrier being so near to it.
(b) Line graph behavior:
[image: Figure 8]FIGURE 8 | Influence on velocity for various gap spacings of a cylinder with [image: image] and [image: image]
[image: Figure 9]FIGURE 9 | Influence on pressure for various gap spacings of cylinders with [image: image] and [image: image]
Figures 10A–E demonstrate the executed [image: image]-velocity at several power-law indexes. The maximum flow pattern is taken as [image: image], and in the present work also occurs as [image: image] In detail, at [image: image] the fluid is initially justified at the inlet of the channel is parabolic behavior. At the center of the cylinders [image: image] and [image: image] it can be noticed that the velocity curves at [image: image] and [image: image] the velocity profile gain large values due to the collision of the fluid with cylinders. For [image: image] the impact of cylinders on the fluid reduces. The velocity profile at [image: image] is the minimum as the velocity at the center of the cylinders, while at the downstream region, at [image: image] the fluid seems low affected by the cylinders, and behavior almost goes to the initial velocity profile.
(c) Impact of drag and lift coefficients.
The influence of the gap ratio between the two tandem circular cylinders is at several Rein terms of force quantities, such as drag [image: image] and lift [image: image] coefficients. Tables 4, 5 reveal the numerous values of benchmark hydrodynamics quantities like drag and lift coefficients across the cylinders [image: image] and [image: image] It is found that by increasing both gap ratios and the power-law parameter, both force coefficients upsurge. In the following statistical data, the drag coefficient upstream is greater than the downstream for the fixed Reynolds number [image: image] which is an interesting discussion. Table 4 reveals that the values of the parameter of the power law and gap ratio are increasing upstream, and the drag forces over both cylinders are also increasing. Similarly, in Table 5 analysis, the effects of the lift coefficient increase for the increasing power law index, while they decrease for maximum gap ratios at both upstream and downstream obstacles. The numerical values of the lift coefficient for a cylinder [image: image] are greater than [image: image] for the selected Reynolds number. The maximum value of drag and lift coefficient is 23.25284 and .378040 at upstream; also, for the downstream cylinder, values are 11.15001 and .119215, respectively, acquired at [image: image] where the flow is fully developed within the gap and the downstream region of the second cylinder.
[image: Figure 10]FIGURE 10 | Horizontal velocity along a vertical line at various places on the x-axis for different values of n.
TABLE 4 | Influence of the drag coefficient of both cylinders against [image: image] with various gap spacing.
[image: Table 4]TABLE 5 | Influence of the lift coefficient of both cylinders against [image: image] with various gap spacing.
[image: Table 5]6 CONCLUSION
We have used the GFEM to simulate how the power-law fluid flows around obstacles. It has been determined in great detail how much of an impact the flow behavior index and gap spacing have on the drag and lift coefficients of the cylinders. When calculating the drag and lift coefficients across cylinders, it has been discovered that the spacing performs a considerable role in the process. An increase in the gaps causes an increase in the amount of fluid flow that is directed toward the walls of the channel downstream of the obstacles. When there is more space between the cylinders, the pressure on the cylinder that is further downstream will be higher due to stagnation. When looking at any gap spacing, the correlation between the drag and lift coefficients is positive for the upstream cylinder, but when looking at the downstream cylinder, the correlation is negative. When it comes to tandem cylinders, the drag coefficient of both cylinders stays relatively the same even when the case involves shear-thinning.
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NOMENCLATURE
[image: image] velocity component
[image: image] inlet velocity
[image: image] reference velocity
[image: image] shear rate
[image: image] hydrodynamic pressure
[image: image] viscosity index
n power-law index
[image: image] Reynolds number
D diameter of the obstacle
[image: image] reference length
#EL number of elements
# DOF number of degrees of freedom
[image: image] drag coefficient
[image: image] lift coefficient
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